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ABSTRACT

Cowpea Vigna unguiculata. L) is an important African crop. However, it is@ an
underutilized grain legume. Consequently, therenas enough research data on
cowpea seed physiology. Whereas there is evidehosowpea being a drought
tolerant crop, there is no evidence to associaamtplirought tolerance with seed
guality in response to water stress. This studygbiio understand the effect of
production site and water stress on cowpea seddygdavelopment with respect to
germination capacity and vigour. Patterns of raiimm family of oligosaccharides
(RFO) during seed development to mature dry stageewsed to physiologically
relate seed performance to water stress. The efffevtater stress and exogenous
ABA on the accumulation of stress LEA proteins (gins) in relation to seed
quality development and germination was investidateFOs are known for their
roles in desiccation sensitivity but no studies enashown their significance in

cowpeas.

Seeds of six cowpea cultivars were produced adisiinct growth sites characterised
by irrigated and dry land conditions. The seeds ewassessed during six
developmental stages, for water content, dry matteumulation, and performance.
Harvested seeds were then planted in a pot expetriameler controlled conditions to
examine the effect of water stress on seed qudételopment and data collected
during three developmental stages. Harvested seensthe pot experiment were
subsequently analyzed for changes in RFO accuroalatiiring development using
gas chromatography. The seeds were also useddstigate the effect of water stress
and ABA on the accumulation of stress LEA protgitshydrins) in relation to seed

guality development in cowpea.

In addition, this study evaluated the use of imagalysis as a method that can be
used to objectively determine seed coat colouratian in cowpea. Statistical
variation in individual seed’s solute leakage fompea cultivars differing in seed
coat colour and produced under different envirortalezonditions was explored and
correlations were done between seed conductividy weth other aspects of seed
performance during germination. Furthermore thelte®f the conductivity test were

compared with accelerated aging test, in relatioseed performance.



The study provided evidence that cowpea seed lotgluged under different
environmental, and possibly management conditioayg not differ with respect to
seed quality as determined by germination capagityvigour. However, significant
differences between sites with respect to seed matain patterns determined by
water content and dry matter accumulation were robse Adverse maternal
environmental effects on the subsequent performahaeeds in a drought tolerant
crop may not necessarily lead to poor performa@cdtivar differences in response to
simulated drought conditions at the whole plant asslie level can be considerable
and highly variable; however, these differences matyhave adverse effects on the
germination and vigour of the seeds. Drought avaidamechanisms at the whole
plant level in cowpea are quite efficient in allogithe species to adapt to simulated
drought conditions. These mechanisms may allowcthepea cultivars to maintain
metabolism and restore conditions for their corgthgrowth under water stress; and

produce few seeds of high germination capacity\agalur.

Stachyose was found to be the predominant membeheofraffinose family of
oligosaccharides in cowpea. It is suggested thahgbse accumulation could be used
as an indicator of stress tolerance in cowpea. Mewedhe relationship between RFO
concentration and the acquisition of desiccationaieed as a matter of speculation in
the present study and is still generally inconefesirhere was no evidence to suggest
the acquisition of maximum desiccation tolerancassociated with maximum seed
vigour. It is suggested in cowpea, which is drougierant, that maximum vigour
does not necessarily imply the acquisition of maximdesiccation tolerance; rather
there is a minimum level of desiccation toleraric is required for the development

of optimal seed vigour.

The use of amn vivo approach in the study of LEA function in cowpealelad the

accurate comparison of two different groups of Lpteins in developing cowpea
seeds under conditions of water stress and inaoel& germination and vigour. Both
group 1 LEA and group 2 LEA (dehydrin) were showrnricrease in concentration in
response to water stress. In addition group 1 LEAtgin was observed to be
relatively abundant in cowpea seeds. A maternduénte on LEA protein gene

expression under conditions of water stress, wirialy induce dehydrin accumulation

vi



during the earlier stages of seed development, imafied by the observation that
dehydrin-like proteins were induced after two weekdevelopment in cowpea plants
subjected to stress during the vegetative phasaddition, the exogenous application
of ABA delayed radicle protrusion; this was asstedawith a delay in the

disappearance of LEA proteins and is suggestiva o€lationship between LEA

protein accumulation and the acquisition of degiocaolerance.

The study has demonstrated that image analysislgaotively discriminate seed coat
colour variation in cowpea. Dark coloured seedgeneral performed better than light
coloured seeds; however seed coat colour was mayal associated with better
performance. A newly developed Aging Stress Diffiied Index (ASDI) has been

used in this study to demonstrate a link betweed s®at colour and sensitivity to
water stress. The ASDI correlated well with theeslations relating stress tolerance

to stachyose accumulation.

The skewed distribution patterns in individual &lieal conductivity and the presence
of extreme values may have implications with resgecthe suitability of using
standard statistical analyses which compare meharevao evaluate such data. In
addition variation in individual electrical condivity may also be influenced by
cultivar differences and the chemical compositioh tike seed coat. Therefore
associations between seed coat colour and eldctacaluctivity as a measure of
performance should be treated with caution. Thetégt does reflect changes in seed
vigour, however ranked electrical conductivity veduafter AA did not consistently
reflect differences in seed performance betweetiveus and sites, and they did not

correlate well with other aspects of performance.
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1 LITERATURE REVIEW
1.1 Introduction

Cowpea Vigna unguiculata (L) Walp) is one of the most ancient crops knowman
(Martin et al., 1967) with its centre of origin in West Africa ghind Padulosi, 1988).
It is an important food legume and a valuable camepd of the traditional cropping
systems in the semi-arid tropics covering Asia,igsfr Central and South America
(Mortimore et al., 1997; Singh and Tawarali, 1997). Four cultigroopsowpea are
recognized (Baudoin and Marechal, 1985): (Ihguiculata, which is the most
common form; (2)hiflora or catjang which is characterized by small erextspand
found mostly in Asia; (3kesquipedalis or yard-long bean also mostly found in Asia
and characterized by its very long pods which amsamed as a green ‘snap bean’;
and (4)textiles, which is found in West Africa and used for fib@fstained from its
long peduncles. Cowpea exhibits a wide range olvigrg habits (Figurel.1) (Ehlers
and Hall, 1997). It is a short-day plant with maagcessions that are photoperiod

sensitive (Ehlers and Hall, 1997). Its seeds Aeracterised by a wide variation in

seed coat colour (Figurel.2).

Figure 1-1 Different cowpea plant types. (A) Eract spreading, (B) late spreading,
(C) spreading and semi-erect and (D) semi-spreg@mghet al., 2003).



Figure 1-2 Cowpea seeds are characterized by awaiiggion in seed coat colour

(Author’s collection from various sources in Kerafad South Africa, 2003).

Cowpea is of major importance to the nutrition émdlihoods of millions of people
in less-developed countries of the tropics (Siegél., 2003). The species can play a
significant role in food security initiatives aimeat addressing problems of food
production in these regions. The legume is consumsdveral ways. The dried seeds
are an important protein source (22 -23 % protemient) (Bressani, 1985), and can
be ground into a meal which is used in a numbeavays (Nout, 1996; Nielseet al.,

1997). Fresh seeds and immature pods are frozeanmred and consumed as ‘green



beans’ in developed countries. The young shoots leaades are eaten as a leafy
vegetable and provide one the most widely usededis in tropical Africa; they are
often dried and can be stored for dry season @®mypea is equally important as a
nutritious fodder for livestock (Singh and TawardlP97). In West Africa, mature
cowpea pods are harvested and the haulms are dst atill green; these are stored
for use and for sale as a livestock feed supplenrerthe dry season (Singh and
Tawarali, 1997). The species can also be usedgasem manure or cover crop. The
seeds are sometimes used as coffee substitutes.

Although cowpea is an important crop, not many ¢oes have initiated cowpea
improvement programmes (Singd al., 2003). No recent and/or reliable data on
global cowpea production can be found since FAQostd publishing cowpea
statistics (FAO, 2006). The production data for pew is pooled with that of
common beanRhaseolus vulgaris) (FAO, 2006). However, it is estimated that the
worldwide area under cowpea is about 14 millionwith over 4.5 million tons of
annual production (Singét al., 2003). More than 60% of the production and 75% o
the area is spread over the arid and semi -aridne@f sub-Saharan Africa (Ehlers
and Hall, 1997).

Being a drought tolerant and hot weather crop, @ams well-adapted to the semi-
arid regions of the tropics where other food legsimie not perform well (Singét al .,
2003). (van Rij, 1997) observed that the rainfajuirement for cowpea in Southern
Africa can be as low as 300 mm, spread over theiggpseason. In the Sahel region,
yields of up to 1000 kg Hahave been recorded under conditions of limitedstuoé
(181 mm per year) and high temperatures (Hall catd|P1985). Yields are reported
to range between 2500 kg*him Southern Africa to 4000 kg hhat the International
Institute for Tropical Agriculture (IITA) Ibadan, iberia (van Rij, 1997). In
California, USA, under favourable conditions, yeldinging between 4000-7000 kg
ha' have been reported (Sanden, 1993).

Major achievements in cowpea breeding in Africalude the development of
productive early maturing cultivars, with a rangé meferred seeds types and
resistance to critical pests and diseases (SindiNgare, 1985). Such cultivars mature
in 60- 70 days and can produce grain yields of 2ap@a’ (Ehlers and Hall, 1997).



However, the adoption of these early cultivars has been rapid; yields are still
considerably low (300 kg Fa (Ehlers and Hall, 1997). This can be attribuaetbng
other reasons to: (1) ineffective extension systéhdack of the high density sole-
cropping and crop husbandry practices that areinedjfior these modern cultivars to
achieve high grain yield (Ehlers and Hall, 1997ar(Rers still prefer using locally
adapted cultivars and low planting densities iwlitranal intercropping systems with
cereal crops) (3) Resource poor farmers in the imalrgireas of Africa attempt to
grow crops under diverse environmental conditiomBich are risk prone and are
characterised by environmental stresses such dedomate moisture availability and
nutrient deficiencies and (4) The poor quality eéd used by farmers could also be a

major limiting factor contributing to low yields.

It is likely that environmental stresses charaste&riof the cowpea production areas
during plant growth can interact with seed develeptal processes and ultimately

influence seed quality and yield.

1.2 Environmental effects on seed quality

Germination capacity and physiological vigour dre two most important indicators
of seed quality, because they are intrinsic progerf the seed. Seed vigour gives an
indication of the ability of the seed to emerge emd wide range of environmental
conditions and is the most informative indicatorpdfysiological seed quality. The
maximum potential of this physiological quality tetermined by the genetic
constitution of the seed; and is fundamentally delpat on several endogenous and
external factors which occur throughout seed deratnt on the mother plant, at
harvest time and during storage (Salisbury and Ri&%1; Bewley and Black, 1994;
Dornbos, 1995; Wulf, 1995; Hilhorst and Toorop, 19%ekrony, 2003; Powett al.,
2005).

Studies on the effect of environmental conditionseed development and quality are
well documented (Delouche, 1980; Gutterman, 199@&nbos, 1995; Wulf, 1995).
Temperature, photoperiod, water deficits and saiiility are known for their effects
on seed mass, number and quality (Gutterman, 1B@®jley and Black, 1994;
Dornbos, 1995; Wulf, 1995). Several workers citedhe literature have investigated

the effect of nutrient deficiencies on seed qualitypea Pisum sativum), seeds that



were harvested from a boron deficient area produgiedormal seedlings when
planted in sand (Legatt, as cited in Delouche, 198sraet al., (1991) reported that
a foliar spray of boron at the reproductive stagesarghum Sorghum bicolor)
varieties generally increased the phosphorous norated water soluble sugars of
seed coatings. The effects of boron appear to beceded with an increase in seed
yield and an improvement in the germination eneirgyex (Misraet al.,, 1991).
Germination energy index could be used as an italicaf physiological vigour.
Similarly, calcium is an important element becaitise an essential component of cell
wall synthesis and enhances cell wall integritysildlg as calcium pectate. Calcium
deficiency caused a reduction in germination ofataand pepper seed (Harrington,
1960). Osmopriming with Caglvas reported to improve ric©iyza sativa L) seed
germination (Ruaret al., 2002). Calcium osmopriming improved green beagdse
germination and field establishment (Mazibuko anddM 2005). The effect of
nitrogen fertilizer application on seed germinatiamd vigour has also been
investigated. In seeds 8fsymbrium officinale, the amount of nitrate in mature seeds
was positively correlated with germination (Hilhiprd990). Rowarttet al., (1999)
observed that seed vigour improved with increasedgen application. Furthermore,
increased N also resulted in to an increase in segght which had a direct effect on
seed size. Larger seeds attain higher germinagtocentages and have an advantage
with respect to time taken to emergence (Wulf, J98&apid and uniform emergence

is indicative of high seed vigour.

Temperature stress has also been reported to mecBuseed germination and vigour.
High temperatures during seed development can caardg pod ripening and rapid
seed maturation and result in small, poor quaktyds in common beanBhaseolus
vulgaris) (Siddique and Goodwin, 1980) and annual rye gi@ssium rigidum)
(Steadmanet al., 2004). In soybeanQycine max), maximum daily phytotron
temperatures of 33 and 38°C during developmentcextiseed size, increased the
number of shrivelled seeds and resulted in lowemgetion and vigour (Tekrongt

al., 2004). Furthermore, seed vigour evaluated aftecelarated aging was
significantly reduced when maturation occurred3C3and was unacceptable at 38°C
(Tekronyet al., 2004). On the other hand, in seeds of bean, whetcum aestivum)
and barley Kordeum wvulgare), lower temperatures during and after seed §llin

significantly influenced the development of seadhlily by extending the post



maturation phase, resulting in seeds with highéemt@l longevity (Ellis and Filho,
1992; Sanhewe and Ellis, 1996). Climatic changeyg atso alter seed composition.
Thomaset al. (2003) observed that total non-structural carbodgs (TNC) in
soybean decreased as temperature increased aprbfwetion of soluble sugars to
starch decreased , while the concentrations ofdNRafcrude proteins) increased with

temperature to 40/30°C, then decreased sharply.

Temperature and drought stress during seed filliage reported to have an influence
on the germination and vigour of mature soybeandse®oth types of stress
decreased germination in the standard germinatsh ds well as embryonic axis
weight (Dornbos, 1995).

Responses to drought stress apparently are vaaablenay be indicative of different
underlying physiological mechanisms. For exampbeglsum seedgrown under mild
drought stress displayed significantly much higlgermination than those grown
under normal conditions (Benech -Arno#tl al., 1991). Similarly, drought stress
seemed to have improved seed quality in bras@casgica campestris [rapa] L.).
Work done by Elliset al. (2000) showed that in rapid cycling brassicamieal
drought resulted in enhanced water loss and low sesght; however seed quality
development was more rapid and there was a greas&imum seed quality with
respect to potential longevity. Similarly, (Vieigh al., 1992) reported that soybean
seeds exposed to drought stress during seed devetdshowed large reductions in
yield and seed number; however drought stress alidhawe an effect on germination
and vigour. The lack of an effect on germinatiom asfigour may be attributed to
adaptive responses to stress conditions. Plantaldeeto adapt to stress conditions
and continue with their metabolic activities. Indébn, plant responses to drought
stress can be influenced by several factors inetydhe timing of the stress, duration,
intensity and genotype. These factors can influencglerlying physiological

mechanisms and lead to variable physiological nesps.

Interesting observations were made by Frascatoll. (2004) who reported that
defoliation of the mother plants during kernel mation had an improving effect on
the cold tolerance of germinating maizéed mays) seeds. Results reported in this

study indicated that reaction to defoliation colld used as a model for better



understanding of genetic control and physiologiw&chanisms that determine the
basis of maize cold tolerance at germination. Tagability in plant physiological
responses to stress factors was clearly demorsstogitehe work of Virgil (1989) who
observed that defoliation during the stage of pnoteody formation of radicles of
cotton seeds arrested vacuole filling and decre#isedate and percentage of the

germination of the affected seeds.

Possibly, different physiological mechanisms can ibduced by environmental
stresses during development. These mechanisms eadytd variable physiological
responses that may influence seed germination myudiv A shortage of assimilates
required to synthesize the storage compounds tesesuently drive the germination
process may be related to loss of seed vigour (asand McDonald, 1986). Green
et al. (1965) found that soybean plants from early ptantdates which matured
during hot weather produced seeds with low gernunaflhese authors were able to
show that high quality seeds could be produced feamty or late planting dates if
seed development and maturation did not occur unddavourable weather
conditions. Seed from later dates of planting whigdiched maturity after the hot dry
conditions had ended were high in quality (Greeal., 1965). The influence of pre-
maturation events on seed viability and vigour wasestigated by Siddique and
Wright (2004). These authors reported that delaygadng had relatively larger effect
on germination and emergence of aged seeds ofgpeh#ax Linum usitatissimum)
and noted that sowing date had relatively sma#a$f on viability, but larger effects
on seed vigour (Siddique and Wright, 2004). Diffexes in environmental conditions
experienced during development and maturation,lehgth of seed filling period,
concentrations of fat, soluble carbohydrates, pmetand starch were examined as
potential causes of differences in seed vigourdi§ise and Wright, 2004). However,
(Siddique and Wright, 2004) concluded that nonethafse variables could alone

explain the observed variations in seed vigour w@tving date.

It is generally recognized that plant response raeisims to environmental stress
factors during development are diverse and can dmplex; these can result in
reduced seed number, size, germination and vigthese mechanisms may be the
basis of different developmental patterns resulitingariable physiological responses.

Mechanisms that may limit the development of vigare not clearly understood. It is



feasible that physiological mechanisms during sdedelopment under different
environmental conditions determine seed germinatod vigour; and also limit

maximum seed quality acquisition. In addition,stlikely that interactions between
environmental conditions and seed developmentaigases modify the ultra structure
of the developing seed to ultimately impact on segedlity. Not many studies have
identified the mechanisms involved during theseranttions (Hilhorst and Toorop,
1997).

1.3 Physiology of seed development and stress tolerance
1.3.1 Plant hormones and the regulation of seed development

Besides the deposition of food reserves, seed oewvelnt is characterized by the
formation of a large number of important chemicainpounds: growth regulators or
hormones. Developing seeds are a rich source obkioyhs (CKs), auxins,
gibberellins (GAs) and abscisic acid (ABA). Abscisicid is the most widely studied
seed phytohormes in relation to water stress arssichgion tolerance (Walker-
Simmons, 1987; Zeevaet al., 1988; Wilenet al., 1994; Vertucci and Farrant, 1995)

1.3.1.1 Abscisic acid and seed devel opment

Abscisic acid is a universal stress hormone whosmElyztion is controlled or
triggered by several mechanisms (Salisbury and ,R&891). It mediates the
acclimation of plants to environmental stress €baify and Ross, 1991) and interacts
with other cellular metabolites and environmengadtérs in the regulation of stress
responses (Salisbury and Ross, 1991; Weeal., 1994). A major effect of water
stress on seed quality is the reduction in seedoeuiand seed size. During flowering
under conditions of water stress, ABA may triggesponses that can reduce the
number of primordia that are produced resultingaimeduction of the number of
grains that can be formed (Bewley and Black, 199/4)en water stress occurs during
pod formation, ABA causes a decrease in the nunalbguods per plant, due to

abortion and abscission when pods fail to expang; tecreasing seed yield.

The primary function of ABA during seed developmeaems to be the inhibition of
embryo growth, so that germination cannot commeRpecocious germination on the
plant, termed vivipary, can occur in mutant embrygdsArabidopsis Arabidopss
thaliana) (Koornneefet al.,, 1989) and maizeZéa mays) (Neill et al., 1986;



Robichaud and Sussex, 1986) that have reducedyatuilisynthesize ABA or have
lower ABA sensitivity. A similar phenomenon to poetous germination, preharvest
sprouting is prevalent in wheat cultivars that@eécient in Mo an element important
for ABA synthesis (Modi and Cairns, 1994).

ABA increases during seed development in a widgeaof species and reaches a
maximum at approximately the same time as seewvdight. At maturation there is a
substantial decline in ABA as it is metabolizedptmaseic and dihydrophaseic acids
(Roberts and Hooley, 1988). Physiological and mdkecstudies have shown that the
exogenous application of ABA is often accompanigdhe expression of a number of
genes and proteins in plant cells (Takahasthal., 2004; Cheret al., 2006) and
enhanced synthesis of dehydration-related protaigsother compatible solutes such
as soluble sugars (Wamgal., 2002). The observation that in Arabidopsiee double
mutant aba, abi3 which is both ABA deficient and insensitive is nimierant to
desiccation, contrary to the single mutants, hdtdehe suggestion that the induction
of desiccation tolerance is controlled by and isemrely sensitive to ABA (Hilhorst
and Toorop, 1997). Exogenous application of ABAuices desiccation tolerance to
developing embryos (Bartekt al., 1988b; Anandarajah and Mackersie, 1990) and
prolongs the desiccation tolerant phase in matarbrgos (Blackmaret al., 1991).
However, the mechanism by which ABA induces desionatolerance is not clear
(Vertucci and Farrant, 1995).

1.3.2 Seed desiccation tolerance

During the final developmental stage, known as &teryogenesis, seed embryos
mature and undergo desiccation (Bewley and Bla®®4)l The desiccation phase
marks the termination of development. The abilitgells to withstand stress imposed
by an almost complete loss of cellular water dudegiccation and to resume normal
metabolic activities upon imbibition is describesl desiccation tolerance (Kermode,
1995; Vertucci and Farrant, 1995; Hoeksttaal., 2002). Embryos in desiccation
tolerant (orthodox) seeds acquire tolerance tocdason prior to the onset of
desiccation (Sun and Leopold, 1993; Kermode, 18@id) lose it during germination
(Berjak et al., 1989; LePrinceet al., 1994), but the timing of dessication loss varies

among species (Senaratna and Mackersie, 1983)darthseeds are thought to have



developed strategies that enable them to survieeeffects of water loss during
desiccation. These mechanisms involve the protectiocellular structures against
desiccation stress (Vertucci and Farrant, 1995mele, 1997; Hoekstret al., 2001,
Hoekstraet al., 2002)

1.3.21 Metabolic stresses resulting from cellular dehydration during seed
maturation

Desiccation tolerant seeds can withstand metalawiat biophysical stresses during
maturation drying (Hilhorst and Toorop, 1997). Aater is removed from the cells,
the decrease in cellular volume causes crowdingytdplasmic components; cell
contents become gradually more viscous, increasimg chances of molecular
interactions that can cause protein denaturatidma@mbrane fusion (Hoekstetal.,
2001). Changes in metabolic activities are thowghtccur at specific moisture levels
(Leopold and Vertucci, 1989). At moisture level$awe0.7 g g'(-1.5 MPa) tissues no
longer grow or expand (Levitt, 1980); and changa=uoin the patterns and synthesis
of proteins and nucleic acids (Ingram and Bartdl896). The production of
protectants such as straight chain polyols or cypblyols may also be induced
(Bohnertet al., 1995). Below 0.45 g-3 MPa), protein synthesis ceases and repair
processes become inoperative (Dell’Aquila, 1992)ek¥as respiration can continue
to moisture levels about 0.25 g (Farrant, 2000), it is estimated that mitochondrial
respiration ceases at water contents lower thah@d (Vertucci and Farrant, 1995).
Below 0.25g g, catabolic processes can still proceed, produdiigh energy
intermediates. Because of metabolic imbalancesingridue to various reactions
within metabolic pathways reacting differently taM moisture levels, the processing
of these intermediates becomes impaired leaditiget@roduction of reactive oxygen
species (ROS) including free radicals. Cells witphhmetabolic activity may die
because of the increase in the quantity and actififree radicals. These free radicals
can also damage membrane structures (VeéoHf., 1986).

Membrane structures are particularly susceptibldamage induced by water deficit
stress (Crowe and Crowe, 1992; Oliver and Bewle&3971 Croweet al., 1998).
Production of ROS and free radicals increases gut@siccation. Free radicals cause
extensive peroxidation and de-esterification of rhemne lipids, thus decreasing the
fluidity of the membranes (Senaratna and Mackers883; Tetterocet al., 1996).

10



Peroxidation can lead to loss of cell membranegiite and subsequent extensive

leakage of cytoplasmic components upon imbibition.

Loss of membrane structure and function is alsobated to a process known as
“demixing”, a desiccation-induced compaction of ewlles causing altered lipid
phase transition (Crowet al., 1987; Wolfe, 1987; Bryant and Wolfe, 1989). Under
hydrated conditions polar lipids spontaneously ralig form micelles or bilayer
membranes, depending on the polar head group dipideMobile acyl chains within
the bilayers afford considerable fluidity to theusture and enable proteins and other
constituents to be inserted. Upon drying, watelecwdes are removed from adjacent
polar head groups resulting in close packing of abgins caused by increased Van
der Waals interactions (Croveeal., 1990) and greater membrane rigidity. The nature
of this phase transition is determined by the mdicgeometry of the membranes
and their polar lipid components, the presence thiero membrane constituents
(proteins and sterols), temperature and the extewater stress (Bryant and Wolfe,
1989). Two types of phase transitions have beeorteg: Lamellar liquid crystalline
phase to gel phase, which maintains the bilayefig@mation and the lamellar liquid
crystalline phase to the hexagonal phase in whidbrabilayer structure is formed.
The lamellar liquid crystalline to gel phase is daked by polar lipids with a
rectangular-shaped head group such as phophatadiyleh(Quinn, 1985) and by
saturated long chain fatty acids and saturatedfétye acids (Mckersiet al., 1989).
The gel phase is completely reversible upon rehimra The formation of the
hexagonal phases on the other hand has a deleterftrct, as demixing results in
loss of some of the membrane constituents and saasecomplete loss of
compartmentation within the cell. These changesiltras leaky membranes upon

imbibition.

The products of lipid peroxidation are harmful tther macromolecules such as
nucleic acids and proteins (Hilhorst and Tooro@®7)9 Removal of water from cells
alters the structure of these macromolecules ashyiaeophilic and hydrophobic
interactions that stabilise their conformation aveakened or lost (Crowet al.,
1987). The mutagenic capacity of free radicals ug dbo the direct interaction of
hydroxyl radicals with proteins (Wolfét al., 1986) and DNA (Dizdaroglu, 1991).

11



Hydroxyl radicals damage DNA and proteins througbdifications of bases/amino

acid residues, DNA/protein cross-linking and fragma¢ion of DNA strands.

Membrane modifications and changes in the pattdriprotein synthesis and/or
expression can also occur as a result of drougbssst(Bray, 1993; Bohneet al.,
1995). It is possible that interaction between drdwand desiccation stress can impair

physiological processes during seed developmenatiadt seed vigour.

1.3.3 Drought tolerance and desiccation stress

Drought tolerance can be considered as the tolerammoderate dehydration, down
to a moisture content below which there is no lmyftoplasmic water present (~23 %
water on a fresh weight basis, or ~0.3H dm' (Hoekstra et al., 2001).
Desiccation tolerance generally refers to the &wlee of further dehydration, when
the hydration shell of molecules is gradually l@dbekstraet al., 2001). Cellular
processes that are affected by drought stresshase tthat are utilised by stress
tolerant plants in adapting to stressful conditiansl maintaining metabolism under
those conditions. Under water stress, many cellplacesses change. This may
include changes in transcription, mMRNA stabilityrotein turnover, membrane
modifications, signalling pathways metabolite bakrand osmolyte biosynthesis
(Bray, 1993). Figure 1.3 illustrates the link bedmesignalling pathways, regulatory
processes, changes in metabolism and the effastsnty have on cell membranes,
osmotic potential and photosynthetic processessdtuhanges allow the plant to

maintain metabolism and continue growth under wstiess (Bohnest al., 1995).

Under drought conditions, membrane modificationsy rmdow cell membranes to
maintain optimum fluidity. However, under prolongeshd severe drought, cell
membranes may become less fluid to prevent thegakf solutes and/or retain bulk
water and enzyme activities. How this relates piiggically to the development of
vigour during desiccation under drought stress as elearly understood. Loss of
membrane integrity is believed to be a fundamecdake of loss of vigour in mature
orthodox seeds (Delouche, 1980).

12
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Figure 1-3 Linkages between changes in signalliathway, regulatory processes,
changes in metabolism showing adjustments at tHelarelevel that enable plant

cells to cope with water stress.

1.3.4 Seed vigour in relation to seed desiccation

Embryos may acquire germinability soon after higtedentiation; however
germination may not be normal because the accuionlat food reserves is not yet
completed (Hilhorst and Toorop, 1997). The abititygerminate may be considered
as the first sign of seed quality development. Segdur improves with increase in
dry matter accumulation (Miles, 1985); and progesssp to the point of maximum
dry matter accumulation. This point coincides wile attainment of physiological
maturity when seed quality is thought to be maxim{ifarrington, 1972), although
this does not appear to hold for all crops (Elhsl &ilho, 1992; Sanhewe and Ellis,
1996). During programmed desiccation, while thedseestill on the mother plant,
cells are filled with food reserves thus replacinggacellular water. If desiccation
occurs during seed development and maturation uwldeught stressdifferent
interacting physiological mechanisms may occur ketwcells exposed to water and
desiccation stress and affect the developmentext sgour. Bulk water retention in

response to drought stress during seed maturatiay lead to increased active
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metabolism. Cells may utilize some of these fockrees and cause an increase in
compounds such as free radicals as has been mesh&amlier (LePrincet al., 1994).
This may cause changes and alterations in somehef accumulated storage
compounds, for example, unsaturated lipids whiehvaery susceptible. Damage can
also occur to key enzymes; DNA (genome) and RNAought and desiccation
tolerance are correlated with the accumulatiorsalbstantial quantities of compounds
such as sugars, compatible solutes and specifideipso such as the late
embryogenesis abundant proteins (LEAs) and heakghroteins (HSPs) (Hoekstea

al., 2001). These compounds are believed to play @ irolthe protection against
desiccation damage (Dornbos and McDonald, 1986; &ab, 1988; Horbowicz and
Obendorf, 1994); they are also implicated in callulesponses to drought stress as
mentioned earlier. For many seeds, the timing akimam dry matter accumulation
and the acquisition of maximum desiccation toleeant the embryonic axis occur
within day’s apart (Berry and Bewley, 1991; DemmdeEllis, 1992). Alterations in
the quantities and composition of sugars and prsteiay cause poor acquisition of
desiccation tolerance and negatively affect segduwi The associations between
desiccation tolerance, drought stress and seedivigave been barely explored and

our understanding of the relationships is scanty.

1.3.5 Protection mechanisms against desiccation in seeds

Several compounds are observed to accumulate hodok seeds when desiccation
tolerance is acquired and degraded when the taera@nlost. It is speculated that
these compounds, which include soluble carbohysate proteins protect subcelluar
surfaces and confer desiccation tolerance.

1.3.5.1 Soluble carbohydrates and seed response to desiccation

In orthodox seeds, sucrose, raffinose family ofgadiaccharides (RFO) and
monosaccharides contribute between 1-12% of thendmgs (Kuoet al., 1988).
Sucrose content ranges between 15-90% of the soloatbohydrates and the
monosaccharides are usually in trace amounts. RiF©snplicated in the protection
of macromolecular structures during desiccatioroyeret al., 1987; Leopolckt al.,
1994). The proposed mechanism of protection bygehgugars is based on the
hydroxyl groups forming hydrogen bonds with the gpftate group of the polar head
group in phospholipids and with the carboxyl grafproteins (Croweet al., 1998),
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thus preventing phase transitions of lipids andatignation of proteins. This is the
basis of the so called water replacement hypoth@&stucci and Farrant, 1995)
whereby sugars replace water molecules during gryitus maintaining the structural
and functional integrity of membranes, proteins asitler macromolecules. The
second hypothesis proposes that these oligosadelariay promote the formation of
a vitreous (glassy) state that protects macromtdeaiructures during desiccation
(Leopoldet al., 1994). Seed longevity has also been correlatddteial RFO content
and the ratio of RFO to sucrose (Horbowicz and @bein 1994). On the contrary,
different views have been proposed that RFO arermvolved directly or are at least
not the only factors necessary for desiccationraolee and storability (Blacét al.,
1999; Buitinket al., 2000).

RFO biosynthesis proceeds by the introduction ofadasyl residues into
oligosaccharides by a galactosyl transfer from UDBalactose to myoinositol
yielding galactinol and UDP (Peterbauer and Ri¢t26601). The reaction is catalysed
by the enzyme galactinol synthase. The formatiomadfinose is catalysed by the
enzyme raffinose synthase, which is specific torase as a galactosyl acceptor
(Lehle and Tanner, 1973). Raffinose is subsequemied for the synthesis of
stachyose and verbascose by the enzymes raffigotigase and verbascose synthase,
respectively (Kandler and Hopf, 1982; Peterbaiat., 2001).

The concentration of initial substrates such asosgcand myo-inositol and feed back
loops can affect the final content of RFOs depdsitemature seeds (Peterbaeer
al., 2001). Sucrose, which acts as a galactosyl asc@aptRFO biosynthesis, is the
major carbohydrate imported in to the developingdse During photosynthesis, the
first step in sucrose synthesis is the formationsofrose phosphate from UDP-
glucose and fructose-6- phosphate. The reactiaratalysed by sucrose phosphate
synthase. This is followed by hydrolysis with a c&fie sucrose phosphatase
(Matheson, 1984). Temperature and water stressngliseed growth may alter
metabolic pathways during photosynthesis that casult in alterations in the
guantities and composition of the accumulated fes@rves. Alterations in metabolic
processes may lead to the synthesis of protectiwngoounds such as polyols (Bohnert
et al., 1995). Lahutat al., (2000) reported that the composition of accumdl&ed

reserves was altered by drought. Seeds produceer uindught conditions had less
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dry matter, contained less starch but more oligdsatides, sucrose and reducing
monosaccharides (Lahugh al., 2000). Polyols including straight chain metalesit
such as mannitol and sorbitol (Bieleski, 1982) yxlic polyols such as myoinositol

(Loewus and Loewus, 1983) are known to accumulatesponse to drought stress.

Myoinositol is formed after cyclisation glucose-Bgsphate catalysed by
myoinositol-1-phosphatase. In addition to the eanthentioned roles, myoinositol is
also implicated in cell membrane biosynthesis aigdas transduction mechanisms
(Bohnertet al., 1995). Significant changes observed in relatatos of raffinose,
stachyose and verbascose induced by water stréistdilbean Yicia faba) (Lahutaet
al., 2000) and cucumberCgcumis sativus) (Widders and Kwantes, 1995) could
probably be linked to the accumulation of myoinaisitin mature seeds of pea lines
with different RFO composition, the synthesis ofagénol in the line with higher
RFO content is probably supported by a higher no&itol concentration during the
initial phase of galactinol accumulation (Peterlvaaed Richter, 2001). Similarly,
levels of galactinol and raffinose were reportedb® much lower in tubers of
transgenic potatdSplanum tuberosum) with a reduced content of myoinositol (Keller
et al., 1998). No studies cited in the literature havarexed the accumulation of
myoinositol in developing seeds of cowpea produceder water tress in relation to
RFO concentration.

There seems to be a lack of conclusive evidendeeiterature on the role of RFOs
in desiccation tolerance. Sinnighal., (1998) observed that iBrassica spp. seeds,
there were no significant differences in the finahcentration of RFOs in plants that
were subjected to water stress and the contralsila®ly, wheat embryos that were
induced to water stress tolerance by a 24-h wates had no detectable raffinose;
however, the carbohydrate was observed to accuenatdater times even in embryos
in detached grains that had not become desicctatierant (Blacket al., 1999). These
authors concluded that desiccation tolerance amatleurrence of raffinose in wheat
embryos are not correlated. In cucumber, Iyhiapinus polyphyllus) and soybean
seeds, maturation temperature had little effect tbe concentration of RFOs
(Obendorfet al., 1998). Although Lahutat al., (2000) relates changes in relative
ratios of RFOs under conditions of water stresa build up in desiccation tolerance

in field beans. The study was not extended to exarhow this would relate to seed
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quality. The work of Sinniatet al., (1998) and Blaclet al., (1999) supported the
argument that RFOs are not involved directly or ardeast not the only factors
necessary for desiccation. Based on a simple nriltggression model, Sinniahal.,
(1998) proposed that RFOs and proteins are eqlikély to be required for seed
quality development. However, the findings by Blagt al., (1999) in wheat
challenges the assumption which is often made @iién that raffinose and other
oligosaccharides play a role in the acquisitiod@siccation tolerance. Sinniahal.,
(1998) concluded that differences in seed qualihmg different commercial seed
lots are more likely to result from differenceshieat stable protein accumulation than
in sugars. This is because heat stable proteimstteaccumulate comparatively late
during development; and the deleterious environalemffects such as high
temperatures on seed quality tend not to be detegtél comparatively late during
seed development and maturation (E#isl., 1993; Ellis and Hong, 1994). Proteins
such as the late abundant embryogenesis (LEA) ipsotege thought to participate in
desiccation tolerance (Dure, 1993; Close, 1997nikele, 1997). These proteins are
also implicated in plant responses to drought str€®nceivably, they may also be
implicated in interactions between seed developaigarbcesses and environmental
conditions during growth of the mother plant thaaynultimately influence seed

vigour.

1.3.5.2 The late embryogenesis abundant proteins

The late embryogenesis abundant (LEA) proteins iesediscovered in the cotton
plant Gossypium hirsutum) (Galauet al., 1986; Dure, 1993 ) and as the name
suggests, are expressed at high levels duringatiee stages of seed development
(Galauet al., 1991; Blackmaret al., 1995; Oliver and Bewley, 1997). They constitute
up to 4% of cellular protein (Robemsal., 1993); and are highly hydrophilic proteins
with characteristic sequence motifs, which aredbrginstructured in the hydrated
state (Tunnacliffe and Wise, 2007). These prothmse been described as heat-stable
proteins (Blackmaiet al., 1991; Kermode, 1997), because they are thernibestand
can withstand temperatures as high as°@00rhey are rapidly degraded during
germination as desiccation tolerance is lost (Gadawal., 1991; Robertson and
Chandler, 1992).
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Based on amino acid/mRNA sequences and expressiterqs, LEA proteins were

initially classified into at least five groups (Cing, 1999; Wise, 2003). However,

using a newly developed bioinformatics tool knows peptide profile (POPP)

analysis, these proteins are now classified in &igs only: Group 1 proteins are
characterised by a hydrophilic 20 amino- acid m@ifiming, 1999); Group 2 have at
least two of three distinct sequence motifs namedsYand K (Close, 1997); and
Group 3 contain multiple copies of an 11-amino-anmtif (Cuming, 1999). Groups 4

and 5 have been eliminated when LEAs were clagsif@@ng the POPP analysis and
redistributed to groups 2 and 3 (Tunnacliffe anc&yR2007).

Group | LEA has been predicted to have a wateribgndapacity (Littset al., 1991;
Bray, 1993). The dehydrins, or group Il LEAs, atemacterised by a conserved 15
amino acid sequence (Bray, 1993; Close, 1997). gitusp is proposed to sequester
ions during drying. They might also interact witkpesed hydrophobic surfaces of
partially denatured proteins to prevent proteintg@iro aggregation (Bray, 1993;
Campbell and Close, 1997; Close, 1997). GroupHBRALhas received particular
attention because they share extensive amino aqigesice with proteins synthesized
in response to ABA and water stress (Bradford ahdn@ler, 1992; Finch-Savage and
Blake, 1994; Farrant, 2000). Group IIl LEA prote(i7 family) and group V (D-29
family) are involved in sequestering excess iongré)1993). Group IV LEA (D-13)
proteins were initially believed to stabilise mewtes and macromolecules by

forming a hydration shell around organelles (BE393).

The different groups have been proposed to cor&ibuvarious ways to protection
from desiccation during embryo maturation. Mosttbhé experimental evidence
shows that LEA proteins that are over expressedemetative tissue can improve
tolerance to various degrees of hyperosmotic sfrés® -6 MPa), induced by partial
loss of water, salt or freezing (Imetial., 1996; Swire-Clark and Marcotte Jr, 1999).
However, whether LEA proteins play a similar roteseeds as they do in drought
tolerant systems is not clear (Boudgtal., 2006). How this may relate to the

development of seed vigour under conditions of ghtis not well understood.

Dehydrins from maize embryos (Egerton-Warburbal., 1997) and wheat (Danyluk

et al., 1998) were found to be associated with cytoplassndomembrane(s) and (the)
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plasma membrane(s), respectively, suggesting tiet might be involved in the
protection of these membranes against desiccatiGontrastingly, dehydrins have
been detected in seeds that remain desiccatioitigersgt shedding (Kermode, 1997).
Blacket al., (1999) observed that detachment of wheat graishscied the appearance
of dehydrins at an earlier stage of developmergnem embryos that had not been
made desiccation- tolerant by incipient drying.e3& authors suggested that possibly
there is a maternal suppression of dehydrins aclation by embryos which is
relieved by detachment from the mother plant (Bletc&l., 1999) and concluded that
dehydrins accumulation is not regulated by factthrat specifically control the
induction of desiccation tolerance. Similar cosaims were made by Boudeital.,
(2006) when investigating whether proteindMedicago truncatula can be identified
that are specifically linked to desiccation tolexan These authors found several
isoforms of dehydrins that were linked to drougiietance rather than desiccation-
tolerance; and proposed that LEA proteins can bigleti in to two groups. The first
group containing LEAs that seem to be seed speaiftt are induced only in tissues
that are desiccation tolerant whereas the secoodpgcontains proteins including
dehydrins that are expressed in vegetative tis&msdetet al., 2006).

The presence of dehydrins in recalcitrant seedw fiemperate climates (Kermode,
1997), the absence of correlation between their uemiso and seed longevity
(Wechsbergt al., 1994), together with the observation that demglgrotect enzyme
activities only at water potentials above -3 MP&)&set al., 2005) has led to the
suggestion that dehydrins might play a protectote at high hydration levels (>0.8 g
g!) (Boudetet al., 2006). However, LEA proteins that may be speaificlinked to
desiccation tolerance might play a role at lowerstuoe levels corresponding to 0.3 g
g (Boudetet al., 2006). At higher moisture levels, desiccatioretaht linked LEA
proteins may act as compatible solutes that prefiatty exclude reactive substances
from the surface of macromolecules (Liu and Zhe?@05; Reyeset al., 2005).
Similarly at water contents less than 0.3'gtliey might exert their protective effects
by replacing water molecules by hydrogen bondind &mw forming a glass which
stabilizes the system in the dry state (Hoeketted., 2001).

Examination of proteins iiMedicago truncatula revealed that several LEA proteins
including Group 1 LEA proteins as seed specific@etet al., 2006). Group 1 LEA
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proteins have been proposed to funciioplanta to protect against desiccation stress,
by possibly functioning as water binding and /glaeement molecules (Gilles al.,
2007). Gilleset al., (2007) confirmed the existence of PlI-like struetthat could be
significant with respect to the proposed role ofo@r | LEA proteins as water
replacement molecules during the acquisition ofiatesion tolerance in seed
embryos. Analysis of Circular Dichroism (CD) speotf a recombinant Group | LEA
revealed the presence of an isodichroic point atthg a transition between two
structural states (Soulages al., 2002): an extended helical or poly (Pro) Il (Pll)
structure in the recombinant Group | LEA and litdenelix. Pll-like structures have
been repeatedly implicated in protein-protein anebtgn-peptide interactions
(Anderson and Gorski, 2005). The presence of thikiral element in Group | LEA
and the abundance of these proteins in seed embuogmest that these proteins may

be important in the amelioration of desiccatiorated stresses (Gillesal., 2007).

Despite the widespread phenomenon of desiccatienatcce in orthodox seeds and
its importance in seed quality development, thelraasm(s) that lead to desiccation
tolerance are poorly understood. In seeds, diredtvd evidence for the role of LEA
proteins in tolerance to complete water loss isyebttonvincing (Boudetdt al., 2006;
Gilleset al., 2007).

1.4 Justification

Acquisition and loss of desiccation tolerance iedseis a complex process influenced
by many physiological processes during seed dewsop and germination. These
processes are influenced by environmental conditauring plant growth and/seed
development (Figurel.4). Environmental conditioresy modify the ultra structure of
the seed during development and cause changes atetlular level, which may

ultimately influence seed performance. These ioteyas are not well understood.
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Figure 1-4 A hypothetical model summarizing théeiaction between simulated
drought and desiccation stress during seed deveopam the mother plant.
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Cowpea is a drought-tolerant species; howeveretlage no studies that associate
plant drought-tolerance with seed quality in regmto water stress. It is possible that
physiological mechanisms during seed developmedewudifferent environmental
conditions influence seed quality as determinedgbymination capacity and seed
vigour. Environmental conditions may also limit nram seed quality acquisition
by influencing physiological processes during sdedelopment and maturation. In
addition, it is likely that interactions betweenveanmental conditions and seed
developmental processes modify the ultra structofrethe developing seed to
ultimately impact on seed quality. Not many stuchese identified the mechanisms

involved during these interactions.

Cowpea seeds exhibit a wide range of seed coatisothat may be significant in
seed quality, with respect to germination capaaityg longevity. Seed coat colour has
been associated with seed propensity for leakagsub$tances during imbibition
(Asiedu and Powell, 1998), but there have not egniled studies on the influence
of seed coat colour on seed performance. The oakliip between seed coat colour

and seed performance during germination needsgiunivestigation.

Despite the widespread phenomenon of desiccatienatcce in orthodox seeds and
its importance to seed quality development, thelrarism(s) that lead to desiccation
tolerance are poorly understood. The raffinose lfami oligosaccharides has been
implicated in the acquisition of desiccation totere; however, there is no conclusive
evidence in the literature on the role of RFOs @sidcation tolerance. Whereas
RFOs have been shown to accumulate in seeds, rbestinave shown their
occurrence in cowpea. It is important to determihe relationship between
desiccation tolerance, drought stress and seedivigacowpea, because the material
(cowpea) represents an excellent experimental mbtEr investigation into the

nature of these associations.

Different groups of the late embryogenesis abunganieins have been proposed to
contribute in various ways to protection from deaiton during embryo maturation.
These proteins are also degraded during germinatigplying that they have a role in
seed development and germination. However in sei@xt invivo evidence for the

role of LEA proteins in tolerance to complete watess is not yet convincing. The
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expression of LEA proteins including dehydrins iegetative tissue in response to
drought and in temperate crop species has ledetsleculation that there are LEA
proteins that are specifically linked to desiccatiiress rather than drought stress.
Hence there is need to further investigate thegsibipn that different groups of LEA
proteins might play protective roles at differeydration levels and that those that
may be specifically linked to desiccation tolerahe@e a protective function at lower

hydration levels (~ 0.3 g.

1.4.1 Aimsand objectives

This study sought to understand the effect of pctidn site and water stress on
cowpea seed quality with respect to germinationaceyp and vigour. Patterns of
RFOs accumulation and LEA proteins (dehydrins) emdation and/or expression
during seed development, maturation and germinatiere used to physiologically
relate seed performance to water stress. The 8pebjectives of this study were:

1. To investigate changes in seed water content agdistion of germination
capacity during cowpea seed development at diffgreyduction sites.

2. To determine the effect of simulated drought uncientrolled environment
conditions on cowpea seed quality with respecteongnation capacity and
vigour.

3. To investigate whether there are differences inutsoleakage in seeds of
cowpea cultivars differing in seed coat colour gmdduced at two distinct
production sites and whether these differenceslada with other aspects of
seed performance during germination and influence tesults of an
accelerated aging test, which is traditionally usediscriminate between high
and low vigour legume seeds.

4. To determine the patterns of RFO accumulation lation to water stress and
the development of seed quality in cowpea.

5. To investigate the effect of water stress and ABAtbe accumulation of
stress LEA proteins (dehydrins) in relation to segehlity development in

cowpea.
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2 CHANGES IN SEED WATER CONTENT AND ACQUISITION OF
GERMINATION CAPACITY DURING COWPEA SEED
DEVELOPMENT AT DIFFERENT PRODUCTION SITES

2.1 Introduction

Studies into physiological mechanisms that regutsed growth and development
remain important, and several mechanisms have pegosed to explain the role of
water status. Walbot (1978) suggested that embeyeldpment may be regulated by
changes in water potential. Adams and Rinne (198@phasized the role of
desiccation as an important signal in switching eli@ment from maturation to
germination. Galauet al., (1991) and (Kermode, 1995) have reviewed how
developmental gene expression programmes, absaic (ABA) synthesis and

perception and seed water status interact inmetarg the course of embryogenesis.

Seed water status can be evaluated using thewatalr potential\¢,) which is the
sum of osmotic or solute potentialsf and pressure or turgor, potentialf);
however, seed water content is commonly used (Brddfl994). The general pattern
in orthodox seeds is that seed fresh weight ineseeepidly early in embryogenesis as
cell division and expansion of the embryo occugsutting in a sharp increase in seed
water content (g watérg seed) (Fraseet al., 1982; Bewley and Black, 1994;
Westgate, 1994). As dry weight subsequently accates) seed water content
declines during seed filling (Bewley and Black, 4R9This developmental change in
seed water content is due to the water volume l@isglaced from the expanded cells
by the accumulation of storage materials (Bradfdt@94). Seed water content
declines rapidly after the completion of maturatitpending on species and weather
conditions, until the seeds reach harvest mat(idiy) (Egli, 1998), to considerably
low levels (< 0.1g water g seed) (Egli and Brueni@Q01). This progression of
changes is a realistically good indicator of seedetbpment, and water content is
generally used as a measure of seed maturity (idpon, 1972; Bewley and Black,
1994). In this study seed water content was useal mgasure of seed development
because it can give a practical indication of clegngh dry matter accumulation
during growth on the mother plant which may pogsh# related to the acquisition of

germination capacity and vigour under differentissnmental conditions.
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In investigating the role of water in seed develepimand the effects of water stress
thereon, Bradford (1994) emphasized the importaficecognizing that the effects of
water deficits on the mother plant will be superisgd on the internal water relations
within the developing seed. This emphasis is paldity significant when examining
seed water relations during development under tiongi of water stress in drought-
tolerant crops such as cowpea. Water stress dagad growth and development on
the mother plant in drought tolerant crops mayitetigferent responses depending on
when the stress occurs, its duration and sevehitynost crops generally, water stress
occurring at or soon after pollination can induogbeyo abortion and limit the total
number of seeds produced (Bewley and Black, 19%ater stages of development
during dry matter accumulation, water stress mayl I reduced seed fill duration
(SFD) (Egli, 2006). Quatteet al, (1987) and de Souze al. (1997) reported that
water stress reduced the SFD in maiZea(mays) and soybearn(Glycine max)
respectively. The effect was probably due to theeksration of leaf senescence,
which may have interfered with assimilate supptyaldrought-tolerant crop such as
cowpea, which exhibits traits such as delayeddeatscence (DLS) (Ehlers and Hall,
1997), water stress on the mother plant during sgedith and development may

probably not have a significant effect on SFD.

Seed growth is also characterized by the seed brate (SGR- the rate of dry matter
accumulation during the linear phase of seed grp(#gli, 2006). Variation in SGR
can be genetic and is closely associated with sed(Egli, 1981; Sung and Chen,
1990) in that large seeds usually grow rapidly andhll seeds grow slowly. Seed
growth rate is also influenced by environmentalditons during seed filling either
through direct effects on the ability of the seedtcumulate dry matter or indirectly
by affecting the supply of assimilates to the s@egli, 2006). Seed growth rate was
shown to be relatively insensitive to direct effecf water stress on the seed with
only minimal effects shown for soybean (Meckehl., 1984) maize (Westgate and
Thompson Grant, 1989) and pd&asuim sativum) (Ney et al., 1994). However, severe
water stress may reduce SGR as was shown for soyidMeckel et al., 1984) and
maize (Quatteet al., 1987). Reductions in SGR and SFD can have awtefie dry
matter accumulation and eventually seed size, yaealdl quality. The ability of seeds

to germinate is considered as the first sign ofdsgeality development; and seed
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vigour has been shown to improve with increaserinrdatter accumulation (Miles,
1985).

The relationship between plant drought tolerancgewstress and the pattern of seed
guality development is not clearly understood. Pheduction site can have an effect
on the seed water content, which in turn may immerctassimilate production and
affect dry matter accumulation by influencing b&BR and SFD. Information in the
literature on how these changes may relate toaktenm of acquisition of germination
and vigour under different production sites is $gain a study investigating the
influence of water status on soluble carbohydratumulation, Modiet al., (2002)
demonstrated that soybean seed cotyledons andhaxessimilar patterns of water
content and osmolality during seed development genination, and that three
major events of soluble carbohydrate occurrencesheged by soybean seed parts
during development and germination. Soluble cardoditgs and specific proteins are
believed to play a role in stabilizing the macroewilar organization of cell
membranes during water loss when the seeds undmaagaration and become
desiccation tolerant (Dornbos and McDonald, 19860 & al., 1988; Horbowicz and
Obendorf, 1994). Possibly, the changes in seedrvzatetent during development
under different production sites may influence slgathesis of these compounds and
affect the acquisition of desiccation tolerancea@es in the ratios of soluble sugars
(raffinose family of oligosaccharides) under cordlis of water stress were related to
a build up in desiccation tolerance in field befreshutaet al., 2000); however, it is
not clear how this would relate to the acquisitminseed germination and vigour.
Thus, it is surmised that the production site fewpeas influences two basic
determinants of seed quality development: seed rmedetent and food reserve
accumulation Further, it is postulated that seedexwa&ontent and food reserve
accumulation may be associated with desiccaticerdoce during seed development
and eventually mature seed germination capacityicelethe objective of this study
was to compare cowpea seed development with regpeiry matter accumulation,
seed vigour, germination and abnormal seedlingdiff@rent stages characterized by
seed water content at two production sites diststgrd by dryland and irrigated

conditions.
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2.2 Materials and methods
2.2.1 Experimental site

The experiment was conducted at two sites in Kwadtal, South Africa, during
the 2003/2004 growing season. The sites were aUthieersity of KwaZulu-Natal
(UKZN) Research Farm (Ukulinga) in Pietermaritzb(2§° 37' S 30° 16' E) and at
Umbumbulu, (29 36'S 30 25'E) (Figure 2.1). The long-term mean annual and
monthly rainfall and temperature for the experina¢rdites are presented in Table
2.1a and b. The experiment at Ukulinga was platitedon 2 February 2004 and
harvested in July 2004. Planting at Umbumbulu d@se on the % March 2004 and
harvesting was done in June/July 2004.
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Figure 2-1 Field study areas, Pietermaritzburg@mbumbulu, ~ 65 km apart.

Table 2-1a Long-term climatic data (rainfall andhperature) averages at Ukulinga
from January to December (Camp, 1999)

Annual Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

Rainfall 738 116 98 92 48 27 10 10 30 51 67 90 99
(mm)
Temperature 181 219 219 211 187 16 13.4 13821171 183 195 21.2
C)
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Table 2-2b Long-term climatic data (rainfall andmfegerature) averages at

Umbumbulu from January to December (Camp, 1999)

Annual Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

Rainfall 956 138 121 127 59 40 27 24 33 61 94 11913 1
(mm)
Temperature 186 219 221 214 194 172 149 1457 173 184 195 21.2
C)

2.2.2 Plant materials, experimental design and crop establishment

Seeds of cowpea cultivar Brown Mix were purchas€dpStone Seeds, Howick,
South Africa); cultivars Makonge and Nzovu were aea by the Environmental
Action Team (EAT), Kitale, Kenya; cultivars M66 ak@0 were purchased from the
Basic Seed Unit of the Kenya Agricultural Reseahastitute (KARI), Machakos,

Kenya; cultivar Kenkunde seeds were purchased fileenKenya Seed Company,
Kitale, Kenya. Seeds were planted without condétstorage or pretreatment within

three to four weeks after they were received indberatory.

The two experiments were laid out in a randomizemimete block design with three
replications. Seeds were planted at a spacing ofriSbetween rows and 20 cm
within rows (see field layout in Appendix 2.1). Aikulinga, a compound fertilizer
2:3:2 (22) was applied at the rate of 600 kg.hat Umbumbulu (under dry land
conditions) the experiment was fertilized accordimghe soil analysis (Appendix 2.2)
using organic fertiliser (Neutr8y (see Phiri and Modi, 2005). At Ukulinga site
(Pietermaritzburg) the experiment was irrigated5(+2m week) until ~ 80 % crop
senescence stages. At Umbumbulu the crop was guoder dryland conditions with
no additional water application (Phiri and Modi,08). Weed control was done
manually by hand-hoeing and no chemicals were tsedntrol pests and diseases at
both sites. Field emergence was determined two svaft&r planting. Early pods from
the bottom parts of the plants were tagged as teeghed R3 stage of plant
development (Figure 2.2), and harvested duringdsixelopmental stages (R4, RS5,
R6, R7, R8, R9) weekly until harvest maturity (RSeeds were used immediately
(within 24h) after harvesting for germination tegafter room temperature storage)

and those that were used for chemical analyses fresaee dried and stored at -%0
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until they were needed for chemical analysis. UMulinga, seeds of different
cultivars matured at different times; however there all harvested at the same time.
Environmental conditions during harvesting were.wigrvested pods were kept in a
dry well ventilated glasshouse and threshed. Seette removed and placed on
benches in the glasshouse under dry conditionsaloded to dry to less than 12%
moisture content. Mature dry seeds were then statefiC in the cold room until
further analysis. At Umbumbulu environmental comdis during harvesting were dry
and sunny. Dry pods were harvested separately diogoto the time taken to reach
harvest maturity for each cultivar. Similarly, tbeds were threshed and the seeds
removed and allowed to dry to less than 12% mastentent in the glasshouse and
then the mature dry seeds stored ‘@& B the cold room until further analysis. Seed

yield was determined at harvest maturity beforeagfe.

Figure 2-2 Pods were tagged at R3 when they w@®mm long at first blossom
(Fageria, 1992).

2.2.3 Determination of seed water content and dry matter accumulation

For each developmental stage, ten seeds, whiclhéde dissected into separate seed
tissues (embryo, cotyledons and seed coat), werghe® to four decimal places,
frozen in liquid nitrogen and lyophilized for 72ahd then weighed again to determine
the dry matter content. Seed water content (in gfvay seed) was calculated using
the following formula:

Freshweight — Dryweight
Fresh weight

Seed water content (g water * g seed) =
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2.2.4 Laboratory germination test and seed vigour

Seeds from each cultivar harvested from the refgigcan the field experiments were
bulked. Bulked samples were divided into five reples of ten seeds and germinated
using the paper towel method (ISTA, 1999). Seedwvaeranged in a straight-line
midway between the long edges of the paper towdls.paper towels were rolled up
and placed in a polythene bag to reduce loss oftur@ and then placed in plastic
buckets. The buckets were placed in a germinataininet set at a temperature of
30/20°C with 8h light/16h dark conditions. Germination svassessed by counting
seeds which had radicle protrusion, daily up tcheidays. Normal, abnormal and
dead seeds (ISTA, 1996) were assessed and recardleel final count. Germination
index (Gl) was used to measure seed vigour. Téteidebased on the time taken to
germinate and the total number of germinated seBtisvas selected because the
amount of seed material was limited and the test ade to provide an indication of
seed vigour development over time. Gl was deterchiaecording to Scotét al.
(1983):

>IN
Gl ==

TN

Gl = germination indexT; is the number of days after sowing starting wité final day,
N; is the total number of seeds germinated onidabherei = day 1, 2, 3.... 8 and is the
total number of seeds that have germinated onitia¢ dount. The method calculates an
index, which describes seed vigour on a scaletof J with values close to 0O indicating

low vigour and a value of 1 indicating maximum wigo
225 Satigtical analysis

Genstat (8" edition, Rothamsted Experimental Station, UK) waed to perform
analyses of variance. The data was subjected fgsismaf variance after testing that
they meet the assumptions underlying the use o tchnique (Appendix 2.3).
Germination percentage, germination index and fieldergence (%) data were
subjected to angular transformation prior to stiaté analysis (Appendices 2.4a, b, c,
d, f, g & j). Separate analyses were initially ddoeeach site to compare variances
(Appendix 2.4e) and subsequently the data was gdoleanalysis. The differences
between means were determined by LSD (least sigmifidifference; P = 0.05) which

was calculated as SED Yefor degrees of freedom, 0.05)
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2.3 Results

The major difference between the two productioessitsed in this study was that one
site (Ukulinga, Pietermaritzburg) was an irrigatsite, representing resource-rich
experimental station conditions, and the other @tmbumbulu) was a dryland site,
representing resources-poor small-scale farmingditions. The sites differed in
environmental conditions. The climatic data werdlected from both sites using
basic equipment for rainfall and data loggers mperature and humidity. The
rainfall and temperature data for both sites duthmg growing season are shown in
Figure 2.3. The total amount of rainfall throughth& growing season at Umbumbulu
was 142.4 mm of which 88.4 mm constituting 62% la# total occurred in March
2004. At Ukulinga the total amount of rainfall dugi the growing season was 109
mm. However, the plants at Ukulinga were irrigateith ~25 mm water per week
which adds up to a total of 500 mm for the wholevgng period of 5 months. Thus
the plants at Ukulinga received total moisture 0669 mm of water during the
growing season. The autumn and winter temperatuegs not significantly different
at the two sites, but Umbumbulu was slightly warntesn Ukulinga during the
spring.

A separate analysis was initially done for eacé aitd the F-statistic was used to test
for the homogeneity of variances (Appendices 2.7k F-calculated was not greater
than F-tabulated, at the 1% level of significartberefore the Null Hypothesis was
accepted and it was concluded that there is a canvaoance. Hence data from both
sites were pooled for subsequent analysis. Statistinalysis showed that the data
sets before and after angular transformation metutiderlying assumptions for the
analysis of variance (Appendix 2.3). However, thmalgsis of both germination
percentage, germination index and field emergenata dvas performed on
transformed data (Appendices 2.4a, b, c, d, f, ). &The ANOVA for the separate
analysis for both sites (Ukulinga and Umbumbuluyeveonsistent with those before
transformation (Appendices 2.4a & b). Similarlye tANOVA for the pooled data
from both sites with respect to germination capadjermination index and field
emergence were consistent with those before tremstmon (2.4f, g. h. i &j).

Therefore the original data was used in the presientand discussion of the results.
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Assessment of initial seed quality before planfidgta not shown) showed that the
seeds were of high quality. However, the producéomironment influenced the final

emergence as evidenced by the highly significafferdinces (P < 0.001) between
sites. The average number of plants that emergddrurrigated conditions was 89%

at Ukulinga compared to 76% at Umbumbulu (Figus.2.

For all six cultivars, highly significant differeas were observed between the stages
of development (P < 0.001) and between productitas P < 0.001) (Figure 2.5)
with respect to seed water content. Seeds prodatedmbumbulu maintained
consistently higher water content throughout dgwelent up to stage five (Figure
2.5). However, there were no significant differenae seed water content at harvest
maturity (HM).
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Similarly, the interaction between seed developnmemd the production site was
highly significant (P < 0.001) (Figure 2.6 and 2.Dgveloping seeds produced under
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irrigation at Ukulinga showed an improvement in rgeration and vigour more
rapidly than those produced at Umbumbulu (Figu6g. ermination capacity ranged
from 45% to 88% for seeds produced at Ukulinga camegh with 10% to 40% for
seeds produced at Umbumbulu at development stage. termination capacity at
Umbumbulu increased rapidly to 80% at the fourttlgstof development and did not
differ significantly at harvest maturity from that seeds produced at Ukulinga. The
delay in the development of vigour at Umbumbulu Wwaghly significant (P< 0.001)
during development stage three (Figure 2.7). Howewespite this delay in
physiological development, seeds of all cultivarsdpiced at Umbumbulu showed a
large improvement in vigour during development etdgur and did not differ
significantly from those produced at Ukulinga avdlopment stage six (HM) (Figure
2.7).
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Figure 2-6 Germination capacity during seed develmt and maturation for six
cultivars of cowpea produced at two different s{tekulinga and Umbumbulu). Note:

Development stage refers to weeks after R3 when p@de tagged for each cultivar.
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However, seed development was affected, as eviddncéhe reduction in dry matter
accumulation (Figure 2.8) and the large proportidrabnormal seedlings observed
during development (stage three) of seeds prodatddmbumbulu compared with
seeds produced at Ukulinga (Figure 2.10).Seed yigld also significantly affected
(Figure 2.9) at Umbumbulu compared with those peceduat Ukulinga. Highly
significant differences were observed between thidivars with respect to yield.
Under well irrigated conditions at Ukulinga, theltiars M66, K80 and Makonge
showed the best performance than Kenkunde and N&rawn Mix performed the
poorest under irrigated conditions. Dry land caodi significantly reduced the
yields of all the cultivars. Although not signifitly different from K80, Nzovu and

Makonge, the cultivar M66 showed the best perforreamder dry land conditions.
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Figure 2-10 Typical seedling abnormalities obsera¢dlevelopmental stage three for

seeds produced at Umbumbulu. Detailed descriptbseedling abnormalities can be
found in AOSA (1992).

There was a negative linear relationship betweemigation capacity and seed water
, which was highly significant for both site € 0.9944, P < 0.001 amd = 0.8956, P

< 0.01 for Umbumbulu and Ukulinga, respectively).oféover, the regression
coefficients (131.26 for Umbumbulu) showed that thagnitude of change in seed
water content was larger compared Ukulinga (124.THgse results indicated that the
decline in seed water content at Umbumbulu was mapel compared to Ukulinga
(Figure 2.5). The accumulation of dry matter wasogbositively linearly correlated
with germination capacity (P < 0.082 = 0.8529 and 0.9074 for Umbumbulu and
Ukulinga, respectively). Similarly, there was a Hiig significant positive linear
relationship between dry matter accumulation amddévelopment of seed vigour (P
< 0.01, f = 0.8691 and 0.9098 for Umbumbulu and Ukulinga).

2.4 Discussion

The total rainfall in 2004 for Ukulinga (729mm) ardimbumbulu (1029.7mm)

compared reasonably well with the long-term rairdakrages for Ukulinga (738mm)
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and Umbumbulu (956mm) (Camp, 1999). However thageds are relatively much
higher than the national average in South Africhjctv is estimated to be 501mm
(Bennie and Hansley, 2001). Planting at both sitas done much later during the
rainy season in February and March 2004. The akhiat Umbumbulu during this
time (growing season) was relatively lower than ithieimum rainfall requirements
for cowpea production in Southern Africa which astimated to be about 300 mm
spread over the growing season (van Rij, 1997)he §rowing conditions at
Umbumbulu were comparatively similar to cowpea piibn areas in the Sahel
region, where yields of up to 1000 kg“hhave been recorded under conditions of
limited moisture (181mm per year) and high tempees (Hall and Patel, 1985).
These conditions (at Umbumbulu), were generallyamat dry, and similar to dryland
conditions characteristic of cowpea production sui@aAfrica. South Africa, with an
approximate land area of 102.8 million ha and aeraye annual rainfall of 501 mm
(Bennie and Hansley, 2001), can be considereddag @egion, which can be drought
prone. Dryland crop production in South Africa cavan estimated 11 million ha and
utilizes 12% of the potentially available rain wagstimated to be 51.4 million’m

(Bennie and Hansley, 2001).

The production environment influenced the final ega@ce as evidenced by the
highly significant differences (P < 0.001) betwestes. Seeds that were used for
planting were assessed for germination capacityvégaur and were found to be of
high quality (data not shown). The differences meegence between sites may be
partly attributed to inadequate moisture avail@pit Umbumbulu. Dry seeds at
Umbumbulu may have been able to extract water ftben soils with very little
moisture and germinated due to the high seed maotiential. The germinated seeds
may have been able to tolerate desiccation food geriod after seedling growth had
begun (Finch-Savage, 1987). However, damage t@xpanded tissues could have
occurred if the supply of water did not increasegdong period. This may probably
explain the poor seedling establishment and emesgah Umbumbulu. On the other
hand, seeds at Ukulinga which had adequate sogtorei for the germination process

and subsequent seedling emergence and establisperéoimed well.

The influence of the environment in determining dsepiality development was

evident by the close relationship between seed rwedatent and quality. This
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influence was more significant at Umbumbulu as sdeym the regression
coefficients which showed that the magnitude ofngeain seed water content was
larger at Umbumbulu compared with Ukulinga. Thessults indicated that the
decline in seed water content at Umbumbulu was nramd compared with

Ukulinga.

The higher seed water content observed in seedsiged at Umbumbulu compared
with those produced at Ukulinga was probably relate differences in the stage of
physiological development. Seed water status has lsbown to be related to the
physiological events associated with seed developni@erl, 1987; Modiet al.,

2002). Major events associated with developmeniude the accumulation of dry

matter and the acquisition of germination capaaitgl vigour.

The observed significant interaction (P < 0.00lijmeen seed development and the
production environment coupled with the delay ia #tquisition of germination and
vigour at Umbumbulu during stage three of developmeuggested that the
production site influenced the physiological preessthat regulate the development
of germination capacity and seed vigour. It casfeculated that at Umbumbulu, two
events occurred simultaneously; firstly the degiocaintolerant stage may have been
prolonged as a result of the delayed physiologaevelopment. Walbot (1978)
speculated that changes in water potential and membpermeability will be
ultimately shown to control embryo development. |PE987) proposed that
sensitivity of seeds to drought could be linkedhte cell membrane structure during
its synthesis or to changes in activities at theogee level. Desiccation intolerance
may also be accompanied by the process of DNA sgighand cell division (Perl,
1987). Thus, the large proportion of abnormal sagdlobserved during development
stage three of seeds produced at Umbumbulu maglaéted to changes in regulatory

processes triggered by the production environment.

Secondly, the dry conditions at Umbumbulu may hadeiced premature drying due
to accelerated ontogeny (Bohnettal., 1995). This may have resulted in premature
suppression of the developmental programme andi&lswo germination related
events (Kermode, 1995). Consequently, simultaneadsvelopmental and

germination-related synthesis may have occurred;iwéixplains the large number of
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abnormal seedlings and the slow improvement in gertion and vigour (Figure
2.10). Water deficits can cause changes in ABA @Adsensitivity in seeds (Bewley
and Black, 1994; Bohnest al., 1995). It has been hypothesized that sensitbaty
growth hormones is due to the presence or absdraaitable specific receptor sites,
which seem to be membrane located (Trewavas anesJb®91). In their reviews
Galau et al., (1991) and (Kermode, 1995) discussed how develophegene
expression programmes, ABA synthesis and seed wttrs interact in determining
the course of embryogenesis. Environmental conmditiduring this study may have
influenced these physiological interactions, whitiay have affected seed water

content and germination capacity.

Despite the delay in development at Umbumbulu, geation capacity increased
rapidly at the fourth stage of development andnditidiffer significantly at HM from
the seeds produced at Ukulinga. Differences indwsting methods between the two
sites, (at Ukulinga all the seeds were harvestethersame day and at Umbumbulu
the cultivars were harvested individually as the#giaed maturity) did not result in to
apparent differences in germination capacity betwdée two sites. Similarly, in a
study on the comparative effects of date of sowanghe yield, viability and vigour
of peas Pisum sativun) and flax {inum usitatussimum) Siddique and Wright (2004)
observed that sowing dates (which influence thedsing time) had relatively small
effects on the germination of non-aged seeds, buthmlarger effects on the
emergence of non-aged seeds and on the germiraimm®emergence of aged seeds.
In the present study differences in the time andhote of harvesting between sites

may have influenced other aspects of seed quaigpyr).

The findings in this study with respect to germio@atcapacityare contrary to the
report that temperature and drought stress dureegl slevelopment decreased seed
germination in soybean (Dornbos, 1995). It is imi@ot to note that, unlike the study
by Dornbos (1995), the present study did not examnstress conditions under
controlled environmental conditions. Plants areedbladapt to environmental stress
(Salisbury and Ross, 1991). The adaptive mechanismy account for the
observation that while stress can reduce seed nuamugeseed size, the seeds that are

formed usually have high germination capacity. Téliservation is supported by the
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reports that water stress did not result in redugeadnination capacity in soybean
(Dornboset al., 1989; Smiciklagt al., 1989; Vieiraet al., 1992).

Seed development was, however, affected, as ewdeby the reduction in dry
matter accumulation and seed yield at Umbumbulupased with those produced at
Ukulinga. The highly significant reduction in yiel@Figure 2.9) clearly shows that
although cowpeas are drought tolerant, the spasiesensitive to drought stress.
Cultivar differences were also evident in the talere to drought stress. The better
performance of M66 under both irrigated conditiosts Ukulinga and dry land
conditions at Umbumbulu are consistent with the vkmocharacteristics of this
cultivar which was bred for drought-tolerance inna (Ehlers and Hall, 1997).
Differences in drought-avoidance mechanisms wems avident between the
cultivars. For example, M66 has the Delayed LeafeSeence trait which is an
adaptive trait for drought tolerance (Gwathmey al., 1992). M66 differed
significantly from Nzovu with respect to yield undeigated conditions at Ukulinga;
however the yield difference between the two calswas not significantly different
at Umbumbulu. It was observed that the cultivar Weavas the fastest growing.
Probably the faster growth rate is a drought avmdastrategy that allows this
cultivar to avoid drought stress by maximizing ascm as possible on the little

available moisture.

Seed development was also affected as has alresdy rhentioned earlier; this was
evident from the large proportion of abnormal seeml observed during development
of seeds produced at Umbumbulu compared with sgedisiced at Ukulinga.

In conclusion, this study provided evidence thawvpea seed lots produced under
different environmental, and possibly managememtditmns may not differ with
respect to seed quality as determined by germmatapacity. However, there were
significant differences between sites with respextseed maturation patterns
determined by water content and dry matter accuioalaWater status influences the
physiological events associated with seed develap(hodi et al., 2002). Therefore,
it is likely that the differences in seed water teot during development and between
the developmental stage germination capacities rebdein this study have

significance in mature seed quality as determingdalotors other than germination
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capacity. The findings of this study merit furthievestigations into the physiological
quality of cowpea seeds as influenced by productite. Future studies should
examine seed vigour and storability. In additiofiedent strategies that enable them

to cope with drought stress should also be examined
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3 EFFECT OF SIMULATED DROUGHT UNDER CONTROLLED
ENVIRONMENT CONDITIONS ON COWPEA SEED QUALITY WITH
RESPECT TO GERMINATION CAPACITY AND VIGOUR

3.1 Introduction

Vigour is a well-established characteristic of ®eadd can be defined as the inherent
ability of seeds within a seed lot to establishnmalr (or usable) seedlings under
diverse growing environments (Hilhorst and Toord®97). Poor seed vigour may be
due to the inherent genetics of a cultivar, envimental conditions during seed
development and post —maturation, handling durigggdsconditioning, seed storage
conditions and a combination of these factors (Dethe, 1980). It is likely that
drought stress on the mother plant may interadh wéed developmental processes
and influence vigour. Interaction between droudghgss and seed quality in cowpea

has not been satisfactorily explained.

In investigating whether there is a relationshipween drought tolerance and the
development of seed germination and vigour in @aypt is important to recognise
that response mechanisms to drought stress at libée plant level are effective in
maintaining plant water status and avoiding cedlicsation (Tardieu, 1996). Cowpea
plants are able to cope with drought stress by bétiing an extreme dehydration
avoidance strategy (Ludlow and Muchow, 1990; Pednie Hall, 1992; Singh and
Matsui, 2002). This allows the plant cells to avdiding stressed because plant
functions are relatively unexposed to tissue dedtyoin (Tardieu, 1996). The
avoidance strategy in cowpea may involve enhandmstration of soil moisture ,
limited crop water loss and the retention of celtutydration despite the reduction in
plant water potential (Blum, 2005). This is ach@whrough several mechanisms,
including stomatal closure, reduced leaf growth &af senescence, which lead to
reduced water flux through the plant; or increasmat growth which may lead to an
increase in water uptake. The plant growth regulatoscisic acid (ABA) is also
implicated in the complex responses to droughtsstrey crop plants. ABA
accumulates in various plant organs in responseater stress (Salisbury and Ross,

1991) and plays a major role in stress avoidanceugh its effect on stomatal
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closure, on reduction of leaf expansion and thenpteon of root growth (Tardieu,
1996).

However, it is likely that a relationship betweemoupht tolerance and the
development of seed germination and vigour mayt extishe cellular and molecular
levels. Plant responses to drought at the cellelsl can be divided into those that
allow the plant cells to continue growth and depetent, those that allow plant
survival and those that are a response to thel ldisaption of function (Mullet and
Whitsitt, 1996). Probably the effect of droughtet@nce on seed germination and
vigour would occur as a result of changes at thiellae level, which can lead to a
reduction of photosynthesis. An increase in ABAelsvin response to drought may
lead to stomatal closure, decrease in transpiraiites, carbon fixation and a decline
in nitrate levels, thus resulting in less assimilaeing produced and translocated to
the developing seeds, which may eventually affeedsgermination and vigour. An
important cellular response to water deficits is #tcumulation of osmotically active
compounds that allow cells to re-establish turgat extract additional water from the
soil (Morganet al., 1991). Certain compounds such as the amino aolthe, polyols
and various sugars and proteins may accumulatelis subjected to drought stress
(Bray, 1993; Bohnertt al., 1995; Tardieu, 1996). Some of these compounds for
example, sugars and proteins may also play a mdleei stabilisation of the molecular
organisation of cell membranes when seeds loserwatang maturation (Bewley and
Black, 1994). In orthodox seeds, water loss océara programmed manner and
serves as an indicator for the termination of dgwelent (Kermode, 1995). It is likely
that an interaction may occur between drought amemechanisms at the cellular

level and seed developmental processes and inBuggrenination and vigour.

In a study investigating cowpea response to diffeirgensities of drought at different
stages of growth Turkt al. (1980) reported that drought stress resulted w pod

density and small seeds, which considerably reduoegbea seed yield. Interestingly,
seeds produced under well watered and drought tonsliwere smaller than those
produced when water supplies were intermediaterimediate water supply produced
the largest seeds (Tugk al., 1980). Although these authors concluded that ‘et

ecological strategy of cowpea under stress in maingumstances involves an

extreme reduction in pod number, which ensures filamp viable seeds are
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produced”, the study did not show whether germamatind seed vigour tests were
done to determine whether there were differencepiality between the heaviest and
smaller seeds. It is possible that drought stresg mave also caused alterations in the

composition of the seed which may have influenaatis/igour.

There are numerous reports in the literature oneffect of drought stress on seed
germination and vigour. Temperature and drouglesstduring seed filling decreased
germination in the standard germination test ad a&lembryonic axis weight in
mature soybeafGlycine max) seeds (Dornbos, 1995). In contrast, sorghS8onghum
bicolor) seedsgrown under mild drought stress displayed signifitamuch higher
germination than those grown under normal condstiBenech -Arnolet al., 1991).
Similarly, drought stress seemed to have improwsd gjuality in brassica(assica
campestris [rapa] L.). Work done by Ellist al. (2000) showed that in rapid cycling
brassica, terminal drought resulted in enhancecemiaiss and low seed weight;
however seed quality development was more rapidtfae@ was a greater maximum
seed quality with respect to potential longevityied et al. (1992) reported that
soybean seeds exposed to drought stress during dmedopment showed large
reductions in yield and seed number; however drbsgass did not have an effect on
germination and vigour. Clearly, responses to dnowsgress are variable and range
from negative effects to positive effects and nteat on seed germination and
vigour (Chapter 1). These variable responses mayindéative of different
underlying physiological mechanisms or complex rat&ons between seed

developmental processes, plant genotypes and envenotal factors.

It has been suggested that the effect of the maltemvironment can be carried over
and influence the performance of subsequent gaoasatWulf (1995) postulated that
“the success of an individual plant in a populatimay depend not only on the
characteristics of that particular individual busc on the previous generation,
particularly on the conditions experienced by thether plant during seed
development and maturation”. In a study investigatithe residual effect of
temperature on the growth of peas Highkin and L@®®6) observed that when peas
were grown for several generations under adversgdeature conditions , each
generation (up to about the fifth) grew more podhlgn the previous one. It has been

suggested that the developing embryo or accumufatadi reserves can be modified
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by interaction between the environment and the ergbtant so that effects carry over
through a number of succeeding generations (Salisbund Ross, 1991). These
modifications may arise through cytoplasmic factarthe transmission of organelles,
by endospermic effects and by phenotypic effectekvimclude the influence of both
the maternal genotype and the maternal environrfiRoéich and Wulf, 1987). The
mechanisms by which these effects are induced, taiagd and transmitted,

sometimes along several generations, are not weénstood.

There is, to a large extent, information aboutrttezhanisms of drought adaptation of
cowpea at the whole plant and cellular level, aheirtinfluence on seed yield
(Turner, 1979; Turlet al., 1980; Ludlow and Muchow, 1990; Petrie and Hall92;
Petrie et al.,, 1992; Hall et al., 2003; Hall, 2004), but less knowledge and
understanding on how these mechanisms influencd geemination and vigour.
Information in the literature on the effect of emmvimental stress factors on seed
germination and vigour seems to contain contragictmnclusions (Vieiraet al.,
1992; Bewley and Black, 1994; Dornbos, 1995; Tekrenal., 2004). Differences
between plant species in response to drought s@essconsiderable and well
established and may probably account for someasetitontradictory conclusions. In
addition, cultivar differences may also exist. Timagnitude and consequences of
cultivar differences with respect to germinatiord aingour in drought tolerant crops
have not always been assessed. Variations in ttagiolo, intensity and timing of the
stress and experimental techniques in the impos#ial determination of water stress

may also influence results and conclusions.

Cowpea seeds were initially produced at two distproduction sites, Umbumbulu
and Ukulinga, and used in this study to investigdte effect of the maternal
environment and simulated drought under controBedironmental conditions on
seed germination capacity, vigour and yield. The afsa soil water sensor to monitor
changes in soil matric potential and water coniera pot experiment was compared

with normal gravimetric methods.

60



3.2 Materials and methods

3.2.1 Soil characteristics

The following soil characteristics were determirfeain soil samples, which were
taken from Ukulinga (see chapter 2, section 2.8prRFo the analysis the soil samples
were air-dried, ground and passed through a 2 reresiSamples were analysed to

determine particle size, particle density, % tptaosity and bulk density.

3.2.1.1 Particlesizeanalysis

Particle size distribution of the soil samples wasformed using the pipette method
(Johnson, 2000). A 20 g soil sample was disperkedhically by the calgon solution
(sodium hexametaphosphate and sodium carbonatewvéidsn de-ionized water) and
mechanically by ultrasound at a maximum outputtfsee minutes. The suspension
was then passed through a 0.053 mm sieve to a édsuming cylinder and filled with
distiled water. When the temperature of the susjmen had reached room
temperature, the suspension was agitated propedyaa20 ml sample was taken
immediately by pipette to determine the amountazrse silt. The second sample was
taken from 100 mm depth at a pre-calculated tirsedaon Stoke’s law to determine
silt and clay. To represent the clay content am28ample was taken at 75 mm below
the surface based on the same principle. Each sanwgs then oven dried for 24 h at
105 °C to determine the mass of the soil particles. Iinghe sand fraction was
determined from the soil sample that was left aféer sieving by 0.053 mm sieve.
After oven drying the soil was sieved through at mésieves consisting of 0.500 mm
for coarse, 0.250 mm for medium and 0.0106 mmifar &nd very fine sand, using a

sieve shaker for five minutes.

3.2.1.2 Soil particle density

Soil particle density determination was done adogrdo the method of (Blake and
Hartge, 1986b). A 50 g soil sample was added toeayeighed 100 ml volumetric
flask Mw) and weighed again with the soil samiMs). The water content of a
duplicate sample was determined by oven dryingd&t°C. To remove the entrapped
air the flask was boiled for several minutes ono#late with frequent but gentle
agitation of the contents to prevent soil loss banfing. The flask and its contents

was allowed to cool to room temperature and thetedhocooled and distilled water

61



was added to fill it up and the weight takdmsy). Finally, the soil was removed and
the flask was weighed by filling with boiled cooleaid distilled wate(My). The
particle density was then calculated using theoWailhg formula (Johnson, 2000).

Py (Ms—M,)
[(My =M L) =(Mgy —Ms)]

where p,, is the density of water in kg Tt temperature observely] s Is mass of flask

Py = (3.1)

plus soil sample corrected to oven dry water cdnteh, is mass of flaskM g, mass of

flask filled with soil and water, andV,, is mass of flask filled with water at the

temperature observed.
3.2.1.3 Bulk density

The bulk density of the soil was determined ushng ¢ore method. Undisturbed soil
cores sampled were taken from the two sites atibgal(Site 1- the trial site and Site
2- near the Agricultural Engineering DepartmentheTmass of the dry soil was
determined after oven drying at 185 for 24h. The volume of the soil was assumed
to be equal to the volume of the core sampleresthe soil was trimmed at the edge
of the core at both ends. The internal diamef®rgnd height(H) of the core were

measured using a vernier calliper to calculatevtiieme of the cor&/ = 77(D /2)*H
and the bulk density of the soil was calculatedigishe following equation:

0, =M IV (3.2)
where p, is the bulk density of the soll (kg M, mass of dry soil (kg) and the

volume of the core sampler f)n

3.2.1.4 Total porosity

The total porosity was calculated using Eq.@tdch considered only the soil bulk
density (o,) and the particle densityp() of the soil. The value can be used as an
estimate of the soil water content at saturation.

P=1-p,/p, (3.3)

whereP is the total porosity of the soil (%9, is soil bulk density (kg i), andp, is

the soil particle density (kg ) (Danielson and Sutherland, 1986).
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3.2.1.5 Masswater content

This method involved the measurement of soil watartent by weighing the wet
sample, oven drying at 10®& for 24 h, and reweighing the sample to deterntiiee
amount of water removed. Soil water content caexpgessed either as a ratio of the
mass of water to mass of dry soil (mass water conte by multiplying the ratio with
bulk density. The result may be expressed on vdiengater content (Gardner,
1986):

= WaYa

@ =
Wd Yw

(3.4)

where @ is volumetric water content fvm™), W,, weight of water (kg),W, dry

weight of soil (kg),Y, oven-dry bulk density (kg ) andY,, density of water (kg M

3.2.1.6 Soil water retention characteristics

The soil water retentivity characteristics repreghe relationship between soil water
content @, ord,) and the matric potential/,). Water retention over a range of
matric potentials was measured on undisturbed cmies sampled. Cores were
saturated by standing them in a trough, with gradddition of water (over about one
hour) until the water level was about 3 mm from thp of the core; these were

soaked overnight until they became saturated winenipper soil surface glistened.

Water retention in the 0-1 m (0-10 kPa) tensiongean The core and lid were

removed from the water and “while dripping wet”, igleed on a top pan balance.

This provided a measure of the saturated wateeotnthe core was then transferred
to the tension table, with a tension set at 0.10The top of the tension table was
covered with a Perspex sheet to minimize evaparalibe core was weighed after 48
h and replaced on the tension table and a sligisspre applied to achieve a good soll
bed contact. The tension was increased to 0.20 thedexercise repeated and
reweighing done after 48h. This procedure was fegeat further tensions of 0.30,

0.40, 0.50, 0.75 and 1.00 m.

Water retention in the 0-1m (0-10 kPa) tension eafigpe cores were transferred to a

pressure pot and each core placed on a saturatedffilter paper on a 100 kPa

ceramic plate. After closing the lid of the chamlzepressure of 50 kPa was applied
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by adjusting the pressure regulator. The outlehftbe ceramic plate was connected
to an external burette to allow for the monitorofgvater outflow from the soil cores
in response to the applied pressure. When no chantpe water level in the burette
could be detected over an 8h period, the negatatenpressure in the soil (i.e. matric
potential) was assumed to match the positive a&squre indicating that equilibrium
has been reached. (The level of water in the lurmattst be similar to the elevation of
the ceramic plate). The air pressure was then gettand the lid removed and the
core samples weighed. The core samples were retumehe chamber and the

process repeated at a pressure of 100 kPa.

Water retention in the -1500 kPRetaining rings (10 mm high x 50 mm diameter) on

discs of filter paper were placed on a ceramicepdat up in a high-pressure chamber.
The rings were filled with air-dried < 2 mm soihdacompacted slightly with a rubber
bung. Water was applied to the ceramic plate towathe soil to wet up slowly by
capillary movement. This was allowed to soak fom30. and then the chamber was
closed and a pressure of 1500 kPa was appliedwater level in a burette connected
to the outlet from the ceramic plate was obseneedédtermine when the samples
equilibrated with the pressure. When equilibriund leen reached, the pressure was
released and the lid removed from the pressure beanThe soil was transferred

from each sample to a 50 ml beaker and water comeasured by oven drying.

Developing the soil water retention curve: Volumetric water content at the various

matric potentials were calculated for each core amétentivity curve plotted with
volumetric water content on the y-axis (log scaeyl matric potential on the x-axis
(log scale). The formula for calculating matric guatial and water content was based

on the retentivity function developed by (Gardeteal., 1970):

6, = [‘”%j%’ (3.5)

where 8, = volumetric water content Gmn3), Y ,,= matric potential (-kPaj andb

are empirical constants, which can be developenh ftike regression line oln &

vs.Iny :
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ng, =(%1jln¢/m +(a|na (3.6)

from the trend equation (Figure 1)

y =-0.0888« + 3.6198 (3.7)
b= Yope (3.8)

1
Intercept = (EJ Ina (3.9
Or
a = exp (b*intercept) (3.10)

b=11.2612613
a= 5.0509E+17

Estimation of volumetric water conteflf (% nt m®) was derived from equation 3.5

as follows:

g = wV (_}{lZBlZGQ 3.11
v ‘( 5.0509* 10”) (3.11)

Or

6, = (- 019798 107y, ) (3.12)

Or

6, =37.32864—y, ) *°%"* (3.13)

Soil matric potentialy,, (-kPa) was determined as follows:

W= exp(—11.261388n(6%7.331) (3.14)

Estimated values ofé, using Eq.3.5 were compared with measuédvalues to

determine the mean square error (Fom).

3.2.1.7 The ThetaProbe soil moisture sensor: theoretical considerations

The relationship between volumetric water contemtl #oil matric potential was
determined using a soil moisture sensor. The ThebsPdeveloped by Macaulay
Land Use Research Institute, Aberdeen, ScotlandDaith-T Devices, Cambridge,
England is essentially a frequency domain refleetioynsensor (FDR) that is used to

determine volumetric water content by generatinglantromagnetic field to the soil.
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The probe generates a 100 MHz sinusoidal signathvig applied to a specially
designed internal transmission line that extents time soil by means of the array of
four rods. The impedance of this array varies it impedance of the soil, which
has two components - the apparent dielectric cah$td and the ionic conductivity.
The 100 MHz signal frequency has been chosen tanmse the effect of ionic
conductivity, so that changes in the transmissiom impedance are dependent almost

solely on the soil's apparent dielectric constant.

The dielectric constant is a complex quantity andnmeasure of polarity that
determines the velocity of an electromagnetic wav@ulse through the soil (Topp
and Davis, 1985). The working principle of dieléctmethods is on the basis that
soils are composite materials made up of diffemhponents like minerals, water
and air. Because the dielectric constant of liquéder (81) is much larger than that of
the other soil constituents (2 to 5 for soil mingrand 1 for air), the dielectric

constant for soil is primarily dependant on soitevacontent.

A third order polynomial of the FDR sensor analagpaitV (in volts) can be used to
estimate the square root of the dielectric constantas (Delta-T Devices, 1999):

Je = 470/ - 640V 2 + 640V + 107 (3.15)

Work published by Whalley (1993), and Toppal., (1980 ) shows almost linear
correlation between the square root of the didteccionstant,\/z, and volumetric
moisture contentd, (m®> m>) for many soil types.

6, =(Ve -a,)1a, (3.16)
where a, :\/5_0 is the square root of the apparent dielectric toris(Eq.3.15)
obtained using the ThetaProbe voltage measurednimigdry soil. The term
a :\/a is the difference between the square root of theediric constant of

saturated soil (Eq.3.15 for the corresponding galjaand dry soil divided by the soill

water content at saturation.

a, = (e, —\z, )16, (3.17)
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Factory values fola, and a, of 8.4 and 1.6 for mineral and 7.8 and 1.3 foraorg

soils are used, respectively. The output signal is bet@eem 1V DC for a range of
soil dielectric constants, between 1 and 32, corresponding to approximat&iyrd.
m* volumetric soil moisture content for mineral soils. The catibn curve or
equations are usually developed for general soilstanchake the calibration site
specific, the ThetaProbe sensors were calibrated ®splecific soil type that was

used in the pot experiment.

3.2.2 Plant materials

Seeds of cowpea cultivar Nzovu were initially donatedBmywironmental Action
Team (EAT), Kitale, Kenya. Cultivar M66 and Kenkunderes also originally
purchased from the Basic Seed Unit of the Kenya Aljural Research Institute
(KARI), Machakos, Kenya and from the Kenya Seed @any, Kitale, Kenya,
respectively. Seeds were planted at two different siteskidinga and Umbumbulu
under different production conditions to produce oveslfr seed with known quality
characteristics (Chapter 2). Mature seeds harvested fiesga thvo sites were used in

this experiment.

3.2.3 Controlled environment experimental conditions

A pot experiment was conducted under simulated drougititons in a tunnel at the
University of KwaZulu-Natal, Pietermaritzburg, South & The tunnel was
enclosed in clear polythene sheeting. Temperaturat smdliation (PAR) and relative
humidity (RH) were monitored electronically using HOBO 2kKghgers (Onset

Computer Corporation, Bourne, USA).

3.2.4 Experimental design, potting procedure, water stress treatments

The experiment was laid out using a factorial arrangenmea randomized complete
block design with the following three factors: productisite (two levels- seeds
produced at Ukulinga and Umbumbulu sites), cultivar @Hexels- cultivars Nzovu,
Kenkunde and M66) and water stress [three levels-tidss Intermittent stress at 30
% field capacity (FC) and Terminal stress at 30% FEXplanation of water stress
treatments is given in the paragraph following this one.¢ Tttal number of

treatment combinations was eighteen. These were replifis&etimes giving a total
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of 90 experimental units (undrained polyethylene potk @ath a 20 litre capacity, an

internal diameter of 340mm and a holding capacity of@0fksoil).

Pots were placed individually on a weighing balance apceeaise quantity of water
was added until the required mass equivalent to 17.4a@%ngetric water content at
FC corresponding to a matric potential of -33 kPa was atairAfter the water had
seeped into the soil until none was left on the suyftee weight of the pot and the
wet soil were recorded and written on the pot. Seveytd were randomly chosen
and then emptied on to a polythene sheet spread gnsaidace to confirm that there

was no excess water which had settled at the bottom.

Drought conditions were simulated based on two contrastimigture environments
typical of semi-arid tropics where cowpea is grown avete defined as follows:
Intermittent stress, characteristic of the wet season imtmesoonal semiarid tropics
, Wwhen stress can occur at any time and with varying sittes between emergence
and maturity; and Terminal stress where crops are gmaying only on stored
moisture and where crops grow and mature progrdgsore depleted soil moisture
profile (Ludlow and Muchow, 1990). Intermittent stresssweposed during the
vegetative stage of growth only whereas terminal stress imposed throughout

development from emergence to maturity.

For the treatments at 30% FC (Intermittent and Terminastrendividual pots were
placed on a weighing balance and a precise quantity tdrweas added until the
required mass equivalent to 12.26 % gravimetric watatent at permanent wilting
point (PWP) corresponding to a matric potential of -1%@0kvas attained. Plant
available water capacity (PAWC) from the -33 and -1%6@& water contents was
determined gravimetrically (mass) by calculating the edéhce between the %
gravimetric water content at -33 matric potential andO@1%&Pa. An additional

guantity equivalent to 30% PAWC was calculated and atldedch pot to attain the
required soil mass at 30% FC. The pots were individuziyptied in to a concrete
mixer and mixed thoroughly so as to achieve a uniforrmilligion of soil and water

mixture inside the pot and the weights recorded and wiattettie pots.
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Treatments were assigned randomly to pots within eachk.bleiwe seeds were
planted in each pot by placing four equidistantly andairtbe centre. The seeds were
planted at a depth of 10 mm. A compound fertilizer 2:32) (Ras applied during
planting at the rate of 600 kg fend soil water content in the pots monitored as
described below. The experiment was sown ofi Rrch 2005 and harvested in
August 2005.

3.2.5 Monitoring of soil water content

Individual pots were placed on a weighing balance andheedigand then water
added until the required moisture content at FC and 30MadCattained. In order to
estimate the mass of the growing plants and to make altmvtor increased mass
when watering; a few extra pots with plants separate frenexperiment were used

to verify calculations and estimates.

Volumetric water content was also monitored using ThetaPsall water sensors.
For each of the three water stress treatments, soil wategntovas measured every
15s and averaged for each 24 h interval at a depdd ofim using two ML2 and one
ML1 ThetaProbe sensors. In addition, soil water contexrst nveasured in all pots at
weekly intervals and averaged for each water stressmeea using one ML2
ThetaProbe. Each sensor has a 125- mm long and 40saenhousing electronics,
and four 60-mm long sensing rods with three distributgitbrmly around the 26.5-
mm circumference and one at the centre. The sensoesinserted vertically into the
soil in the pots. Sensors were connected to a CR7X dg&l¢Gampbell Scientific,
Logan, Utah) and sensed using a differential voltageucsbn assigned for higher
resolution management. Measured voltages were transddoribe square root of the

apparent dielectric constant using the data logger tintkelr gpolynomial instruction.

3.2.6 Data collection

Pods were tagged at R4 stage of plant development, amvested during three
developmental stages fortnightly until harvest maturity (Hag&g92).
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Figure 3-1 Pod tagged at R4 stage (~11cm long; seadsnwediscernible).

3.2.7 Determination of early seed vigour, seed number and mass

Early seed vigour was assessed by determining meargencer time (MET), final
emergence (FE) seedling length and seedling dry weifjhe mean time to

emergence was calculated using the method of (BewkkBtk, 1994):

MET _2(™ (3.18)

> f

whereMET is mean time to emergendehe number of newly germinating seeds at a
given time (each day or hour) andhe number of days or hours counted from the day
of sowing. MET measures the speed of emergencdamter emergence is a sign of
high vigour. Seedling dry weight is a seedling growth emaluation test and higher
seedling weight is an indication high vigour; hence fagtewth and a rapid and
uniform emergence which can lead to vigorous and neaeedlings and good
seedling establishment. Final emergence was done byirguie emerged seedlings
after 10d. Seedling growth rate was assessed by deiegthe seedling dry weight.
At the end of the emergence period, normal seedlirgge separated from the seed or
cotyledons and placed in a drying oven at’80for 24h. The dried seedlings were
weighed and their weight divided by the number of norreatlBngs per given test.
Seed number and yield were determined at harvest ityafdry pods were harvested
separately according to the time taken to reach hanastrity for each cultivar. The
pods were threshed and the seeds removed and altowiegl ~ 12% moisture content
in the tunnel before the determination of seed yieldtukéadry seeds were stored at

5°C in the cold room until further analysis.
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3.2.8 Determination of seed water content (fresh mass basis) and dry
matter accumulation

For each developmental stage, seeds were weigheddaxivhal places, frozen in
liquid nitrogen and lyophilized for 72 h and then weighgdia to determine the dry
matter content. The lyophilized seed samples were stire2lfC in a deep freezer
until further chemical analysi$Seed water content (g water g s8edias calculated

using the following formula,

Freshweight — Dryweight
Fresh weight

Seed water content = (3.19)

3.2.9 Laboratory germination test and seed vigour

Mature seeds were germinated using the paper towelohetbcording to ISTA
(1999). (For details germination testing see ChapteG&mination was assessed by
counting seeds which had produced 2mm of radicle dailytou8 days. Normal,
abnormal and dead seeds (ISTA, 1996) were assesda@@orded at the final count
at 8d. Seedling dry weight was determined as describede at the end of the
germination test period. Germination Index (Gl) was meiteed by the following
formula (Scotet al., 1983),

>IN
Gl :MT (3.20)
Where GI = germination index,
Ti is the number of days after sowing starting with thalfday,N; is the total number
of seeds germinated on dgywherei = day 1, 2, 3.... 8 anl is the total number of
seeds that have germinated on the final count. Theanethiculates an index, which
describes seed vigour on a scale of 0 to 1, with vallese to O indicating low vigour

and a value of 1 indicating maximum vigour.

3.2.10 Morphological characteristics

The initiation and development of successive nodest pleight and the number of
leaves was assessed weekly until flowering. Plant heighttalen as the distance

from the base of the stem to the apical bud. Fod#structive measurement of leaf
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area (cr9), leaves were measured using a portable leaf area,rh&@OR, LI-
3000 manufactured by LI-COR-Inc, Lincoln, Nebraska.

3.2.11 Leaf water potential

Leaf water potential was determined using the Scholandessypre chamber
(Scholanderet al., 1965). The first pair of trifoliate leaves was used faf Mvater
potential determination. Measurements were taken randfsorty plants in each pot.
A fresh leaf was removed from the plant using a sharpr blade. The leaf was
wrapped in cling film and quickly sealed in the chamb@&ressure was increased
slowly at approximately the rate of 100 kPausing nitrogen gas from a cylinder
until sap droplets appeared at the position of the efxylem vessels at the cut
surface. These droplets were examined using a hasd Tée endpoint was checked
by decreasing the pressure and then slightly increasiagaiin. The leaf water
potential is the negative of the applied pressure. Mid-daly weater potential was
determined between 1200-1300h Greenwich Meridian Ti@&IT) on a hot day.
Predawn leaf water potential were determined daily fow&2ks from planting just
before between 0400-0500h GMT.

3.2.12 Chlorophyll fluorescence

Chlorophyll fluorescence was determined using the Hé#fidiency Analyser (PEA),
manufactured by Hansatech Instruments Ltd, Norforkgl&d. The operating
principle of the PEA is based on the Kautsky effedutsky and Hirsch, 1931). If a
leaf is kept in darkness for several minutes and thetrightly illuminated,
fluorescence rapidly rises from a low level g)(Fia an intermediate level (I) to a
peak level (P) and then gradually decays through sewdesimediate maxima to a
level close to the originalgHevel (T). If the light is of saturating intensity, the peak
value P will be the maximum achievable fluorescence laval given light intensity
known as k. The difference between the maximal fluorescenceasig, and the low
level signal kis said to be the variable component of fluoresc€fge The ratio
FJ/Fn can then be calculated from the values obtained. A @etlirk/F, in dark
adapted plants is a good indicator of photoinhibitasynege to plants subjected to

stress.
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Similarly, the first pair of trifoliate leaves was used fdirlorophyll fluorescence
determination. Light weight leaf clips were placed on theasuring sites chosen
randomly on the leaves. For each water stress treatiinemtdifferent pots were
sampled. The leaf clip shutter was then closed to allowd&wk adaptation for 30
minutes. During measurement the PEA sensor was held d¢a pher the clip. The
shutter blade of the clip was then slid back to expose dhle adapted leaf to the
sensor unit. Measurements were recorded accordingetoprogrammed settings of

light level and record length selected on the sensor unit.

3.2.13 Description of statistical analysis

Genstal 9 edition was used to perform analyses of variamu the differences
between means were determined by LSD (least signifiddference) (P = 0.05).
Germination percentage and germination index data vseigected to angular
transformation prior to statistical analysis (Appendices &1a). The differences
between means were determined by LSD (least signifdiffarence; P = 0.05) which

was calculated as SED Yefor degrees of freedom, 0.05)

3.3 Results

Selected physical characteristics of the soil usdthis study are shown in Table 3.1. A
soil water content of 17.47% (gravimetric) at d s@iter potential of -33 kPa was taken
as FC as is recommended for finer textured soilssol water content of 12.26%

(gravimetric) at a soil matric potential of -150B& was taken as PWP. The PAWC for

the soil was calculated to be 114 mrt.m

The relationship between volumetric water content and mattengal (log scale) is
shown in Figure 3.1. Th& of 0.9909 clearly shows the degree of accuracy of
estimation of matric potential using the regression equatibe.trend line equation
was used to derive the two empirical constan{5.0509E+17) andb (11.2612613)
which were used to estimatg (Eq.3.5) (Gardneet al., 1970). The calculated values

of 6, using Eq.3.5 were a good estimate of the measuleds/as evident from the
error mean square of 0.354 9% m>. The measured, plotted on the y-scale against
the matric potential (x-scale) and the formula for dagvboth 8, and ¢, is also

shown in Figure 3.1.
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Table 3-1 Physical characteristics of soil used for thensatess experiment

Bulk % Gravimetric water content at selected
density matric potentials
(kg %)
Near Field Permanent
Saturation Capacity  Wilting
Point
-1 kPa -33kPa -1500kPa
1562 23.73 17.47 12.26
Particle size distribution
Clay (%) Silt (%) Sand (%)
Coarse Medium Fine Very Fine
31.86 48.94 10.35 2.20 2.50 4.15
% Total Plant
Porosity Available
Water
(mm ni%)
41.06 114
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Figure 3-2 Relationship between volumetric water corgadtmatric potential of the
studied soil expressed logarithmically (top) and directly (bottom

From the results obtained (Table 3.1,Figure 3.2), the treityncurve showed high
water retention and a gradual decrease in water contiémtincreasing matric
potential. The soil had a mean water content of 37 %eat saturation (Figure 3.1)
which gradually decreased by approximately 10% at a enptiential of -33 kPa
(FC). A matric potential lower than - 400 kPa corresjiog to a water content of ~22
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% for this particular soil profile is generally consideremt stressful. Thus stressed

plants were subjected to matric potentials larger than kB@QqFigure 3.2).

The matric potential and corresponding water contentsteoen in Figure 3.3 A, B
and C. Changes in matric potential were monitored grevioally by weighing the
pots weekly. Under terminal stress matric potential andveatiér content decreased
gradually from week 1 up to week 5 to almost -1500kPayufe 3.3A). The
application of water during week 6 resulted into pidancrease in both soil water
content and matric potential. Water was withheld for teattments under terminal
stress for another five weeks after which the plants wettered again during week
12 and 13. The period between week 5 and week 12 chasacterized by
considerable stress which was reflected in the plant nesgowith respect to growth

and development.

Under intermittent stress, plants were subjected to watssstiuring the vegetative
growth phase only. This is clearly reflected in the cleanm matric potential and
water content shown in Figure 3.3B. A similar pattern & tibserved under terminal
stress occurred where matric potential and water contmeased during the first
five weeks when water was withheld. Similarly matric ptgnvas lowered and

water content increased after plants were watered dweedf 6. Frequent watering
was resumed for the intermittent stress treatmentti@isded to the matric potential
and water content being similar to the control treatment (NS (Figure 3.3C).

For the control treatment (No stress) matric potential geaeerally close to FC since

the pots were watered frequently.
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Figure 3-3 Changes in soil water content (%) and reatlric potential monitored
gravimetrically during cowpea growth and development oreimulated drought

conditions: A (Terminal stress), B (Intermittent stresg) & ( No stress).
Comparable results were observed when matric potentialwater content were

monitored using ThetaProbes (Figure 3.4 A, B andS@iilarly, under conditions of
terminal stress matric potential decreased gradually &baut -33 kPa in week 1 to
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close to -1500kPa week in week 5 (Figure 3.4A). Matotential rose to about -33
kPa when plants were watered in week 6 and was maidt&ankevels below -1000

kPa from week 7 to week 9 when plants were waterathdag week 10. The pattern
of changes in matric potential clearly reflected soitewaontent during growth and
development and showed that plants under terminal strexes subjected to stressful

conditions for a long a period.

Similar trends were observed for the intermittent stresstnrent (Figure 3.4 B).
Matric potential and water content both decreased duriadfitet 4 weeks when
watering was withheld and increased after watering in weekhe resumption in
frequent watering after the end of the vegetative grgthse resulted in to lower
matric potential and higher water content from weeRimilarly the ThetaProbe were
effective in monitoring matric potential and water comteshich were consistently
maintained at levels corresponding close to FC for the @ofNio stress) treatments
(Figure 3.4C).
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Figure 3-4 Changes in soil water content (%) and maitric potential using

ThetaProbes during cowpea growth and development usieunlated drought

conditions: A (Terminal stress), B (Intermittent stress) @r(No stress).

The results obtained from measurements taken on prel@afvwater potential over a

period of 12 weeks during growth and development mwage or less consistent with

data recorded for soil matric potential and water cont&gufe 3.5). Clear
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differences were observed in predawn leaf water potdrgitaveen stressed and non-

stressed plants for all three cultivars.

Predawn leaf water potential for the non-stressed plaassgenerally lower than -0.3
MPa during growth for all cultivars. The cultivars M66dalkenkunde showed the
most consistent pattern of predawn leaf water potefarahon-stressed plants which
generally ranged between -0.3 and -0.5 MPa. HowevasviN which initially
recorded similar predawn leaf water potential as MGb kenkunde for non-stressed
plants showed a high degree of fluctuation in predawn |leaémpotential, ranging
from -1.1 MPa to -0.66 MPa at the later stages oéldgment.

Predawn leaf water potential for stressed plants in allctiievars became more
negative gradually from week 1 to week 4. Similarly, cutticifferences were
discernible in predawn leaf water potential. Stressedtplaf Kenkunde showed the
most negative values for predawn leaf water potential MP#&) during the first four
weeks of development. Predawn leaf water potentiatfessed plants of Nzovu also
showed similar sharp fluctuation at later stages of devedaprivi66 showed the least

fluctuations in predawn leaf water potential
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Figure 3-5 The general pattern of predawn leaf watemgiatdMPa) taken on three
cowpea cultivars at weekly intervals during growth aededopment until harvest
maturity. Clear differences between the non-stressed sirebsed plants were

observed over period of 84 days.
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The effect of stress on mid-day water potential was algestigated. Under well
watered conditions, mid-day leaf water potential rangedden -0.5 and -0.6 MPa
and did not differ significantly between the cultivaFor the stressed plants, the mid-
day leaf water potential ranged between -1.5, -1.2 argiMPa for M66, Kenkunde
and Nzovu respectively (Fig 3.6).

X
@
=]
=
c
>
Q
)

Cultivars

-2.50 -2.00 -1.50 -1.00 -0.50 0.00
Mid-day leaf water potential (MPa)

ONo stresskl Stress
Figure 3-6 Mid-day leaf water potential for cowpeatigals subjected to simulated

drought conditions.

Withholding water for periods of 5 weeks in the termsta¢ss and intermittent stress
treatments resulted in considerable retardation of gr@idure 3.7). Plants that
were subjected to terminal stress had fewer leaves witlteddeaf area than those
subjected to no stress (Table 3.2). Similarly terminal arnittent stress resulted in
fewer flower buds formed by the cultivars Nzovu andnkiende; however, both

terminal and intermittent stress severely inhibited buctldgwnent in cultivar M66,

which produced very few flowers and consequently fesesds. It is important to
note that M66 matured slowly compared with Nzovu and Kiedk and the cultivar

(M66) had not produced any buds during intermittent tanehinal stress at the time
of scoring for bud formation. Water stress also hadkféect on the time taken to

emergence. Seeds that were planted under no stredsiam emerged faster than
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those that were subjected to stress. The cultivar Nxeag the fastest to emerge

under both stress and no stress conditions (Table 3.2).

Table 3-2 Effect of water stress on vegetative ginaand mean emergence time (MET)

Cultivar Water stress treatment #

No stress Intermittent Terminal

stress stress
Leaf area Nzovu 255 76 83
(cm?) Kenkunde 237 87 77
M66 221 66 72
No of buds Nzowvu 9 4 3
Kenkunde 8 3 4
M66 1 0
MET Nzovu 3.6 4.4 4.2
(days) Kenkunde 4.7 5.1 5.1
M66 4 4.7 4.4
# No stress = pots maintained at near FC

Intermittent stress = pots watered up to 30% FC duringtaége growth

Terminal stress = pots maintained at 30% FC from emeegenmaturity

The effect of water stress on plant growth and developmvas clearly evident in all
cultivars (Figure 3.7). The unstressed plants grewroigsly and had a lot of foliage.
The stressed plants started showing signs of earlysmasevident in the yellowing
of leaves. Cultivar differences were also observed spaese to stress. The cultivar
Kenkunde appeared to be highly sensitive to water saesvident from the wilting
leaves (Figure 3.7).
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Figure 3-7 Effect of terminal stress on the growth dadelopment of three cowpea
cultivars, Kenkunde (Top), Nzovu (Middle), and M66 {®m). Leaves of Kenkunde

are showing signs of wilting.
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The effect of water stress on photosynthetic procesassassessed using chlorophyll
fluorescence (Figure 3.8). Highly significant differen¢Bs< 0.001) were observed
between treatments with respect to chlorophyll fluorese¢higure 3.8). The Fv/Fm
ratio for non-stressed plants (0.827) and intermittentlysséie plants (0.820) were
not significantly different. However both non-stressednigdaand intermittently
stressed treatments differed significantly from the terhst@ss treatment (0.807)
(Figure 3.8)

0.830

0.827

LSD =0.010

0.8257 P < 0.001

0.820

0.820

0.815

0.810

0.805

Chlorophyll fluoresence (Fv/Fm ratio)

0.800

No stress Intermittent stress Terminal stress

Water stress level

Figure 3-8 Chlorophyll fluorescence for all three cultiveuibjected to simulated

drought conditions.

The effect of production site (whence planted seed wagehted) on seedling vigour
with respect to seedling dry weight, seedling length, raaitle emergence time and
final emergence was investigated (Table 3.3). Seedshwidad been produced from
Ukulinga had more dry weight, larger seedlings with deepets and emerged faster
(although not significantly) than those which had beenywmed from Umbumbulu.

However, there were no significant differences in thel fmaergence between seeds

produced at both sites.
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Table 3-3 Assessment of early seedling vigour wéhkpect to seedling dry weight,
seedling length, root length, emergence time andl femergence 10 d after planting

across all cultivars.

Production Early seedling vigour
site Dry weight  Seedling  Root Mean Final
length length Emergence emergence

(mg) (mm) (mm) Time (days) (%)

Ukulinga 122.3 139 39.9 4.4 97

Umbumbulu 97.7 119 36.4 4.6 98

P <0.01 <0.01 <0.05 >0.05 >0.05

LSD 15.1 9 5.6 ns ns

Both intermittent and terminal water stress had a coraitee effect on seed
development in the cultivars, M66 and Kenkunde; hencengpadson of changes in
seed water content could only be done using the cultivaviNaNzovu was able to
produce seeds during all the three stages of developamentlso under all stress
conditions. Although the decline in seed water contestware rapid under terminal
stress than intermittent and no stress; there were mifisignt differences in seed
water content during the developmental stages (FigureS8€&J water content was
generally above 75 % for all the treatments at developisiage 2 and decreased to
approximately 60 % at stage 4. The decrease in seted eantent from development
stage 4 to 6 was more rapid. At maturity seed water nbfae all the treatments was

approximately 9 %.
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Figure 3-9 Changes in seed water status duringlal@went for the cowpea cultivar
Nzovu grown under simulated drought conditions.

Highly significant differences (P < 0.001) were obsenbetween the well-watered
(non-stressed) treatments and both intermittent andiriat stress with respect to the
effect of simulated drought conditions on the ratelrgf matter accumulation (Figure
3.10). Developing seeds produced under well-wateoeditons showed the highest
rate of and final dry matter accumulation (based on poboieans for all the

cultivars). Both intermittent stress and terminal strégsificantly reduced the rate

and final dry matter accumulation when means of dtivars were pooled for each
developmental stage.
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Figure 3-10 Effect of simulated drought conditians the rate of dry matter (based on

pooled means of all three cultivars for each dguelental stage)

However, when the cultivars were compared separately mispect to mean dry
matter accumulation (mg se8d all three cultivars showed distinctly different
responses to simulated drought conditions (Figure 3.atBxaction between cultivar,
stress and developmental stage with respect to mean dtgr rmacumulation (mg

seed) was highly significant (P < 0.001) (Figure 3.11)thdugh seeds of Nzovu
subjected to terminal stress showed a barely noticeaigleeth mean rate of

accumulation than for non-stressed seeds; both interingttehterminal stress did not
have a significant effect on the rate and final meamdaiter accumulation (mg s€ed
). However, highly significant differences (P < 0.00i) mean dry matter

accumulation (mg se&)l were observed between Kenkunde seeds subjected
terminal stress and those grown under intermittent arsdrass. For the cultivar M66,
intermittent and terminal stress had severely inhibited buddtion, and consequent
flowering. Hence very few seeds were produced. Thesee not adequate for
sampling at various developmental stages and wereoldfe tharvested at maturity
and analysed for seed quality. However, non-stressedssof M66 showed the

highest mean dry matter (mg sé®dt maturity.
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Figure 3-11 Mean dry matter (mg s&®diccumulation for cowpea cultivars (Nzovu,

Kenkunde and M66) grown under simulated droughtiams.

Overall, dry matter accumulation at maturity wasnpared between sites, cultivars,
stress treatments and control. A significant ddfere (P < 0.05) with respect to the
accumulation of dry matter was observed betweedymtion sites. Seeds that had been
produced at Ukulinga had more dry matter (56.5med8ethan those produced at
Umbumbulu (51.3mg se&)i(Table 3.4). Cultivar differences were also hygignificant

(P < .001) with respect to dry matter accumulatidable 3.4). Seeds of Kenkunde
showed the highest dry matter (68.7mg S@ddr all treatments. This was followed by
Nzovu (65.2mg se€ly and M66 (27.8mg se&yiwhich was the lowest. Water stress had
a highly significant effect on dry matter accumigat(P < 0.001). Water stress reduced
seed dry matter content by 39% for all cultivarsy Dnatter for non-stressed seeds
averaged 72.8 mg sekdompared with intermittent stress (45.8mg S@ethd terminal
stress (43.1mg seéji(Table 3.4).
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Table 3-4 Effect of site, cultivar differences and sirtedadrought conditions on

overall dry matter production (mg ségd

Site Ukulinga Umbumbulu Significance
56.5 51.7 P< 0.05
Cultivar Nzovu Kenkunde M66
65.2 68.7 27.8 P< 0.001
Stress No stress Intermittent Terminal
stress stress
72.8 45.8 43.1 P <0.001

Mature seeds were harvested from stressed and resmsestr plants grown in the
tunnel and assessed for germination capacity, germindtidex, and mean
germination time, seedling dry weight, number of sesdtyield (Table 3.5). These
plants had been grown from seeds that had been initialiteglaat two different

production sites at Ukulinga Research farm and Umbumbol a previous

experiment. Therefore “unstressed, intermittently stressetl terminally stressed”
refers to harvested seeds from the tunnel experimeottuption site (Umbumbulu
and Ukulinga) refers to where the seeds planted in theept experiment were
produced.

For the cultivar M66, as has been mentioned earliemnmiient and terminal stress
had severely inhibited bud formation, and consequenteflmg. Hence very few

seeds were produced. These were not adequate fplisgrat various developmental
stages and were left to be harvested at maturity andsauhfgr seed quality (Table
3.5). Germination data was analysed based on 5 replioate0 seeds. However, for
M66, some treatments had very few replicates (in soases only one replicate).
Hence germination tests were based on a minimum ofghesreplicate (10 seeds);
however, the statistical functions in the analysis ofavere were used to estimate
missing values (Appendices 3.1a & b). This providedsoeable and reliable

estimates for the germination percentage and germinatien.in
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A significant interaction between stress level, producsibe and cultivar (P < 0.05)
was observed with respect to germination capacity. Getrom capacity for all the
water stress treatments, between and within productioa aitd cultivars ranged
between 88- 100%. Seeds harvested from unstresseds ptd Nzovu from

Umbumbulu had significantly higher germination capa¢i$%) than those from
Ukulinga (88%). Contrastingly, seeds from unstressed plainKenkunde and M66
did not show significant differences with respect to gertronacapacity between the
two sites. Seeds from intermittently stressed plants of Wik and M66 from
Umbumbulu performed significantly better than those froikulinga. Similarly,

although not significantly different, seeds harvested fiotermittently stressed
plants of Nzovu from Umbumbulu which had germination capaf 96% performed
better than those from Ukulinga (90 %). Germination capaufi seeds for all the
cultivars under terminal stress was very high (> 95#g did not differ significantly

between the two sites.

Similarly a significant interaction between stress leveldpetion site and cultivar (P
< 0.001) was observed with respect to germination indebl€T3.5). Germination
index for all the water stress treatments, betweemathih sites and cultivars ranged
between 0.85-0.98. Seeds from unstressed plants ofuNaod M66 from both
production sites did not differ significantly with respect germination index.
However, seeds from unstressed plants of Kenkunden ftdmbumbulu had
significantly lower germination index than those from Ukgh. Seeds from
intermittently stressed plants of M66 from Umbumbulu@ened significantly better
than those from Ukulinga; however, seeds of Nzovu lkexdkunde produced from
both sites were not significantly different with respecigsmination index. Seeds
from Nzovu and M66 plants from Umbumbulu subjected tmial stress showed a
germination index of 0.98 which was significantly higtiean those from Ukulinga
(0.93 and 0.85 for Nzovu and M66 respectively). Geatam index for seeds of

Kenkunde produced from the two sites was similar (0.90)

The interaction between stress level, production site altidar was similarly highly
significant (P < 0.001) with respect to mean germination t{ifeble 3.5). The
cultivar Nzovu generally emerged fastest for all stresattnents and between and

within production sites. No significant differences widspect to mean germination
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time were observed in seeds from unstressed plarttedhree cultivars from both
production sites. Seeds from intermittently stressed plaihM66 from Umbumbulu

showed a more rapid germination rate than those fromlinga. However, seeds
from intermittently stressed plants of Nzovu and Kemlaufrom the two sites did not
differ significantly with respect to germination index. Underminal stress, seeds
from Nzovu and Kenkunde plants which had originatechfymbumbulu germinated
more rapidly than those from Ukulinga. However, seedsnfiKenkunde plants
subjected to terminal stress and originating from both ditksot differ significantly

with respect to mean germination time.

Interactions between stress levels, production sitecalitvars were also significant
with respect to seedling dry weight (Table 3.5). Seedsebted from unstressed
plants of Nzovu and Kenkunde from both productionssitiel not differ significantly
with respect to seedling dry weight. However, seedling wleight of seeds from
unstressed M66 plants from Umbumbulu was significanthhdrighan from those
from Ukulinga. Seeds from intermittently stressed plantdzafvu from both sites did
not differ significantly with respect to seedling dry weighdowever, under
intermittent stress, seeds harvested from Kenkundeodgthating from Ukulinga
had significantly higher seedling dry weight, than thosenflUmbumbulu. On the
contrary, seeds from intermittently stressed M66 plarm fumbumbulu showed
significantly higher seedling dry weight than those from liiga. Seedling dry
weight of seeds from plants of all three cultivars whadlginated from Ukulinga and
that were subjected to terminal stress was significantlycesdl compared to those
originating from Umbumbulu. The cultivar M66 produce theaviest seedlings
when subjected to terminal stress which was significantipdri than seedling dry

weight under both intermittent and no stress.

Similar trends were observed with respect to the numbseeefis. The interaction
between stress level, production site and cultivar wagisifeiant (P < 0.05). Seeds
from unstressed plants of Nzovu from Umbumbulu produbedhighest number of
seeds (133) compared to those from Ukulinga (118gdShumber harvested from
unstressed plants of Kenkunde from Ukulinga (59) andolwmnbulu (54) was not
significantly different. However, the number of seedsvésted from unstressed

plants of M66 from Ukulinga was significantly lower thangbdrom Umbumbulu.
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Intermittent stress significantly reduced seed numbealiocultivars. Seed number
per plant from intermittently stressed plants of Nzovunfidkulinga was reduced to
37 which did not differ significantly from Umbumbulu4y Similarly, only 17 and 11
seeds were produced per plant from intermittently stceptants of Kenkunde from
Ukulinga and Umbumbulu respectively. Intermittent stresséadnsiderable effect
on the seed number of the cultivar M66 from both sitedy ©One seed was counted
on average per plant. Again the effect of terminakstm the seed number for plants
from all the three cultivars was substantial. Terminadsst reduced the seed number
in plants of Nzovu to 14 and 8 from seeds originatingiftdkulinga and Umbumbulu
respectively. The effect of terminal stress on seed numb@ants of Kenkunde and
M66 originating from both sites was considerably reduaed ranged between 2-4
seeds. As has been indicated earlier, the effect ofinal stress and intermittent
stress on mean seed number (based on an averagepdications) with respect to the
cultivar M66 was considerable (Table 3.5). ). Few orseeds were harvested from
some replicates. In order to address the statistical iatfgits (risk of Type | Error)
of the large differences with respect to seed numbexdam the treatments, the
analysis of variance was carried out on all three cultijAppendix 3.1e). Data for
M66 was deleted and re-analysed with respect to seetderuamd yield (Appendix
3.1g & h). Both analysis showed that cultivar x stressraoteons were highly
significant (P < 0.001).Similarly the CV (%) for all treanms with all three cultivars
was reasonably low (10.2%) and increased slightly with ékelusion of M66
(11.8%) (Appendix 3.1e & Q).

The determination of seed mass revealed clear diffesebedveen stress levels,
production site and cultivars. The mass of seeds tmostressed plants of Nzovu was
highest (12,000 mg plaft in the two production sites and were not significantly
different. This was followed by Kenkunde where the nafsseeds from unstressed
plants of Kenkunde from Ukulinga (8124 mg pl3nand Umbumbulu (6624 mg
plant®) was also not significantly different. Seeds from wessted plants of M66 had
the lowest seed mass which differed significantly for the sites (6978 and 3316 mg
plant' Ukulinga and Umbumbulu respectively). The effect obimtittent stress on
seed mass was highly significant (P < 0.001). Intermitterass reduced seed mass in
Nzovu by 62 and 59% for seeds from Ukulinga and Untiwlmrespectively. The

reduction was much more significant in seeds of interntijtestressed plants of
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Kenkunde (72 and 81 % for Ukulinga and Umbumbuludedmass was reduced by a
margin of 99 % for seeds from intermittently stressedtplaf M66 from both sites.
The effect of terminal stress on seed mass was similarhg p@nounced. Under
terminal stress seed mass was reduced further by 8t%2a%6 for seeds of Nzovu
plants from Ukulinga and Umbumbulu respectively. A simibservation was made
for seeds of Kenkunde plants subjected to terminal sthesesduction in seed mass of
95 and 89 % for seeds of Kenkunde originating from Ulgaliand Umbumbulu and
subjected to terminal stress was observed. Although foaseeds from plants of
M66 from both sites and subjected to terminal stvess higher than for intermittent
stress, the differences were not significant. The pergemaduction in the mass of
seeds from M66 plants subjected to terminal stresssimaitarly considerably high

(95 and 89 % for seeds originating from Ukulinga amebumbulu respectively).
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Table 3-5 Effect of water stress on seed performahseeds of three cowpea

cultivars produced from two sites (Ukulinga and Umbumbulu)

Stress level  Site Cultivar Seed Performance
Germination Germination Mean Seedling Number edSe
capacity Index Germination  dry of mass
Time weight seeds
(%) (days) (mg seedlify (plant®) (mg plant)
No Stress Ukulinga Nzovu 88 0.94 144 55 112 12288
Kenkunde 90 0.89 1.86 79 59 8124
M66 96 0.90 1.78 65 50 6978
Umbumbulu  Nzovu 96 0.93 1.38 56 133 12592
Kenkunde 92 0.86 1.92 73 54 6624
M66 98 0.90 1.80 75 25 3316
Intermittent  Ukulinga Nzovu 90 0.93 1.56 65 37 4622
Stress
Kenkunde 90 0.89 1.86 70 17 2294
M66 91 0.87 2.06 65 1 30
Umbumbulu  Nzovu 96 0.92 1.60 67 44 5162
Kenkunde 100 0.90 1.83 60 11 1240
M66 100 0.92 1.64 77 1 6
Terminal Ukulinga Nzovu 96 0.93 1.50 48 14 1514
stress
Kenkunde 100 0.90 1.82 52 3 342
M66 95 0.85 2.22 47 2 270
Umbumbulu  Nzovu 98 0.98 1.19 65 8 960
Kenkunde 95 0.90 1.82 79 4 716
M66 100 0.98 1.22 87 2 244
P <0.05 <0.001 <0.001 <0.05 <0.05 <0.10
LSD 8 0.02 0.15 8 16 1764
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3.4 Discussion

The results obtained in the present study are consistghtinformation in the
literature that cowpea plants are able to withstand |l@mpgs of water deficits and
continue with their normal metabolic activities because djught avoidance
mechanisms (Ludlow and Muchow, 1990; Blum, 1996; H2004; Blum, 2005).
Nicole Vartanian (1996) described drought avoidancestsategy whereby the “plant
raises barriers between the external and internal emvents in order to avoid
dehydration and maintain a high water potential in plantéssuThis strategy was
evident in the considerable reduction in leaf arearamdber observed in all the three
cultivars and leaf movements observed in KenkundeNualu. Reduction in leaf
area may limit crop water loss by minimizing transpiratmsses (Blum, 2005). Leaf
movements can increase the avoidance to dehydratishdzding radiation incident
on leaves, reducing leaf temperatures and water loSod¢@ et al., 1979). The
cultivar M66 maintained a stay-green leaf colour througli@velopment under both
intermittent and terminal drought. M66 which was developedhe Kenya National
Breeding Programme was bred for drought resistanbée& and Hall, 1997) and
may be used as a model species to study plant drougtartoe in relation to seed
germination and vigour. The stay-green leaf colour ofeskrin M66 could be
probably attributed to delayed leaf senescence (Dt&ad been suggested that DLS
may contribute to drought tolerance in cowpea during theodeptive-stages
(Gwathmeyet al., 1992). The DLS trait, which appears to be controligdte gene,
enables cowpea to recover after drought and produsecend flush of pods that
compensate for the low yield by the first flush of p¢@svathmey and Hall, 1992).

Both intermittent and terminal stress did not influencetghmthesis, as was evident
from the chlorophyll fluorescence results (Figure 3M8)hough F/F, values were
significantly reduced by terminal stress; the values wetk adibve 0.807 on a
maximum scale of 1.000, thus indicating that the photosyictbapacity of the leaves
was still intact (Figure 3.8). The concept of photosysteor the “photosynthetic
capacity of leaves” has been reported to be relatitoddyrant to desiccation and that
damage is caused at very low leaf relative water coofet@% or less (Blum, 1996).
Relative water content or water potential at which lealress an expression of the

extent plants are able to withstand desiccation without dindlow and Muchow,
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1990). The criterion for deciding to measure critical valonay be based on when 50
% of the leaves of the plant are dead, or when 50 %heokurface area of a leaf is
dead, or when there is only one leaf one a plant subjdoteslow drying cycle

(Ludlow and Muchow, 1990). In the present study, iswary interesting to note that
terminal stress reduced the number of leaves to lessAith&o as seen from the result

obtained; however, there was probably no impairment afoglgetem 1.

Further evidence of mechanisms of drought avoidanasowpea was observed in
predawn and midday leaf water potential. The consigtdratween predawn leaf
water potential and measurements of soil water contahtnaatric potential agreed
with the suggestion by Turk and Hall (1980) that cowpeasidadrought by
mechanisms which result in only slow extraction of soilewass the soil begins to dry
out. In the present study, the observed values wereeali.2 MPa and were similar
to those observed by Peteeal. (1992), who reported that cowpea plants subjected to
severe stress conditions maintained predawn leaf wattemtml values above -
1.8MPa, which were much lower than those of other spddiespearl millet,
sorghum and peanut which can develop water potemtsalsw and negative as - 4 to
-9 under similar conditions. The midday leaf water potentidlich was generally
above -1.5 MPa did not vary much from the predawh Weser potential and agree
with the observations made by Turk and Hall (1980) aidstgate and Thompson
Grant, 1989) who reported similar values in mid-day leaktwpotential for cowpea
and soybean respectively. This was thought to be indecafithe ability of cowpea
to avoid both atmospheric and soil drought (Turk and H880).

The considerable cultivar differences observed duriltogver bud formation,

flowering and seed development under simulated droumidittons are indicative of
the complex and diverse nature of plant responses t@lr@tress that may exist
even within a species. These differences may be duwe dombination of several
factors which may include phenology, the role of ABAdanteraction between
physiological processes and drought stress. Crop plgnbls a dominant effect on
plant growth, response to and productivity under drougéss (Blum, 1996) and may
account for the further delay in bud formation that wiaseoved in the cultivar M66
in response to intermittent and terminal stress. Thaydel bud formation by the

cultivar M66 in response to drought stress could alspddy attributed to ABA
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accumulation (Blum, 1996). ABA may delay or advance #ong time depending on
the species and the time when ABA is in effect (Trewaamad Jones 1991) and
possibly the rate of stress (Blum, 1996). Contrastiniylg, cultivar Nzovu, a local
landrace, showed a different response to simulatedgbtoconditions. Although
drought stress delayed bud formation in the cultivar Nztive cultivar was still able
to produce seeds under both intermittent and terminassstconditions. Similarly
genetic differences may also account for the inabilityth& cultivar Kenkunde
(developed by the Kenya Seed Company for high yigldyithstand terminal stress
after 4 weeks and the failure to produce enough sk®dsampling after 4 and 6
weeks of development. Seed development under botmittent and terminal stress
may have been limited by embryo abortion which often cadnen water is limiting
at or soon after pollination (Westgate and Petersor3)199 the present study it was
observed that the cultivar Nzovu was prolific in the praiducof flowers even under
conditions of simulated drought than the other two cukivdhis may also explain
why Nzovu was still able to produce a reasonable amds#eal at all developmental

stages even if embryo abortion occurred soon afténaton.

Water status of the developing seeds may have notdiead by simulated drought
conditions acting on the mother plant as was evident fitmenlack of significant
differences in seed water content between the well-edteglants and the intermittent
and terminal stress treatments. However, it is importanédognize that seed water
content is a poor indicator of the physiological statusatkr in the developing seeds,
since it is changing continuously due to dry matter accunoulg®radford, 1994).
The total water potential which is the sum of osmotic orteopotential and the
pressure or turgor potential may provide a better indicatidhe physiological status
of water in the developing seed (Bradford, 1994). Hewethe observation that seed
water content was not altered by simulated drought condgitis consisted with the
report by Westgate and Thompson Grant (1989) who stiavat water potential,
osmotic potential and turgor of developing soybean seetizgely unaffected by
severe short-term water deficits that develop in the matptaat during linear seed
growth. The relative independence of the seed wattemgal from the mother plant
has been interpreted as evidence for a high resistans@tés movement between
maternal and embryonic tissues (Bradford, 1994) asdléd to the concept that “the

maintenance of a favourable seed water status withisdbd may be an important
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prerequisite for conserving seed growth rate under adwamvironmental conditions”
(Westgate and Thompson Grant, 1989). Thus undarinal stress, long-term water
deficits may have not affected seed water statusukecthe seeds did not differ with
respect to water content from those under well wateredittons. This may have
allowed the seeds to continue with normal metabolictfans which determine seed
growth rate (SGR).

SGR which is defined as the rate of dry matter accumulatioing the linear phase
of seed growth (Egli, 2006), was most likely not influehde the cultivar Nzovu
during development under both intermittent and terminal stigss may probably
explain why seeds subjected to these conditions (intemhigled terminal drought)
did not differ from those produced under well-wateredditions with respect to
mean dry matter accumulation. Variation in SGR can éeetic and is closely
associated with seed size (Egli, 1981; Sung and CH8Q)11t is possible that the
relative insensitivity of the cultivar Nzovu to the direttects of water stress may be
related, firstly, to genetic factors. Nzovu was alwdlys first to emerge and the
earliest cultivar to reach maturity. The ability to emergek]y and grow and mature
faster may have limited its exposure to simulated droughditons when compared
with Kenkunde and M66. In addition, SGR is also influehd® environmental
conditions during seed filling either through direct effemtsthe ability of the seed to
accumulate dry matter or indirectly by affecting the symflassimilates to the seed
(Egli, 2006). This could be related to the observation thateloping seeds are much
stronger sinks than vegetative tissue during seed fillimgd®rd, 1994); and drought
stress may have further improved the sink capacity thssring that seeds subjected
to stress were able to accumulate sufficient dry matteothfer possibility that may
explain the lack of significant differences in mean digtter accumulation is that the
production and translocation of assimilates to the deirgdogeeds was not affected
as evident from the results of chlorophyll fluorescensewdised above which showed
that photosystem Il was intact. Genetic factors related3B 8ay also account for
the differences in mean dry matter accumulation observEénkunde and M66. The
reduction in mean dry matter in Kenkunde seeds subjectiedniinal stress could be
probably due to the cultivar being relatively sensitivedtought stress and also the
longer time it took to mature, thus exposing it for a longeiod to terminal stress

than Nzovu. Cultivar differences may also account foigher degree of sensitivity
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to drought stress and long maturity period observed in. NIB6 sensitivity to drought
stress and the long maturity period may also explain wegssef M66 which is
“supposedly bred for drought tolerance” took the longesiod to mature and did not
produce sufficient seed under both intermittent and tetndimaught. Reports can be
found in the literature on the effects of water stressS@GR in several crops. For
example, SGR has been shown to be relatively insensdivkrect effects of water
stress on the seed with only minimal effects showndgbsan (Meckeét al., 1984)
maize (Westgate and Thompson Grant, 1989) and Risan{ sativum) (Ney et al.,
1994).

The observation that both intermittent and terminal sitessiderably reduced seed
number and yield but did not have an effect on the demeap of cowpea seed
germination and vigour is consisted with a number obmspcited in the literature.
Water stress has been shown to reduce seed numbsiza in soybean; however, the
seeds that are usually formed have high germination qu@&lynboset al., 1989;
Smiciklaset al., 1989; Vieiraet al., 1992). Benech-Arnolét al., (1991) reported that
mild drought stress improved germination in sorghum Eliid et al., (2000) showed
that drought stress can improve potential longevity inidragycling Brassica.
Similarly, as has been noted earlier, the ability of tmieg seeds to act as stronger
sinks than vegetative tissue during seed filling period prapably account for the
observation that despite the reduction in seed size anterune to drought stress,
the seeds that are formed are usually of high germinagtiatity (Bradford, 1994).
The development of high seed quality has also been assbevgh the accumulation
of certain sugars and proteins. For example, in therarent by Elliset al., (2000)
on the effect of drought stress on seed quality devedopnm Brassica, the authors
suggest that the accumulation of certain oligosacchariddscartain heat stable
proteins are “equally likely (or unlikely) to be required tbe development of high
quality seed”. In the present study it may be possib& the high cowpea seed
guality with respect to germination capacity and vigout thas observed may be
associated with plant drought tolerance mechanisms. Rilamight tolerance
mechanisms that operate at the whole-plant level haste sigown in this study to be
efficient in enabling cowpea plants to avoid drought strieseever, those that occur
at the cellular level may influence seed germination agduv. Cellular responses

such as osmotic adjustment that allow plant cells to ceatinormal metabolic
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functions that determine growth and development may flaeimce germination and
vigour. However, those that allows plant survival sughlealuction in photosynthesis
and transpiration rates may affect the production andgltreation of assimilates to
plant cells and consequently seed number and size. Respto lethal disruption of
function at the cellular level may ultimately influence germinatand vigour.
Protection against lethal damage in seeds as a resubbufidris correlated with the
accumulation of sugars and proteins (dehydrin) (Blacketah., 1991; Closeet al.,
1993). The presence of disaccharides such as suamdeoligosaccharides are
believed to play a role in stabilizing cell membranes rdurdrying (Crowe and
Crowe, 1992). It is thought that these compounds caratiterith polar groups on
cell membranes and effectively replace hydrogen banidhat is normally contributed
by water (Kermode, 1995; Vertucci and Farrant, 199&mnkde, 1997). During seed
development, orthodox seeds also undergo a programmedr loss, acquire
desiccation tolerance and also accumulate sugars atens which serve to protect
the molecular organisation of cell membranes as tedsstbse water (Bewley and
Black, 1994; Vertucci and Farrant, 1995). It is probdb& an interaction may have
occurred between seed developmental processes amghtigiress implicating these
sugars and influenced seed germination and vigour fildangs of this study merit
further investigations into the molecular and biochemicpkeis of the quality of

cowpea seeds as influenced simulated drought conditions.

The highly significant interactions observed between thdymtion site, cultivar and
stress levels with respect to germination capacity, geriomaindex, mean
germination time, seedling dry weight, and seed numbérnaass suggests that the
initial production site may have had an effect on the sulesdggoerformance of the
seeds produced under simulated drought conditions; heowevese effects were
influenced by cultivar differences and the levels oésdr Unlike in the study by
Highkin and Lang (1966), who reported that adverse teatype conditions caused
pea seeds to grow poorly, in the present study seatldd been initially produced at
Umbumbulu under very minimal rainfall and subsequentigjected to simulated
drought stress did not differ with respect to germination wigdur from those
initially produced at Ukulinga under optimal conditions. Timglerlying assumptions
in the suggestions made by Salisbury and Ross (19@ilY\alf (1995) on the effect

of the maternal environment which can be carried ovelirghdence the performance
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of subsequent generations is probably based on the hblef the maternal
environment is often characterised by sub-optimal conditmasthat the effects will
lead to poor growth or quality. These assumptions may aloninthe widely
accepted belief among seed scientists that environmeatalitions during seed
development can not only influence the seeds viability dish the physiological
vigour potential (Tekrony, 2003). However, the natureuxh effects on the viability
and vigour of the seed may be variable. Plant respoesdanisms to stress factors
are known to be complex may be the cause of diffedavielopmental patterns
resulting in variable physiological responses. It maypossible that interaction
between the production site and seed developmentalgsexenay have modified the
developing embryo or the accumulated food reservesrasdted in high seed
quality. On the other hand no such modifications mayehoccurred and cowpea
being a drought tolerant crop, mechanisms at the whalat f¢vel may have been
effective in allowing the species to adapt to adversalitons at Umbumbulu and
under simulated drought stress to continue with its nompfett functions at the
cellular level. Hence the high quality of seeds obsefueh both production sites
and in response to simulated drought conditions. Thalleasly a need to investigate
whether the simulated drought stress caused alterations iacthenulated food
reserves relevant to seed performance (e.g. solubt®loadrates) under simulated

drought stress and whether such changes are relatechtingtion and vigour.

Contrasting results have also been reported by otherenmrion the effect of
environmental stress factors such as drought on geadination and vigour. For
example, Dornbos (1995) reported that drought and texhpe stress decreased
germination in the standard germination test as well asyemig axis weight in
mature soybean seeds. In addition, maximum daily phytéénmperatures of 33 and
38°C during development reduced seed size increasenutn@er of shrivelled seeds

and resulted in lower germination and vigour in soyh@akronyet al., 2004).

These contradictory conclusions found in the literatur¢he effect of environmental
stress factors on seed germination and vigour couldubetal several factors which
may include the methods used in imposing and quantifyiegritensity and duration
of stress. In the present study attempts were made téasentlrought conditions to be

as close as possible to drought stress under field corglltipfirstly using large 20kg
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pots and secondly mixing the soil and water from indivigagas thoroughly using a
concrete mixture. A major criticism of pot experimentslgably contributing to the
contradictory conclusions found in the literature on theotfbf water deficits on seed
yield and quality has been the problem of watering petsodically to moisture
contents below field capacity (Anonymous, 1978). Whetemia added to a dry well
drained soil, a downward movement takes place behinetng front (Zuret al.,
1994). If the amount of water being added is below fegdacity, a situation may
arise whereby there are two clear sections of wetdapdsoil. This may probably
account for the observation that in many occasions plapbreses to rapid depletion
of water in small pots may be considerably different frgemt responses to drought

in many field environments (Hadt al., 1979).

Soil water content and matric potential in the pot wer® a®nitored using a

ThetaProbe soil water sensor and compared with thétsesbtained from the use of
gravimetric methods. Gravimetric methods were found @oabcurate and clearly
reflected differences between the three water stressmeatds. Munoz-Carpena
(2004) noted that gravimetric method are inexpensiveaandrate in determining soil
water content, however, they are destructive, slow tilmswming and do not allow
for making repetitions in the same location. In the presemty gravimetric methods
proved to be very laborious and tedious. The results reatairom the ThetaProbe
were similarly accurate and more sensitive in determinoibveater content and

matric potential in the pots. Soil water content sensors aacthe ThetaProbe are
widely used to schedule irrigation (Campbell and Campb@82)1and to save water
and nutrients from deep percolation, and to optimize crodymtion due to timely

application and the efficient use of water, includingfeair{Lukanguet al., 1999).

In conclusion, this study has demonstrated that aeveraternal environmental
effects on the subsequent performance of seeds muwght tolerant crop may not
necessarily lead to poor performance and must be se@dram inherent genotype
related factors which may confound these effects. Guliilfferences in response to
simulated drought conditions at the whole plant and tiseed can be considerable
and highly variable; however, these differences may nuoé lalverse effects the
germination and vigour of the seeds. Drought avoidaneehamisms at the whole

plant level in cowpea are quite efficient in allowing the spetiieadapt to simulated
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drought conditions. These mechanisms may allow the cowpkigars to maintain

metabolism and restore conditions for their continueavtirainder water stress; and
produce few seeds but of high germination capacity \agaour. It is possible that
mechanisms at the cellular level may modify the embryd/ax accumulated food
reserves to influence the development of seed germinatidrvigour under water

stress. There is, therefore, a need to investigate wheli@ges occurred in the
composition of sugars and proteins at the cellular leveth may be associated with

seed germination and vigour.
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4 CONDUCTIVITY TEST OF COWPEA ( VIGNA UNGUICULATA (L.)
WALP) SEED IN RELATION WITH SEED COAT COLOUR

4.1 Introduction

Cowpea is an important food grain legume, generallyvgravorldwide in tropical
and sub-tropical regions. The crop exhibits a wide rafgeeed coat colours. Seed
coat colour has not been widely investigated as arfadtaencing seed performance.
The few available studies on this aspect do not prosinisistent evidence about the
association between seed coat colour and seed perfardaring germination (Wien
and Kueneman, 1980; Mugnisjahal., 1987; Asiedu and Powell, 1998; Pimpati
al., 2002). Solute leakage, seed germination and vigane been associated with
seed coat colour. In cowpea (Asiedu and Powell, 199@&)g bean Vigna
sesquipedalis) (Abdullah et al., 1993), soybean@ycine max) (Mugnisjahet al.,
1987), and radicchioGjchorium intybus) (Pimpini et al., 2002), seeds referred to as
pigmented, coloured or dark showed better performamae tinpigmented, light or
cream/beige seeds. Pigmented seeds showed lower sokdgdealower decline in
seed vigour and good storage potential, whereas uepigm seeds showed higher
solute leakage, rapid decline in vigour and poor storpgeential. However,
contrasting observations were made by Aiaazal., (2006) who reported that in
Atriplex cordobensis, light brown seeds from medium dispersion units andlisbéd
seeds from medium and large dispersion units showed thegtiguality with respect
to germination capacity and seedling dry weight, and pexdiumore vigorous
seedlings than dark brown seeds. Similarly, brown cebtbseeds of berseem clover
(Trifolium alexandrium) were reported to be significantly inferior to yellow dge
with respect to germination capacity , emergence peagemate , seedling elongation
and seedling length (Dalianis, 1980). Furthermore, Daligt®80) concluded that
high percentages of dark brown seeds in seed lots skdrar and Persian clover
(Trifolium resupinatum), and of yellow seeds in Persian clover is an easyavis
indication of inferior seed quality. In the literaturepoets are also found which
suggest that there is no association between seed doat end seed quality. For
example, in an experiment conducted to evaluate the cochbifects of plant colour
and seed colour in sorghunfofghum bicolor (L.) Moench) on germination,
emergence and agronomic performance, Pederson and2001) reported that no

differences in standard warm germination or seed vigest results could be
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attributed to seed coat colour. Similarly, soybean cultivamdcnot be discriminated

for storage potential on the basis of seed coat colowr(\dhd Kueneman, 1980).

A seed vigour test may reflect underlying changes at thgsiplogical and
biochemical level, which may involve food reserve utiliaati enzyme activity,
metabolic changes in energy or storage compoundsantbrane integrity (Tekrony,
2003). Membrane integrity is the basis of the electrazaiductivity test for seed
vigour, and it measures solute leakage (Mathews andnBck, 1967; ISTA, 1995).
The electrical conductivity test has been used as anatetof vigour in a number of
crop species, including soybean (ISTA, 1995), with ificant correlations reported
between bulk conductivity and field emergence (Olivetial., 1984; Loeffleret al.,
1988). Recent work by Midradet al., (2006) examining the potential of the bulk
conductivity test to assess germination in cauliflower aribage showed a clear
correlation between measurements of leachate conducainiygermination in both
species. These authors suggested that there is pofientihle rapid assessment of
germination from conductivity readings. The conductiwvistthas also been extended
to measure solute leakage at the individual seed leveeréSee al.,, 1981) and
consequently, the quality of individual seeds (McDonald \iidon, 1979; Siddique
and Goodwin, 1985). Assessment of the quality of wheéxldots using single seed
conductivity was based on critical levels of electricahduectivity determined from
correlations between data on percentage germination adiglidimal electrical
conductivity values (Siddique and Goodwin, 1985). Problerith the use of critical
levels of individual electrical conductivity values to diffetiate germinable and non-
germinable seeds have been however identified in soyhesas (Hepburet al.,
1984) and Brassica (Thornt@hal., 1990). Electrical conductivity was not found to
be closely associated with individual seed germination éa @isum sativum)
(Hepburnet al., 1984) and seedling growth and emergence in soyfiegihet al.,
1990). Hammanet al., (2001) also failed to establish a relationship between
conductivity of individual soybearseeds and their emergence performance; and
observed that seeds with low conductivity performedrly while those with high
values performed well. These observations were attdbute other seed
characteristics that might influence solute leakage and\sgedr (Hammaret al.,
2001), which may include variation in the physical, genetiml physiological

composition of the seeds. Additional factors that maytrdmrie to variation in
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individual solute leakage may include environmental conuitiduring maturation
and storage, seed moisture content, test conditions inglsdak temperature and the

precise timing of the recording (Tekrony, 2003).

Variation in individual electrical conductivity can cause eklaf uniformity in test
results and lead to contradictory conclusions. It is fbeze important that the
variability in individual electrical conductivity is quantifieddexplained. Statistical
parameters have been used to quantify variation in sded Toe coefficient of
variation was used by lllipronti Jet al., (2000) to quantify uniformity in seedling
performance in different soybean seed lots. Hacisdliheigal., (1999) used standard
deviation to quantify germination uniformity in lettuce.h@t statistical parameters
that have been used to quantify variation include thgerarhich was used to measure
the time for 10-90 % radicle emergence in lettuce (Toehak, 1992) and 25-75 %
range to measure uniformity of germination in cabbagenklet al., 1998). Recently,
Muasyaet al., (2006) used the mean-median, range, skewness, isugnd box-
whisker plots in addition to other statistical parameterv&tuate the variation found
in individual seed electrical conductivity in common beand to explore whether
cultivar or production environment affected the vaoiatiThese authors observed that
individual electrical conductivity was highly variable oveed lots; and no single
parameter related to all aspects of variation could be asdtle sole parameter for
guantifying variation in individual seed electrical conductividowever, the use of
box-whisker plots in exploring variation in individual electticanductivity between
production sites, aged and unaged seeds of cowpeears differing in seed coat
pigmentation has not been investigated. Information initbeature on associations
between seed coat colour and variation in individualtebat conductivity values,
and how the variation may influence the results of thmgles seed electrical
conductivity test to discriminate between high and low vigeeeds in cowpea has
not been clearly explained. There are also contradictepprts on associations
between seed coat colour and seed performance.efuxthe, in many studies, seed
coat colour is usually determined by visual inspectioricivis subjective and may

also have an effect on results.

The objectives of this study were (i) to evaluate the fismage analysis as a method

that can be used to objectively determine seed coat cadmiation in cowpea (ii) to
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explore the statistical variation in individual seed’s solldakage for cowpea
cultivars differing in seed coat colour and producedeurdifferent environmental
conditions (iii) to correlate seed conductivity test with otlespects of seed
performance during germination (iv) to compare conditgtitest with accelerated

aging test, with respect to seed performance.

4.2 Materials and methods

Seeds of cowpea cultivars Brown Mix Makonge, Nzovi§6MK80 and Kenkunde
were produced as explained in chapter 2 (section)22e2ds of cowpea lines Black,
Brown and White were donated by Professor Rob Melisthef African Crop
Improvement Centre, University of KwaZulu-Natal. Cultivavere ranked visually,
on the basis of seed coat colour, from the lightest (f)dalarkest (9). Image analysis
was performed to determine seed coat colour variatimong cultivars. Image
analysis was carried out using Soft Imaging Systemly&t&® PRO. Version 3.2
manufactured by Soft Imaging System, GmbH, Germahyages were captured
using a JVC KY30 3CCD video camera attached to a K&Be5000 natural lighting
copy stand. Images were captured sequentially agaitdtie background with no
alteration of the lighting on the copy stand and camesaddrements of pixel values
were recorded by randomly clicking at five different psion five individual seeds

and hue, saturation and intensity were determined.

Seeds were harvested at harvest maturity (HM) assdssed for seed performance
(electrical conductivity, germination capacity agermination index) before and after the
accelerated aging (AA) test (AOSA, 1983). The amedbd aging test is a stress test
which was developed to determine the storage patesftseeds, but it is also used now
to predict the emergence potential for a wide raofgarger seeded speci€¥eeds were

aged using the AA method by maintaining sample$1%€ and 100% relative humidity

for 72h. Forty millilitres of water was added taglic germination boxes measuring (11.0
x 11.0 x 3.5 cm). Inside the plastic box, a 10100 x 3cm wire mesh screen (mesh 14 x
18) was placed. Seed samples (sample size was baskd number of seeds required for
further tests) were weighed up to two decimal @aben placed on top of the wire mesh
tray and spread (approximately one layer deep).litlsewere then secured on each box
and the inner chamber (containing box, water, wiesh tray and seed) was placed in a

germination cabinet set at a temperature dfC4Seeds were removed after 72h and
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subjected to electrical conductivity and germination tests.tiittat conductivity (1S
cm® g') was determined according to ISTA (1995) for ten irdlial seeds
(replicates) using a CM100 automatic seed analyser raectoméd by Reid and
Associates, Durban. Unaged and aged seed sampleslivieted into five replicates
of twenty seeds and germinated using the paper towelothetbcording to ISTA
according to ISTA (1999) (For details on germinatiort e Chapter 2). Normal,
abnormal and dead seeds (ISTA, 1999) were assesda@@orded at the final count
on the eighth day. Germination Index (GI) was determammbrding to (Scotét al.,
1983):

>IN
Gl ==

TN

where Gl = germination indeX; is the number of days after sowing starting with the
final day,N; is the total number of seeds germinated onigafnerei = day 1, 2, 3....
8 and N is the total number of seeds that have germinated orfiriaé count.
Sensitivity to stress was determined by using the AgingsStBifferential Index
(ASDI), which was determined by the difference betweksttecal conductivity,

germination capacity and germination index values befonceafter AA.

Genstal (9" edition) was used to perform analyses of variandfer@nces between
means were determined by Least Significant Differen&@D{LP = 0.05)). Microsoft
Excel was used to calculate ASDI. Histograms and boxskehiplots were used to
determine statistical variation in individual electrical coritity values. The box
plot indicates the variability between the™2&nd the 75 percentile which contains
the middle 50 % of the data (Tukey, 1977). The rangeden the 25-75 % is known
as the inter-quartile range. The line in the box plot indicéitesnedian value of the
data. If the median within the box plot is not equidistamin the upper hinge (75%)
and the lower hinge (25%), then the data is skewed.efls of the vertical lines or
“whiskers” indicate the most extreme values within a reable distance from the
end of the box. Box plots display variable locationsl @pread at a glance and
provide some indication of the data symmetry and skesvrigy using box plots for
each variable side by side, it was possible to explorevahiability in individual
electrical conductivity values between production sitesgedaand aged seeds, and

between cultivars at different sites.
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4.3 Results

Highly significant differences (P < 0.001) between cul8véor hue and intensity
were observed (Figure 4.1 A and B). Hue decreasedrgssively from the darkest
(black seeded) to the lightest (white seeded) cultivarredse the reverse was
observed for intensity. Visual inspection showed thathiteevn seeded cultivar was
darker than Kenkunde and Makonge. However, imageysisaindicated that the
brown seeded cultivar should be classified after Kenkundeviakonge with respect
to hue. Image analysis can be used to categorize tls seehis study into three
distinct groups based on hue and intensity. Group onsisterof seeds with high
pixel values for hue and low for intensity; these includ®Wi and the black seeded
cultivar and can be defined as highly pigmented or d&toup two includes
Kenkunde, Makonge and Brown with lower values for hue moderate intensity and
can be defined as moderately pigmented or moderateky Baown Mix, K80 and
M66 which had the lowest pixel values for hue and higiméensity can be defined as
unpigmented or light coloured and form group three.his study, seeds of Black,
Brown and White cultivars were inadequate for plantifweréfore further tests were
done on the remaining six cultivars. However, the tesaflthe accelerated aging test
were based on five cultivars, because the cultivar Brlendid not perform well
under field conditions and had poor yields. Thus, deokoured seeds refer to Nzovu,
Kenkunde, and Makonge and light-coloured seeds tefBrown Mix, K80 and M66.

Solute leakage was measured over a 24 h period and difeerences in solute
leakage were observed at the start (1 h) between semdlscpd at Ukulinga (Figure
4.2). Makonge, which has dark-coloured seeds, sticlve highest solute leakage
whereas Brown Mix (light-coloured) had the lowest. Ageacted, solute leakage
increased for all cultivars with increase in time; howeW80 showed the fastest
solute leakage increase with the highest value at 24 dv.g€heral pattern of solute
leakage was K80 > Nzovu > Makonge > Kenkunde > M6Brown Mix. For the
seeds produced at Umbumbulu, there were no cultivlerehces 1 h after
conductivity test (Figure 4.2). The trend of cultivar legkashowed that Nzovu >
M66 > Makonge > K8@1Kenkunde > Brown Mix.

115



Individual seed electrical conductivity for different quea cultivars was generally
not normally distributed (Figure 4.3). The patterns galheshowed a positive skew

tending towards high values and could not be assoacidtbdeed coat pigmentation

B Hue ® Saturation O lIntensity

Figure 4-1 (A) Seeds of nine cultivars of cowpea eahlisually (from the darkest
Blk- Black-9, Nz-Nzovu-8, Br- Brown- 7, Kk- Kenkundé; Mk- Makonge-5, BM-
Brown Mix-4, K80-3, and M66-2 to the lightest W-White-1);) (Beed coat colour

determination (hue, saturation and intensity) was doimg usage analysis.
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Figure 4-3 Individual seed electrical conductiviis cm' g?) distribution patterns of

five cultivars of cowpea differing in seed coatmpgntation.

Box plots were used to illustrate the variation in individekgctrical conductivity
values between the 95and 7%' percentile which represent the inter-quartile range
and contains 50 % of the data (Figure 4.4). There edembe a larger variability in
individual electrical conductivity overall in seed samplesrfrUkulinga than those

from Umbumbulu. Although samples from the two productites showed a positive
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skew and contained a high number of outliers and faliecs; the sample from
Umbumbulu had a lower median and showed more symntean from Ukulinga.
Similarly, the overall sample data set for unaged seeedsed to follow a normal
distribution. However, aged seeds were more varialdd, é higher median than
unaged and showed a pronounced skew to the right. Saatbles of overall data sets
for unaged and aged seeds showed quite a numbetliefr® and far outliers (Figure
4.4).

Variation in individual electrical conductivity in unaged seeflall the cultivars from
Ukulinga was generally low (Figure 4.4). Light coloureegdse of M66 and dark
coloured seeds of Kenkunde showed reasonable sygnteiwever, samples of
Makonge (MKE), Nzovu and K80 showed skewed distribioblnaged dark
coloured seeds of the cultivar Nzovu (NZ) and Kenkuid€ produced at Ukulinga
showed the largest variability. Unaged dark coloured seeldenkunde (KK) had the
lowest median followed by unaged light coloured seeds d.Ndark coloured seeds
(unaged) of Makonge (MK), and Nzovu (NZ) and lightd® of K80 showed almost
similar median values. Samples of unaged seeds of Mek(MKE), K80 and M66
contained a number of outliers. There was a generatase in variability in all
samples after aging. However, aged dark-coloured se#edakonge (MK) appeared
to be the most variable and had a similar median valueet laght-coloured seeds of
K80, which were less variable. Similarly, seeds of M6® alsowed a considerable
increase in variability after AA. Aged dark coloured deef Nzovu and Kenkunde
produced at Ukulinga showed less variability after AA aad the lowest median
values. Samples of data sets of both aged light-oetband dark-coloured seeds of
all the cultivars from Ukulinga tended to show a positivewsland no outliers were
identified.

Similar trends were observed in unaged light and dateuoed seeds of all the
cultivars from Umbumbulu. Samples of the cultivar NzovZ)NVI66 and Kenkunde
(KK) from Umbumbulu showed considerably less variabilidark coloured seeds of
Nzovu (NZ) and Kenkunde (KK) and light coloured seeflai66 showed fairly

reasonable symmetry with dark coloured seeds of Ket&kushowing the lowest
median value. Unaged dark coloured seeds of thiwanuMakonge (MK) showed the

largest variability, followed by K80. Although the mediaadues for aged seeds from
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Umbumbulu were evidently higher than those of the unageged seeds of all
cultivars from Umbumbulu were not highly variable with pest to individual
electrical conductivity. Aged dark-coloured seeds of kerle had the lowest median
value, but showed a slightly skewed distribution with skail$. Aged dark coloured
seeds of Nzovu and light coloured seeds of K80 hadasimmedian values, but seeds
of K80 were more variable. Aged light coloured seed$166 showed a negative
skew and aged dark coloured seeds of the cultivar Mgkappeared to be the most
variable and showed a positive skew. In addition, sangflegged seeds of Nzovu,

K80, M66 and Kenkunde showed quite a number of outliers.
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The relationship between the seed coat colour parame&éand seed performance,
with respect to electrical conductivity, germination capaeityl germination index
before and after AA was examined. Seeds were amdafigm the darkest (Nzovu
with the highest pixel value for hue) to the lightest (M66 wiith lowest hue values)
and compared for performance before and after AAere were no clear associations
between hue and electrical conductivity for unaged sekd# cultivars produced at
both sites (Figure 4.5). However, unaged dark colosestis of Makonge produced
at Umbumbulu showed the highest conductivity valudsctEcal conductivity for
seeds of all cultivars produced from both sites in@e@asafter AA. Aged dark
coloured seeds produced at both sites except for Mgkaenerally had lower
conductivity than light coloured seeds. The differenceth wespect to electrical
conductivity between aged light and dark coloured seexte more evident in the

seeds produced at Ukulinga than those produced at Umbum

No clear relationship between hue and germination capaeisyobserved for unaged
seeds of all cultivars produced at both sites (Figure &8&ymination capacity for
seeds of all cultivars produced at both sites decressedAA. Aged dark-coloured
seeds produced at both sites, with the exception of Ma&kogenerally displayed
higher germination capacity than light coloured seeds (€igu6). Again the
differences with respect to germination capacity betweesd dight- and dark-
coloured seeds were more pronounced in those prodaicétkulinga than those

produced at Umbumbulu (Figure 4.6).

No clear relationship between hue and germination inder wiserved for unaged
seeds of all cultivars produced at both sites (Figure &&rmination index for seeds
of all cultivars produced from both sites decreased ##e Aged dark coloured

seeds produced at both sites except for Makonge ajgnéad higher germination
index than light coloured seeds. Again the differences veipact to germination
index between aged light and dark coloured seeds weaeecl® those produced at
Ukulinga than at Umbumbulu
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Figure 4-5 Relationship between seed coat coloudetermined by hue, and seed
performance with respect to electrical conductivity unaged and aged seeds of five
cowpea cultivars produced at two different sitekulihga and Umbumbulu) and ranging

widely in colour. Seeds are arranged from the ddriddzovu) to the lightest (M66). Note

KKE and MKE denotes Kenkunde and Makonge respdgtive
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Figure 4-6 Relationship between seed coat coloudetsrmined by hue, and seed
performance with respect to germination capacity, fnaged and aged seeds of five
cowpea cultivars produced at two different sitekulihga and Umbumbulu) and ranging

widely in colour. Seeds are arranged from the ddriddzovu) to the lightest (M66). Note

KKE and MKE denotes Kenkunde and Makonge respdgtive
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Figure 4-7 Relationship between seed coat coloudetsrmined by hue, and seed
performance with respect to germination index,uisaged and aged seeds of five cowpea
cultivars produced at two different sites (Ukulirgiad Umbumbulu) and ranging widely
in colour. Seeds are arranged from the darkest Nzt the lightest (M66). Note KKE

and MKE denotes Kenkunde and Makonge respectively.

The Aging Stress Differential Index (ASDI) was usedkexamine whether seed coat
colour (hue) was associated with stress sensitivity inpeaw(Figure 4.8). Dark
coloured seeds produced at both sites, except for sédiskonge, generally showed
lower ASDI values (indicative of a higher degree of sttederance) for germination
index, germination capacity and electrical conductivity (Feg4.8) than light

coloured seeds. The differences in ASDI values betwdark and light coloured
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seeds were larger and more evident in seeds prodatceldtulinga compared with

seeds produced at Umbumbulu.
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Figure 4-8 Aging stress differential for five cowpea cultivgoroduced at two
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Electrical conductivity values before and after AA werenpared with other aspects
of performance (germination capacity and germinationxn@€able 4.1). Cultivars
were ranked according to electrical conductivity values fthm lowest (1) to the
highest value (5). Highly significant (P < 0.001) siteultivar x day interactions
were observed with respect to electrical conductivity. tEted conductivity which
ranged from 895.6 — 908Scm™g™ for unaged light coloured seeds of M66, K80 and
dark coloured seeds of Kenkunde produced at Ukuldidanot differ significantly.
These were ranked first, second and third respectidripged ( 0d) dark coloured
seeds of Nzovu and Makonge produced at Ukulinga dhrfieeirth and fifth,
respectively, were significantly different from the resthe# seeds and had the second
highest (1009.91S cm’g™) and highest (103@S cmi'g™) conductivity values. At
Umbumbulu , light-coloured seeds of M66 ranked first tze lowest conductivity
(634 uS cm*g™) which was not significantly different from dark colodreeeds of
Kenkunde (678.5uS cm'g?) ranked second but was significantly (P < 0.001)
different from the third ranked seeds of K80 (7&xm*g™). Dark coloured seeds of
Nzovu (914uScm’g?) produced at Umbumbulu ranked fourth were significa(fly
< 0.001) different from K80. Again, unaged dark cokd seeds of Makonge
produced at Umbumbulu showed the highest conductivR9qaScm’g™) and were
ranked fifth. For all cultivars there was a significank@®O01) increase in solute
leakage for aged seeds produced at both sites. Elécwicductivity for aged seeds
was influenced by site and cultivar differences. Agedkdcoloured seeds of
Kenkunde and Nzovu produced at Ukulinga showed thst Iperformance with
respect to electrical conductivity (1132.5 and 133&8m'g™) and were ranked first
and second, up from third and fourth before aging.dAlgght coloured seeds of M66
and K80 were ranked third and fourth whereas dark cetbseeds of Makonge
produced at Ukulinga again showed the highest condiyc(®165 uS cmi‘g™) after
aging. At Umbumbulu although aged light coloured seéd¢30 (1015.8.S cm*g’

1, had the lowest electrical conductivity and were rankesd, fthey did not differ
significantly from aged dark coloured seeds of Nzo%017.1pS cm'g?) and
Kenkunde (1031.1:Scm™g?) ranked second and third respectively. M66 (1132
cmg?) ranked first before aging dropped to position fourradtging. Again, dark
coloured seeds of Makonge consistently showed the higbesguctivity (1362.S
cmg?) and were ranked fifth as similarly observed for agetiwaged seeds at both

sites.
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Germination capacity for unaged seeds (0d) from bathes s(Ukulinga and
Umbumbulu) was generally high and ranged betweenl(88-%. However,
germination capacity for aged seeds produced at Wailimas highly variable and
ranged from 45 -81%. Dark coloured aged seeds ok#ede produced at Ukulinga
showed the best performance with respect to germinatipacity (81 %) after AA.
However, aged seeds of Nzovu (dark coloured) and (ight coloured) had similar
germination (70 and 71 % respectively) after AA. Makor{dark coloured)
performed poorly (64 %) than light coloured seeds &0 KAged light coloured seeds
of M66 produced at Ukulinga had the lowest germinatiapacity (45 %) and
performed poorest. Similar trends were observed fgedaseeds produced at
Umbumbulu. However, these seeds (produced at Umblunparformed generally
better than those produced at Ukulinga. Germination cgaciaged seeds produced
at Umbumbulu was likewise highly variable and rangednfré9 — 94 %. Dark
coloured seeds of Nzovu and Kenkunde, with germinatepecities of 94 % and
84% respectively showed the best performance. Howdight, coloured seeds of
K80, had a germination capacity of 78 % which did noedifignificantly from those
of Makonge (77 %), which are dark coloured. Again aggt coloured seeds of M66
produced at Umbumbulu with a germination capacity o&%howed the poorest

performance.

Similar trends were observed in germination index. Unagetis (0 d) for all five
cultivars produced at both sites had high vigour (> )0.B@wever, large variations
were observed in seed vigour after AA. Aged dark aeldwseeds of Kenkunde and
Nzovu produced at Ukulinga showed better performaritie nespect to germination
index (0.66 and 0.63 respectively). Aged light colowsedds of K80 (0.59) and dark
coloured seeds of Makonge (0.53) produced at Ukuldiganot differ significantly
with respect to germination index. However, aged light celduseeds of M66,
showed the poorest performance with respect to germinimtitax (0.36). Similarly,
aged seeds produced at Umbumbulu generally perforbedtér than those at
Ukulinga. Aged dark coloured seeds of Nzovu (0.84W&tbbetter performance than
K80 (0.67), Kenkunde (0.69) and Makonge (0.68). hilse aged light coloured seeds
of M66 showed poorer performance, which was condistéth observations made

earlier for aged seeds of this cultivar produced atioga.
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Table 4-1 Means of electrical conductivityScmi'g?), germination capacity and germination index feeds of five cowpea cultivars
produced at two different sites (Ukulinga and Umbufu) and subjected to the Accelerated aging @shductivity values were ranked from

the lowest (1) to the highest (5) based on thavauit and compared with germination capacity amgpwi between sites and before and after

seed aging.
Site Rank Cultivar Seed 0 days Rank Cultivar >day
Coat Electrical ~ Germinatiddermination Electrical  Germinatig@ermination
Colour ConductivitfCapacity  Index Conductivit@apacity  Index
uStem’gT (%) uStem’gt (%)
Ukulinga 1 MG66 Light Brown 895.6 97 0.90 1 Kenkundel132.5 81 0.66
2 K80 Light Brown 908 100 0.97 2 Nzovu 1332.3 70 .630
3  KenkundeDark Brown 908 98 0.88 3 M66 1472.6 45 0.36
4 Nzovu Black 1009.9 89 0.84 4 K80 1960 71 0.59
5 Makonge Variegated 1039 96 0.91 5 Makonge2165 64 0.53
Umbumbult. 1 M66 Light Brown 634 99 0.93 1 K80 1015.8 78 0.67
2  KenkundeDark Brown 678.5 97 0.89 2 Nzovu 1017.1 94 0.84
3 K80 Light Brown 742 98 0.94 3 Kenkundel031.1 84 0.69
4 Nzovu Black 914 96 0.91 4 M66 1172.3 69 0.56
5 Makonge Variegated 1290 88 0.82 5 Makongel362.9 77 0.68
LSD 82.2 8 0.08
P P<0.001 P<0.001 P<0.001
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4.4 Discussion

Image analysis was able to objectively discriminate seetl amlaur variation in
unaged and aged seeds of cowpea. The exact quiaditgaour is determined by the
hue, which measures wavelength (colour), the satargparity) and the intensity
(brightness). The parameter hue can provide an objett®ans of determining seed
coat colour variation in cowpea. Hue determines the colimtirpr shade and it is the
feature of a colour that distinguishes it from another go{Buanset al., 1953). The
lack of consistent evidence on seed coat colour asctorf influencing seed
performance (Dalianis, 1980; Wien and Kueneman, 198Qynidjahet al., 1987
Asiedu and Powell, 1998; Pederson and Toy, 2001;zA&=al., 2006) may probably
be partly attributed to methods used in seed coat coloumdatgion. Seeds which
may exhibit a wide range of coat colour are generallgri®sd visually as light or
dark (Wien and Kueneman, 1980) pigmented or unpigmef#tsiggdu and Powell,
1998), reddish (Aiazzét al., 2006) brown or yellow (Dalianis, 1980). This can be
subjective, as was observed in the visual ranking of Brétenkunde and Makonge.
Image analysis revealed clear differences with respettieobetween seeds of these
three cultivars. The cultivar Brown was ranked third befidenkunde and Makonge
which were ranked fourth and fifth, respectively by visimspection. However,
image analysis showed that Kenkunde and Makonge were mpigmented and
should have been ranked third and fourth respectivalgvied by Brown as fifth
with respect to hue. The determination of seed coaucddy visual inspection is
likely to be inconsistent and may compromise the interpretatioesults correlating
seed performance and seed coat colour. Other methatishéve been used to
determine seed coat colour variation include the Huhtdr Colorimeter which
measures light reflectance on a scale of 100 = whitéarnlack and uses the values
to calculate a saturation index and hue angle (Modi, 1938®)ever, the Hunter Lab
Colorimeter when compared to image analysis is clearly lémite scope. Image
analysis can objectively discriminate seed coat colaanation in cowpea and
provide a basis for the development of a simple, rapidnanedestructive method of

assessing seed performance.

In this study seeds were planted at two sites (Ukulingd &mbumbulu)

distinguished by irrigated and dry land conditions to poedown fresh seed of
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comparable quality. Clear differences with respectléatecal conductivity were

observed in seeds produced at the two sites. The redgrerical conductivity values
observed for unaged seeds produced at Ukulinga cauldabtly attributed to the
effect of environmental conditions during maturation angdng. Seeds of different
cultivars matured at different times; however, they wdkdhavested at the same
time. This may have contributed to a larger extent ofl speality deterioration in

early maturing cultivars because of delayed harvestingdtlition weather conditions
during harvesting at Ukulinga were also wet and may leaeerbated the ageing
process. On the other hand, the lower electrical comitycbbserved for unaged
seeds produced at Umbumbulu could be attributed to fabvigureonditions at

harvesting which were dry and sunny. The seeds wie learvested separately

according to the time taken to reach harvest maturitgdoh cultivar.

The differences in the methods of harvesting betweerivtbesites may have had
potential implications in the attempts to compare the two sitts regards to seed
performance. However, it is important to note that desthigse differences (in

harvesting methods), germination percentage and getiotrinadex of the mature dry
seeds (R9 development stage at harvest maturity) frotm &ites did not differ

significantly (Chapter 2, Figure 2.6 and 2.7). Siddiguel Wright (2004) reported
that for pea (starchy seed) and flax (oily seed) neitiféerences in environmental
conditions during development and maturation, nor conagois of accumulated
food reserves were able to provide a basis for vighfferences. In their study
sowing dates (and presumably harvesting date) had edlatsmall effects on

germination of non-aged seeds but much larger eff@etemergence of non-aged
seeds and on the germination and emergence of aged.da the present study,
differences in harvesting methods and environmental conditturing harvesting

had a discernible effect on the vigour (electrical condglig}iof seeds harvested from

Ukulinga.

The potential implications with regards to the statistical sicarice of these effects
(harvesting methods) at Ukulinga on the comparison efl gerformance between
sites were investigated. Separate analysis of variamcehé two sites showed that
cultivar differences with respect to germination percentage germination index at

Ukulinga were not significantly different (Appendix 2.4a & @)hereas at
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Umbumbulu where generally environmental conditions webaracterised by
inadequate moisture; germination percentage and gernmndtidex differed
significantly between the cultivars (Appendix 2.4b & d). &ape analysis for the data
from Ukulinga and Umbumbulu with respect to germinatiapacity and germination
index also showed significant cultivar x stage interactiondJabumbulu (for
germination capacity). Similarly cultivar x stage interactioaswsignificant for
germination index at Ukulinga (Appendix 2.4c). Despitedtiferences in harvesting
methods between the two sites, the tests for homogeneitgriainces showed that
both sites had a common variance (Appendix 2.4e). malysis from the pooled data

showed highly significant Site x Cultivar x Stage interacion

Interestingly, dark coloured seed of Nzovu, producedUmbumbulu who’s
harvesting was timely and were unlikely to have been stdgdo adverse conditions
at maturation showed the highest rate of solute leakdges clearly further
confounds the problem of higher electrical conductivity @alwhich could also be
attributable to differences in harvesting methods (Sfects). This may also suggest
probably that this cultivar has a genetic predispositiohigher rates of moisture
uptake, which influenced solute leakage. Light colourextiseof K80 produced at
Ukulinga, which showed the highest rate of solute leakangs, be genetically more
predisposed to rapid deterioration. This is likely sinceUatbumbulu where
conditions were dry and sunny during harvesting, se€#80 did not differ much in
the rate of solute leakage with other seeds both light arkd @he observation that
light coloured seeds of Brown Mix produced at both ssteswed the lowest rate of
solute leakage could be due to the seed coat chartcgeriszhich were not
determined in this study (Wyatt, 1977).

The skewed distributions of individual electrical conductiwBlues may possibly
raise concerns with respect to the suitability of usingdstah statistical analyses
which compare means to analyse such data. This is lesagh data violates the
statistical assumptions of normality, constant variance inddpendence of error
(Steel and Torrie, 1980). In common bean, logarithmaasformations have been
attempted on individual electrical conductivity data to cedskewness; however, this
did not result in significant gain since seed lots with higHityuseeds tended to show

higher ranges than those with poor quality (Muagyal., 2006). It may be possible
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that the problems that have been reported in the literatith respect to the use of
critical levels of individual electrical conductivity valuesdiferentiate germinable
and non-germinable seeds (Hepbatrml., 1984; Thorntoret al., 1990) were related
to the lack of normality in the distribution patterns ofcéifeal conductivity values.
This is because all data points, including extreme valuesjsed in the computation
of the arithmetic mean commonly used to describewffces in single seed electrical
conductivity. Variability in individual electrical conductivity aritie presence of
outliers and far outliers may explain why Hamnetal. (2001) could not establish a
relationship between electrical conductivity of individuayts®an seeds and their
emergence performance; and also the observation matieese authors that seeds
with low conductivities performed poorly while those with highlues performed

well.

Box-whisker plots showed that extreme values tended tinlibe higher end as was
evident from the number of outliers and far outliebsarved when production sites
were compared. The larger variability in individual electraxanductivity values and
the presence of outliers observed at Ukulinga than Wmblou is consistent with the
suggestion discussed earlier that solute leakage in semdsUkulinga may have
been influenced by adverse weather conditions, cawsg#ed quality deterioration.
The box-whisker plots provided a good illustration of the @ased variability in
electrical conductivity of aged seeds which was indicativa larger extent of seed
quality deterioration. The usefulness of box-whisker piotgortraying the variation
in individual electrical conductivity between cultivars wasadhe illustrated by the
side by side comparison of cultivars within productioassand between sites for both
unaged and aged seeds. However, the variability obseneaged seeds could not be
associated with seed coat colour, despite the observdizndark-coloured seeds
from both sites were generally less variable and showedbtiest median values
after AA. This is because aged dark-coloured seeddaionge showed the largest
variability at both sites even though the variation wagelamat Ukulinga than at
Umbumbulu. Seeds of Makonge were described as dawever the seeds showed a
large variation in colour and were more variegated th@fomamy dark. Three distinct
components of seeds based on hue and intensity hadseparated using image
analysis (data not shown). The results observed in Makargarly show the

problems that may be encountered in associating seedatoat and performance in
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mixed seed populations which may exhibit a high degregeoktic variation. The
population may be described using the dominant colourghery it is possible that
different colour components may represent different oygres with diverse

physiological responses to stress factors that can infllenglke seed conductivity.

In addition, the electrical conductivity test measures onlyidhkage of electrolytes;

however, other substances that may influence seedrpemice may possibly also
leak from the seeds. As seeds age, the integrity afdhenembrane is destroyed and
compartmentation within the cell is disrupted resulting iniging of enzymes and

substrates (Jacobsen, 1984). This leads to the feadfisugars, amino acids and
electrolytes when the seed is soaked. It is feasible @®atsswith low conductivity

and poor performance may have leaked more sugarem@aanes essential for the
germination process and vigour. Mathews and Bradr{@®k8) observed a direct
correlation between the quantity of carbohydrate exdo®d seeds and seed rot in
peas and French beans. Other substances that camdeflselute leakage may
include compounds such as phenols, tannins and /an lgesent in the seed coat.
Resistance to pathogen infection in dark coloured seedsattributed to phenols,

tannins and/or lignin present in the seed coat (AvelingPaveell, 2005).

The general observation which agrees with the work sifdu and Powell (1998)
however was that in cowpea, aged dark-coloured geedsiced at both sites tended
to show lower conductivity, higher germination capacity aedngnation index than
light coloured seeds. Aged dark coloured seeds werenadge tolerant of stressful
conditions than light coloured seeds as evident from thegAStress Differential
Index (ASDI) (Figure 4.8). This may imply that seedocwl may be linked to
physiological responses during stress. Several epothe literature cite examples
where genes controlling seed colour may be linked tergthysiological functions in
the plant. For example, resistance to damping-off irs pess always associated with
the A gene for anthocynin production (Kraft, 1974). Seisa., (1980) reported that
pea seeds coloured by anthocynins were resistant tdb@oié fungi and seedling
diseases, whereas seeds with uncoloured coats wer@tiiscel okaprakash (1981)
found that in cowpea, the gene Pda 1, which conpetiicel pigmentation is also
involved in the control of seed coat colour and immapod pigmentation; however,

the role of this gene in stress resistance was not dsdu$robably the distinct
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colour components of Makonge, which were identifiessing image analysis, may
have responded differently to stress during the AA t&83te possibility that genes
controlling colour in cowpea are linked to genes that deter responses to stress

may need further investigation.

The results of the AA test, with respect to electrical cotidty; germination
capacity and germination index values were indicative efdéteriorative changes
that may have occurred during seed ageing and reflettedges in seed vigour.
However, ranked electrical conductivity values after Ail not consistently reflect
differences in seed performance between cultivars iéesland did not correlate well
with germination capacity and germination index. Interestinignt coloured seeds
tended to show lower conductivity values before AA tltenk coloured seeds;
however, this trend was reversed after AA where dafbuwred seeds, with the
exception of Makonge, showed lower conductivity. Gelher@mwer conductivity
values related well with higher germination and vigourderk coloured seeds.
However, lower conductivity values were not always assed with higher
germination and vigour, as was evident in the performahdight coloured seeds of
the cultivar K80 from Umbumbulu and M66 from Ukulingaurthermore there were
no significant differences with respect to germination capaeity germination index
in light coloured seeds of K80 and dark coloured sesfd®zovu produced at
Ukulinga despite the highly significant differences in eleatrimonductivity. These
results showed the difficulties in attempts to establish cut pofhts between
acceptable and unacceptable levels of seed vigour suggest that cultivar
differences may influence the extent to which conductivajues may reflect poor
performance in cowpea. Similar observations have bgeortesl in the literature for
example, in field corn (Tao, 1980b) and peas (Bedfd®@4) where cultivar effects
on the conductivity test have been shown to occur. Mexently attempts have been
made to develop prediction models for germination capaciBrassica spp. using
measurements on bulk electrical conductivity (Mir@adl., 2006). These prediction
models based on electrical conductivity values after Ady rne applicable only to
seed lots within a particular cultivar and should be tceatith circumspection when
interpreting results of AA tested seeds of different culsiva his is because low
vigour seeds of a particular cultivar may have lowenductivity reading than the

high vigour seeds of another cultivar, which may infleetiee prediction models. In
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the present work it has been observed that whereaggshésr of the AA test reflect
changes in seed vigour, electrical conductivity valuésr A did not consistently

reflect differences in seed performance between cudtieand sites and did not
correlate well with other aspects of performance. This e an influence on the
results of an AA test, which is traditionally used tacdiminate between high and low

vigour legume seeds.

In conclusion, this study has demonstrated that image samatan objectively
discriminate seed coat colour variation in cowpea. Danloured seeds in general
performed better than light coloured seeds; however seadcolour was not always
associated with performance. The skewed distributionrpatia individual electrical
conductivity and the presence of extreme values mag laplications with respect
to the suitability of using standard statistical analyses lwbampare mean values to
evaluate such data. In addition variation in individual elesitconductivity may also
be influenced by cultivar differences and the chentioahposition of the seed coat;
therefore associations between seed coat colour and eeatdnductivity as a
measure of performance should be treated with cauliba. AA test does reflect
changes in seed vigour; however ranked electricadlwttivity values after AA did
not consistently reflect differences in seed performaret®een cultivars and sites

and did not correlate well with other aspects of performance
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5 RAFFINOSE FAMILY OF OLIGOSACCHARIDES ACCUMULATION I N
RELATION TO WATER STRESS AND THE DEVELOPMENT OF SEE D
QUALITY IN COWPEA

5.1 Introduction

It is generally believed that environmental conditions actingthe mother plant
during plant growth and interacting with seed developmentalgsses may influence
the seeds physiological potential (Hilhorst and Toorop, 19@Kkrony, 2003). It is
possible that some of the interactions could cause impadirmiemphysiological
processes during seed development. For exampleglurstress interacting with seed
developmental processes may lead to intermediate levetkesi€cation tolerance
which may influence seed vigour (Vertucci and Farra@85]1 Hilhorst and Toorop,
1997). Maximum desiccation tolerance (defined as salwof the seed after the
complete removal of water and the maintenance ofwigo the desiccated state) is
achieved upon the successful completion of maturationte@rand Farrant, 1995).
Maturation, which occurs after histodifferentiation involvdy: accumulation of
storage compounds (normally proteins, carbohydrates ands ligepending on
species); 2) development of desiccation tolerance affida)loss of water when the
seed becomes quiescent. It is likely that drought stoessirring during seed
maturation can cause alterations in the quantities angasition of the accumulated
storage compounds and lead to incomplete acquisition d€adgion tolerance; this
may ultimately influence vigour. Drought and desiccatiolerance are correlated
with the accumulation of substantial quantities of compound$ sas soluble
carbohydrates including: sucrose and the raffinose yaohibligosaccharides (RFOSs),
specific proteins such as the late embryogenesis abtiqaoteins (LEAS) and heat
shock proteins (HSPs) (Hoekstetal., 2001). Reports cited in the literature have
shown that a reduction in some of these compoundsijfgglly the RFOs may result
in poor seed quality (Obendorf, 1997). For exampletamusoybean lines developed
for high satiric, politic and oleic acids were reportedh¢oof low vigour (Wangt al.,
2001). Similarly, mutaninips soybean lines with reduced phytate and raffinose were

reported to have shown lower germination and vigourigeal., 2003).

The major soluble carbohydrates in legume seeds aressuand its galactosides

raffinose, stachyose and verbascose @tlal., 2005). In cowpea, sucrose and the
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RFOs (raffinose, stachyose and verbascose) constjiptexamately 8 % of the seed
dry mass (defatted dry mass basis) (ktial., 1988). Sucrose content is estimated at
about 32% of the total soluble carbohydrates, stachydbe is1ost predominant and
contributes about 60%; raffinose and verbascose aralfoulesser quantities about
5% (Kuo et al., 1988). These sugars are observed to accumulatghodox seeds
when desiccation tolerance is acquired and degraded wWieerolerance is lost
(Kermode, 1997; Hoekstret al., 2001; Hoekstraet al., 2002). It is speculated that
these sugars and specific proteins protect subcellutaces and confer desiccation
tolerance (Croweet al., 1987; Leopoldet al., 1994). The proposed mechanism of
protection by these sugars is based on the hydroxypgriarming hydrogen bonds
with the phosphate group of the polar head group in gitapids and with the
carboxyl group of proteins (Crowat al., 1987), thus preventing phase transitions of
lipids and denaturation of proteins. This is the basis o$thealled water replacement
hypothesis (Vertucci and Farrant, 1995) whereby sugeplace water molecules
during drying, thus maintaining the structural and fuor@i integrity of membranes,
proteins and other macromolecules. A second hypothesipoges that these
oligosaccharides may promote the formation of a vitreolasgy) state that protects
macromolecular structures during desiccation (Leoplal., 1994; Buitink and
LePrince, 2004).

During seed development, it is possible that droughtsstresy limit the production of
assimilates required to synthesize the RFOs. This may mapkcations for the
acquisition of maximum desiccation tolerance and ultimatdlyence germination
and vigour since these compounds are also a souremesfly that subsequently
drives the germination process. Sucrose, which actsgataatosyl acceptor in RFO
biosynthesis, is the major carbohydrate imported in & daveloping seed. The
concentration of sucrose and myoinositol, which act #glirsubstrates in RFO
synthesis and feed back loops can affect the final nbofeRFOs deposited in mature
seeds (Peterbauer and Richter, 2001). During photosysthies first step in sucrose
synthesis is the formation of sucrose phosphate from-glDébse and fructose-6-
phosphate. The reaction is catalysed by sucrose phesgyr@hase. This is followed
by hydrolysis with a specific sucrose phosphatase (Mathd984). Temperature and
water stress during seed development may alter metabalibways during

photosynthesis that can result in alterations in the quanéitidscomposition of the
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accumulated food reserves. Lahetaal., (2000) reported that the composition of
accumulated food reserves in field be&fci@a faba) was altered by drought; seeds
produced under drought conditions had less dry matetained less starch but more
oligosaccharides, sucrose and reducing monosacchahdesidition, alterations in

metabolic processes may also lead to the synthegisotdctive compounds such as
polyols (Bohnertet al., 1995). Polyols have been generally proposed toaact
compatible solutes or osmoprotectants to allow osmotic adjostofeplant cells

exposed to water deficit (Bray, 1993).

Polyols including straight chain metabolites such as manniblsarbitol (Bieleski,
1982) or cyclic polyols such as myoinositol (Loewus andwus, 1983) are known to
accumulate in response to drought stress. Myoinositolriaefd after cyclisation of
glucose-6-phosphate catalysed by myoinositol-1-phdapbha Myoinositol is also
implicated in cell membrane biosynthesis and signal transduactechanisms
(Bohnertet al., 1995). Significant changes observed in relative ratfosaffinose,
stachyose and verbascose induced by water stress irbéafd (Lahutat al., 2000)
and cucumber (Widders and Kwantes, 1995) could pigbhb linked to the
accumulation of myoinositol. In mature seeds of peaslingh different RFO
composition, the synthesis of galactinol in the line RRRbRth higher RFO content
is probably supported by a higher myoinositol concentradioning the initial phase
of galactinol accumulation (Peterbawtral., 2001). Similarly, levels of galactinol
and raffinose were reported to be much lower in tubkensnsgenic potatoSplanum

tuberosum) with a reduced content of myoinositol (Kelktral., 1998).

The genetic regulation of myoinositol in relation to biochemmathways during
water stress has also been investigated.Xemphyta viscosa transcript levels for
XvGolS, a gene encoding a galactinol synthase enzymsigomsible for the first
catalytic step in RFO biosynthesis, increased in leafigs&xposed to water deficits
(Peteret al., 2007); however, galactinol synthase activityplanta could not be
correlated with RFO accumulation, but a negative correlatias observed between
RFO accumulation and myoinositol depletion, during watdiicitlestress. This
correlation was reversed after rehydration, suggesting dbang water deficit
myoinositol is channelled into RFO synthesis, but durimgréhydration process it is

channelled to metabolic pathways related to the repaiesiccation-induced damage
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(Peteret al., 2007). No studies cited in the literature have exaghihe accumulation
of myoinositol in developing seeds of cowpea produaeikuwater tress in relation

to RFO concentration and desiccation stress.

The effect of drought stress on soluble carbohydrateartrations, including RFOs,
and how this may relate to seed vigour has not beanlkexplained in the literature.
Siddigue and Wright (2004) examined differences in enwrental conditions
experienced during development and maturation , theHewofgseed filling period,
concentrations of fat, soluble carbohydrates , proteidsstarch as potential causes
of differences in seed vigour in ped&sum sativum) and flax and concluded that
none of these variables could alone explain the obseragdtions in seed vigour.
Black et al., (1999) reported that wheatfr{ticum aestivum L.) embryos that were
induced into water stress tolerance by a 24-h watertiad no detectable raffinose; in
addition the oligosaccharide was observed to accumulatater times even in
detached grains that had not become desiccation tolditaa authors concluded that
desiccation tolerance and the occurrence of raffinosenat correlated but did not
relate this to seed vigour. Similarly, Sinniethal., (1998) observed that iBrassica
spp. seeds, there were no significant differences in the éioatentration of RFOs in
plants that were subjected to water stress and the cantnotucumberQucumis
sativus), lupin and soybean seeds, maturation temperaturdlittiadeffect on the
concentration of RFOs (Obendcef al., 1998). In contrast, Thomas al. (2003)
observed that total non-structural carbohydrates (TNC) ybesan decreased as
temperature increased, and the proportion of solublarsugp starch decreased.
Similar observations were made by Pattanagul and Mdd®a9) who reported that
in coleus Coleus blumei Benth.), both RFO levels and galactinol synthase activity
were depressed by drought stress. These authorssseiggbat for drought stress
alone, RFOs may not play a direct role in inducing tolegaim vegetative tissues;
however they (RFOs) may be important in allowing plesgues to achieve the level
of dessication required in a dry seed (Koster angbkh 1988). Although Lahutet
al., (2000) related changes in relative ratios of RF@feu conditions of water stress
to a build up in desiccation tolerance in field beans, thaigors did not extend their

study to examine how this would relate to seed vigour.
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An interesting suggestion has been made that the dewvglepibryo or accumulated
food reserves can be modified by interaction betweertivironment and the mother
plant, so that effects carry over through a numberswéceeding generations
(Salisbury and Ross, 1991; Wulf, 1995). The observaliprHighkin and Lang

(1966) that each generation (up to about the fifth) ofspgeown for several

generations under adverse temperature conditionsy gnere poorly than the

previous one suggested that environmental effects omdiieer plant influenced the
vigour of the subsequent generations. However, similadies on such maternal
effects are few; in addition such studies may requiudtiple generations, separating
environmental and genetic effects (Wulf, 1995). The ramidms by which these
effects are induced, maintained and transmitted sometioeg several generations

are also not well understood.

Soluble carbohydrates have also been associated witlgeemination and storability
in relation to desiccation tolerance. In maiz&ea mays) seeds, examination of
changes in sugars during accelerated aging indicated thakettiine in germination
and vigour is associated with a marked decline in meeeisrides and in raffinose
(Bernal-Lugo and Leopold, 1992). These authors spwzlléhat the decline of
raffinose in germinating maize seeds would be expettedead to a loss of
desiccation tolerance. Loss of desiccation toleravaeobserved to coincide with an
increase in reducing monosaccharide content of embryargs in pea Risum
sativum) and soybean@lycine max) (Koster and Leopold, 1988). This has led to
suggestion that the association between desiccation toteeant seed viability and
possibly vigour could be as a result of the accumulatfarducing sugars in a drying
seed leading to the occurrence of the Maillard reactiorn;hwimay cause protein and
nucleic acid damage; this may influence the viability and plysgigour of the seed.
Moreover, the suggestion that oligosaccharides arertat in desiccation tolerance
not because they serve as cellular protectpatsse but because they reduce the pool
of monosaccharides (Koster and Leopold, 1988) is durtbupported by the
observations made by Zhu and Chen, (2007) who repdhtat the ratio of non-
reducing sugars/reducing sugars and the resistance tp @fgnoderately ultra-dried
peanut seed was higher than those of control (noa-dited seeds) after accelerated
aging. It can also be argued that the correlation betweed storability (an aspect of

vigour) with total RFO content and the ratio of RFO tarese reported by
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Horbowicz and Obendorf (1994) is perhaps relatedh¢oabsence of reducing sugars

and their possible role in Maillard reactions.

On the contrary, different views have been proposed Rf& are not involved
directly or are at least not the only factors necessarydésiccation tolerance and
storability. Still et al., (1994) observed that sucrose and RFOs accumulated in
desiccation-intolerant wild rice Zizania palustris var interior) axes to about twice
that found in mature rice Ofyza sativa L.) embryos which are desiccation tolerant
and concluded that desiccation sensitivity in wild ricairgg is not due to an inability
to synthesize soluble carbohydrates. Similarly Bochaehal., (1997) reported that
desiccation tolerance can occur in the absence obligesaccharide raffinose in
maize. Buitinket al., (2000) used a spin probe technique to examine the stegge
role of oligosaccharides in seed longevity via increasadsgstability. The authors
used the technique to measure the molecular mobilitytramdition temperature of
the cytoplasm of impatiensinfpatiens walleriana) and bell pepper Gapsicum
annuum) seeds that were osmo-primed to change oligosacchandéent and
longevity; although osmo-priming of the seeds resulted irsiderable decrease in
longevity and oligosaccharide content, there were nordiifes in the glass transition
temperature between the control and primed seeds ariee temperature and water
content. Similarly, no differences were observed inrtitational motion of the spin
probe in the cytoplasm between control and primedsseEhese authors concluded
that there might be no specific role for oligosaccharideseied longevity. There
seems to be a lack of conclusive evidence in the litexabn the role of RFOs in

desiccation tolerance and seed vigour.

In chapter 3, an attempt was made to determine cowpaptagidn to simulated
drought conditions. The RFOs accumulate during seed aaweint and have been
implicated in the acquisition of desiccation tolerance. Howewespite the
widespread phenomenon of desiccation tolerance in orthagmcies and its
importance to seed quality development, the mechanisimds)lead to desiccation
tolerance are poorly understood. In addition, there isarlusive evidence in the
literature on the role of RFOs in desiccation toleranak specifically in relation to
drought tolerant crops such as cowpea, and no studresshawn their occurrence in

developing cowpea seeds under conditions of water stidssobjective of this study
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was to determine the patterns of RFO accumulation in rel&tievater stress and the
development of seed quality in cowpea. Attempts wereemadnvestigate whether
differences between the environmental conditions in theialiniproduction
environment could be associated with the pattern of REGumulation during
subsequent growth and development under conditions of wtitss by comparing

unpaired samples of individual sugars using a t-test.

5.2 Materials and methods
521 Seed materials
5.2.1.1 Seedsat different developmental stages

Seeds of cowpea (cultivar Nzovu) were initially donatedBmyironmental Action
Team (EAT), Kitale, Kenya. Cultivar M66 was originally pbased from the Basic
Seed Unit of the Kenya Agricultural Research Institi¢&RI), Machakos, Kenya
and Kenkunde from the Kenya Seed Company, Kitale,yKkenThe seeds were
initially planted at two different sites in South Africa (Ukulgngnd Umbumbulu)
under different production conditions in an earlier experingm to produce own
fresh seed with known quality characteristics (chapterM3ture seeds harvested
from these two sites were planted in a pot experimenerusanulated drought

conditions (chapter 3).

Seeds were planted under simulated drought conditiondunreel at the University
of KwaZulu-Natal, Pietermaritzburg, South Africa. The tunmas enclosed in clear
polythene sheeting. Temperature, solar radiation (PAR)ralative humidity (RH)
were monitored electronically using HOBO 2K Loggers (®ngomputer
Corporation, Bourne, USA). Soil from the Ukulinga protion site, whose physical
characteristics had been determined, was used in the patireent. The soil was a
clay-loam with a bulk density of 1562 kg mThe average field capacity (FC) was
27% by volume and the soil contained 19% water car{®rvol) at a matric potential
of -1500KPa corresponding to the permanent wilting p@wWP) as determined

from soil water retentivity curves developed using r@igcec pressure plate.

Drought conditions were simulated based on two contrastimigture environments

typical of semi-arid tropics where cowpea is grownd avere defined as follows:
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Intermittent stress, characteristic of the wet season imtdmsoonal semi-arid tropics,
when stress can occur at any time and with varying sitiea between emergence
and maturity; Terminal stress, where crops are growimgeonly on stored moisture
and where crops grow and mature progressively on webkoil moisture profile
(Ludlow and Muchow, 1990). Pots containing 20 kg air sty with a soil moisture
content of ~ 3% were then placed individually on a weiglbalance and a precise
quantity of water was added until the required mass elguit/td 17.47% by mass the
gravimetric water content at FC (no stress), correspgnitd a matric potential of -
33kPa was attained. Drought conditions were imposeddayng individual pots on a
weighing balance and adding a precise quantity of nvaméil the required mass
equivalent to 12.26 % gravimetric water content at peemawilting point (PWP),
corresponding to a matric potential of -1500kPa wasnatta Plant available water
capacity (PAWC) from the -33 and -1500 kPa water custevas determined
gravimetrically (mass) by calculating the difference betwe % gravimetric water
content at -33 matric potential and -1500 kPa. An additignantity equivalent to
30% PAWC was calculated and added to each pot to altairetuired soil mass at
30% FC. The pots were individually emptied into a comcnamixer and mixed
thoroughly so as to achieve a uniform distribution of swoil @ater inside the pot and
the weights were recorded and written on the potstrhitient stress was imposed at
30% FC during the vegetative stage of growth only, reh® terminal stress was

imposed at 30% FC throughout development from emergenoacturity.

Five seeds were planted in each pot by placing fourdst@antly and one at the
centre. The seeds were planted at a depth of 2.0mmmpaund fertilizer 2:3:2 :( 22)
was applied during planting at the rate of 600 kg.8oil water content in the pots
was monitored gravimetrically by weighing individual pots perialiyc and

continuously using ThetaProbe soil water sensors (Lgiketnal., 1999).

Pods were tagged at R4 stage of plant development {&ad6©2), and harvested
during three developmental stages fortnightly until harvesturity. The stages of

reproductive growth at which seeds were harvested pomeed to R4, R6 and R8
(Fageria, 1992) (Figure 5.1). Seeds were removed frods to determine dry mass
and water content (% fresh mass). Dry mass was dedmby lyophilizing

surgically excised tissues (cotyledons, axes and sesd)dor 24h after freezing in
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liqguid N. Dry tissues were then stored at °@0until determination of soluble

carbohydrates.

Figure 5-1 Stages of reproductive growth at which seexs harvested corresponded
to R4, R6 and R9 (Fageria, 1992).

5.2.1.2 Mature seeds harvested from water stress treatments

Seeds were harvested from the cultivar Nzovu only, usscatressed plants of the
other two cultivars (Kenkunde and M66) did not produdéicsent seeds for further
analysis. Mature seeds from the cultivar Nzovu from thestness and intermittent
stress and terminal stress treatments were germinateldstic Petri dishes (100 x
15mm) lined with three layers of Whatman No.1 filter papeistened with dd pO.
Twelve seeds were placed in each Petri dish and itediban a controlled
environment chamber at %5 in darkness. Germination was scored at regular
intervals: 8, 16 and 24h. Seeds were considered ® devninated when the emerged
radicle had reached at least 2mm length. The germirssteds were removed from
the Petri dishes at each interval and surgically excisedeparate the embryo,
cotyledons and seed coat. The cotyledons were lyoptiiifter freezing in liquid N.
Dry cotyledons were then stored at °Q0 until determination of soluble

carbohydrates.
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5.2.2 Soluble carbohydrate extraction and analysis
5.2.2.1 Ethanol extraction

Two hundred- milligram samples of dry cotyledons wereugd using a pestle and
mortar and placed in 50 ml polyethylene centrifuge t@esmixed with 5 ml of 80%
(v/v) ethanol. Mixtures were agitated and placed in &eshat room temperature for
1h. Soluble sugars were extracted using the procedeseribed by Blaclet al.,
(1996) with some modifications. The agitated mixture whksed in an oven and
heated for 15 minutes at €0, and then centrifuged for 15 minutes at 11500 rpm at
25°C in a Sorvaff RC 5C Plus Super Speed Centrifuge manufactured mngrige
Laboratory Products, Newtown, Connecticut, U.S.A andstheernatant transferred to
a 20ml scintillation vial. The wet tissue was resuspendedih &% ethanol and the
extraction process repeated one more time. The safgeis were pooled and taken to
dryness under vacuum using a Savant Speed Vacuum 0BC Sblids in the
scintillation vials were dissolved in 2 ml of chloroforrfup 4 ml double deionised
water and stored at’@ for at least 48 h to allow settling of lipid and chlorophyll
associated material (Streeter and Strimbu, 1998). The atpsous layer was then
sampled for carbohydrate analysis; 200ul aliquots wexeepl in 2 ml reaction vials
and taken to dryness under a stream of nitrogen gas hieating block at 4&.
Replicates consisted of replicate weighed sub-samples ta&en the same large

sample of dried cotyledons.

5.2.2.2 Derivatization and analysis of carbohydrates

Derivatization and analysis of carbohydrates was done wlsenprocedure described
by Streeter and Strimbu (1998) with some modificatiordidS were dissolved in
125ul pure pyridine and 125ul pyridine containing 5mg ofiaternal standard,
phenyl B-D glucopyranoside. Two hundred-pl hexamethyldislazéd®DS) and
20pl trifluoroacetic acid (TFA) were added, mixed antbve¢d to react for 60
minutes before analysis. Trimethyl silyl derivates of ssigeere then separated and

determined by gas chromatography using the condisbas/n in Table 1.
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Table 5-1 GC conditions for separation and determinaficarbohydrates

Instrument
GC Varian CP-3800 (Varian Inc, Middelburg, Netherlgnds
Auto sampler Varian CP-8400
Column DB-5MS (Agilent J&W, Agilent technologies)
Dimensions 30 m x 0.25 mm 0.25 um | Carrier Gas Nitrogen
film
Flow rate 1.0 ml/min
Injector Model 1177 split/splitless | Column Oven
Temperature 25¢C Initial temp 100C
Injection volume | 1 pl Initial hold 1 min
Injection mode Split Ramp rate °G/min
Split ratio 20 Hold temp 22C
Hold time 25 min
Detector FID Ramp rate 1M /min
Temperature 33C Final temp 35(C
Range 12 Final hold 10 min

Carbohydrates were identified by retention time; the tetertimes for the different

carbohydrates were determined using derivatised sampéeghefntic standards.

5.2.2.3 Quantitation

For quantitation of the carbohydrates, an internal stan(f&phenylglucose) was
used .The internal standard was added to all sampldsstandards. Standard
solutions were prepared from fructose, pinitol, galactagacose, myoinositol,
sucrose, raffinose, stachyose and verbascose (Sidgremi€al Company, St Louis,
MO USA). Calibration curves were prepared using pa@a ratios (analyte/internal
standard) and were linear over the concentration rarge-02.5 mg mt. The mean
of three replicates at each of five concentration leveds wsed to construct the

calibration curve.
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Method validation was performed by spiking dried grouraimgles with an
appropriate quantity of each of the analyte sugars. spileed samples were then

carried through the analytical procedure and the regowéreach sugar was
determined.

5.3 Results

Figure 5.2 shows the mean soluble carbohydrate contemmwpea seeds from three
cultivars (Nzovu, Kenkunde and M66) during developmender well-watered
conditions. The disaccharide sucrose and the oligosadehatachyose were
relatively abundant in cowpea. The other members of rdfénose family of
oligosaccharides, raffinose and verbascose were alwxtee although in lower
guantities. In addition, relatively smaller quantities of ott@mpounds, for example
myoinositol, pinitol and reducing sugars such as glu@rse fructose and galactose
were also observed to be present in cowpea seeds.
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Figure 5-2 Mean soluble carbohydrates content in cowpeds from three cultivars

(Nzovu, Kenkunde and M66) during development undelf watered conditions.

Significant cultivar differences with respect to stachyosetent (ug g dry mass
were observed between cultivars (Figure 5.2). The eultdzovu showed the highest
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stachyose concentration, followed by Kenkunde. Mé®asd the lowest stachyose

content. Sucrose was present in more or less in eagualnts in the three cultivars.

The seeds that were used in the present experimenteleadiritially produced from
two distinct sites (Ukulinga and Umbumbulu) characterisbd different
environmental conditions (Chapter 2 and 3). The reslitained from the two sites
were analysed separately and could not be pooled $ecthe variances were
unequal. Similarly during development stachyose was riest predominant
oligosaccharide observed from both sites (Figure 58B). Stachyose content (ug g
dry mas®) in seeds from both sites generally increased from dewedat stage 2 to 6
weeks. The other oligosaccharides raffinose and vesbadollowed a similar pattern
of increase although verbascose accumulation appearéé tater and was only
detected after 4 weeks of development which declitigtitly after 6 weeks Figure
(5.3 A & B). The sugar alcohol myoinositol, and thelueing sugars galactose ,
fructose and glucose showed the highest concentrati@weeks of development
which declined after 4 weeks and could hardly be dedeafter 6 weeks (Figure 5.3
A and B). However, seeds which had been initially peedufrom Ukulinga showed
relatively higher quantities of these compounds (myoinoditottose, galactose and
glucose) at developmental stage 2 than those from Umilumibhe pattern of
sucrose accumulation differed considerably betwees.s8acrose content was very
high at Ukulinga at developmental stage 2 (266pg g drgHashis showed a rapid
decline after 4 weeks and 6 weeks of development tmajppately 70 pg g dry mass
! However, this was in sharp contrast to the resultsraddarom seeds which were
initially produced from Umbumbulu. Sucrose accumulatioryeanbetween 50-80ug

g dry masé throughout development.
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Figure 5-3 Pattern of accumulation of soluble carbohgdraduring three
developmental stages (2, 4 and 6 weeks) in cowpeaisSehich initially originated
from two different production sites (A-Ukulinga and B-Umitawlu) are compared.

Significant developmental Stage x Water stress interactiogi® observed with

respect to stachyose accumulation in seeds initially prodiuwcadboth sites (Figure
5.4). Stachyose content (ug g dry massicreased during development under both
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stress and well watered conditions. However, both nmtegnt stress and terminal
stress significantly increased the rate of stachyose adation in seeds initially
produced at Ukulinga (P < 0.05) and Umbumbulu (P €1).0Stachyose content (ug
g dry mas$) during developmental stage 6 (Harvest maturity) wasifgigntly
higher in seeds harvested from plants that had begecsedh to intermittent and
terminal stress than those from well watered plants.
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Figure 5-4 The pattern of stachyose accumulation in cowpesds during
development under water stress conditions. Seeds thatusedein the water stress
experiment had been initially planted at two different préidacsites (Ukulinga and
Umbumbulu) characterised by different environmental caoruti

Similar trends in the pattern of raffinose accumulatioerevalso observed. The
interaction between developmental stage and water stresssiwalarly highly

significant (P < 0.001) in seeds initially produced fromthbsites (Figure 5.5).
Raffinose accumulation increased during developmentikewise the rate of
accumulation was significantly higher in seeds from pldh& were subjected to

intermittent and terminal stress than those from well wdtemnditions. Raffinose
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content was also significantly higher at HM in seedsfigdants subjected to both

intermittent and terminal stress than well watered conditions
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Figure 5-5 The pattern of raffinose accumulation in cangeeds during development
under water stress conditions. Seeds that were ugbd imater stress experiment had
been initially planted at two different production sites \flikga and Umbumbulu)

characterised by different environmental conditions.

The oligosaccharide verbascose was not detectddvalopmental stage 2 (Figure 5.6).
However verbascose appeared at 4 weeks of devettpmseeds initially produced from

both sites. Differences in the pattern of verbascascumulation under conditions of
water stress were not clearly discernible fromdh&. A decline in verbascose content

was observed at developmental stage 6 from botiuption sites.
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Figure 5-6 The pattern of verbascose accumulation in eawpeeds during
development under water stress conditions. Seeds thatwsed in the water stress
experiment had been initially planted at two different préidacsites (Ukulinga and

Umbumbulu) characterised by different environmental caoruti

Sucrose content generally declined from developmergges2 to 6. Seeds from well
watered plants from the Ukulinga site had considerably sigrose content (420ug g
dry mas3d) at 2 weeks which differed significantly from seeds friatermittently and
terminally stressed plants. Sucrose content during develdgmseeds from the well
watered plants and intermittently stressed plants from Ukuliegeedsed rapidly at 4
weeks to ~55ug g dry massand was significantly lower than that of seeds from
terminally stressed plants (150pg g dry rmiassHowever, there were no significant

differences in sucrose content at developmental stalg&®. (
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Figure 5-7 Change in sucrose content in cowpea seeitsydievelopment under
water stress conditions. Seeds that were used in the stess experiment had been
initially planted at two different production sites (Ukulinga abanbumbulu)

characterised by different environmental conditions.

Seeds that had been initially produced at Umbumbulusabdequently used in the
water stress experiment showed much lower sucrose coaterz weeks of
development than those initially from Ukulinga. However, sefeds terminally
stressed plants from Umbumbulu showed a relatively higherose content at 2
weeks than those from intermittently stressed and wekned plants; though there
were no significant differences in sucrose content éetwthe treatments at 4 and 6

weeks of development.

Myoinositol content was maximum at developmental stage 2emds produced
initially from both sites (Ukulinga and Umbumbulu) (Figur&)5 and showed a sharp
decrease at developmental stage 4. This trend in tread® in myoinositol content
progressed up to stage 6 and was not significantlgrdiif between seeds from
well-watered plants and stressed plants from both sitewever, highly significant

differences were observed in myoinositol content in sgedduced initially from
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Ukulinga and Umbumbulu at developmental stage 2. Seed®dted from well-
watered plants whose origin was initially from Ukulinga shdwa considerably
higher myoinositol content at 2 weeks (71.1pg g dry fasgn those originating
from Umbumbulu (4.8ug g dry mas$. In addition these seeds from well-watered
plants at Ukulinga had the highest myoinositol content foltbky seeds from
intermittently stressed plants. Terminally stressed plaota Ukulinga showed the
lowest myoinositol content. In contrast in seeds originatiogmn Umbumbulu seeds
from terminally stressed plants showed significantly hfighest myoinositol content
at developmental stage 2 although the values weredsyabiy lower than those from
Ukulinga. This was followed by seeds from well waterddn{s. Seeds from
intermittently stressed plants which originated from Umbuionntshowed the lowest

myoinositol content.
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Figure 5-8 Change in myoinositol content in cowpea sdadag development under

water stress conditions. Seeds that were used in the stess experiment had been

initially planted at two different production sites (Ukulinga abanbumbulu)

characterised by different environmental conditions.

Cowpea seeds had been initially planted at two produstiea (Ukulinga and Umbumbulu)

characterised by different environmental conditions. Sefsdm these two sites were

harvested and subsequently planted under simulatedghiroconditions in a tunnel

experiment. A two sample (unpaired) T-test was used nopace whether differences in
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environmental conditions at the two initial production sitdhienced the accumulation of
soluble carbohydrates in harvested cowpea seeds subfgquianted under water stress
conditions. The tests assumed that the variances weggialhand compared the two sites for
each compound separately. There were no significaneréiftes (P > 0.05) in the
accumulation of stachyose, raffinose and verbascoseebrtaeeds that had been initially
produced at both sites (Ukulinga and Umbumbulu) (Tab).5However, significant
differences (P < 0.01) between the two sites were obdewith respect to in sucrose
accumulation. Seeds produced from Ukulinga had higheannsucrose content (143.4ug g
dry masg8) than those from Umbumbulu (62.3 4ug g dry rifasSimilarly myoinositol
accumulation in seeds initially produced from Ukulinga wsigsificantly different (P < 0.05)

from those initially produced from Umbumbulu (11.2 ant4jig g dry mas}.
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Table 5-2 The use of two sample (unpaired) t-testdmpare whether differences in the initial seestipction site (Ukulinga and Umbumbulu)

influenced soluble carbohydrate accumulation in meavseeds subjected to water stress during devetap®eeds had been initially planted at the

two sites with contrasting environmental conditiamsl then harvested and subsequently planted simdelated drought conditions.

Sample Stachyose Sucrose Myoinositol Raffinose a&rbse
Ukulinga Umbumbulu  Ukulinga Umbumbulu Ukulinga Uambbulu Ukulinga Umbumbulu  Ukulinga Umbumbulu
Sample Size 25 24 27 23 27 26 27 26 21 21
Mean 221.3 299.2 143.4 62.3 11.2 1.7 9.1 9.7 8.5 3 4
Variance 26668 19844 14823 439 508.3 3.5 23.38 4616. 111.93 22.67
Standard Deviation 163.3 140.9 121.75 20.96 22.55 861 4.835 4.058 10.58 4.762
Standard Error of Mean 32.66 28.75 23.43 4.37 4.339 0.365 0.9305 0.7958 2.309 1.039
Difference of the means -77.92 81.04 9.45 -D.67 4.199
Standard Error Differences 43.65 23.84 4.354 228. 2.532
Test statistic t -1.79 3.4 2.17 -0.55 1.66
0.081 0.002 0.039 0.588 0.108

*Probability

* Test of the null hypothesis that mean of Ukuling&qual to mean of Umbumbulu
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5.4 Discussion

The results obtained in the present study showed thelhgise is the predominant
soluble carbohydrate found in cowpea and concur withwvitr& of Kuoet al., (1988).
The presence of sucrose in relatively higher quantitieslsie consistent with the
observations made by other workers (Ketoal., 1988; Horbowicz and Obendorf,
1994; Elliset al., 2000; Lahuteaet al., 2000) and supports the suggestion that both
these compounds (sucrose and stachyose) may hdnesialpgical role in seeds. The
significant difference in stachyose content observeavdst the three cultivars is
probably due to genetic differences. Interestingly, thiévar Nzovu which showed
the highest stachyose content matured earliest and watahteduce sufficient seed

under water stress.

The seeds that were used in this experiment had biti@tyirproduced at two distinct
sites (Ukulinga and Umbumbulu) characterised by diffeeswironmental conditions
(see Chapters 2 and 3). Preliminary data analysis revdaé the variances between
the two sites were unequal; this could not allow a pootedyais. The differences in
variances between the two sites may probably be ateddor by the observation
that sucrose and myoinositol content in seeds from Ukulivagaconsiderably greater
than those from Umbumbulu. The reasons for these Biffgrences are not clear;
nonetheless the results obtained from the two sites wamergly consistent and

clearly showed the pattern of RFO accumulation in dgmey cowpea seeds.

The relatively low level of raffinose accumulation duringe tthree stages of
development was consistent with the biochemical processpkcated in RFO
synthesis. Raffinose provides the substrate for theesuent synthesis of stachyose
and verbascose (Kandler and Hopf, 1982; PeterbaueRighter, 2001). Presumably,
cowpea seed chemical composition and the predominanstaaifyose as the major
soluble carbohydrate is determined by genetic and enventahvariables. The role
of genetic factors in the determination of seed chemigalposition has also been
demonstrated in pea lines with contrasting RFO content; reliféfes in RFO
accumulation were associated with the expressiapeadific genes (Peterbawgtral .,

2001). Genetic regulation of RFO biosynthesis may explanwehbascose appeared
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at later stages of development and could not be detemtetivo weeks of

development.

Under drought stress (both terminal and intermittent stretm)hyose and raffinose
accumulation was faster during maturation of the cowpedsson the maternal plants
and their concentration at 6 weeks was higher thanasr{tro stress water stress and
agrees with the work of Lahutat al., (2000). In contrast, Sinnia&t al., (1998)
observed). This implies that the synthesis of these congisowas intensified under
that in Brassica spp. seeds, water stress considerably affected RFO acctiomula
within the developing and maturing seeds; however, thezee wio significant
differences in the final concentration of RFOs in planéd there subjected to water
stress and the controls. Probably in the work by Sinmakl., (1998) RFOs
accumulated faster in the seeds from stressed plastsodaccelerated ontogeny, but
this did not have an effect on final RFO concentrationwéie@r, in the report by
Lahutaet al., (2000) metabolic processes were probably altered bygttostress.
These alterations were probably mediated by changes)\ene@eression triggered by
drought stress. Similar thoughts have been expressedhdopas etal., (2003) who
reported that in soybean, transcripts of a gene that ven-gegulated by auxin
(ADR12) were dramatically down-regulated by elevated tentpeza possibly
reflecting the altered course of seed development und@roementalstress. Both
groups (Sinnialet al., 1998; Lahutat al., 2000), however, concurred that RFOs may
be implicated in the acquisition of desiccation tolerance @otdntial longevity in
Brassica. In the present study, it is possible thatiSpgenes may have been down
regulated or up regulated by drought stress thus dajtetfie course of seed
development hence the higher accumulation of stachgoseraffinose that was
observed. The effect of the increased RFO contentlorild up to desiccation stress
tolerance as suggested by Lahetaal., (2000) may have occurred but is at most
speculative. Sinnialet al., (1998) and Elliset al., (2000) in Brassica reported a
positive correlation between RFO accumulation and potdotigevity which is can
be taken as evidence that desiccation tolerance ardt \dgeur are correlated.
However, similar evidence to support this suggestion wdgutfto find in the
present study because no significant differences wésereed in seed quality
(percent germination and vigour) between seeds harvéstedwell watered (also

high quality) and from stressed plants. A build up in adion stress tolerance may
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have occurred in seeds from stressed plants; howtbigris probably a mechanism to
enable the plant cells to survive the combined efféetaier loss during maturation
and drought stress. Apparently the effect that this buildnugiesiccation tolerance
may have on the germination and vigour of seeds noagtht tolerant species such as

cowpea is at most minimal.

It can be argued that the reason why seeds from glzaitsvere subjected to drought
stress, which accumulated more soluble sugars but aliddiffer with respect to
germination and vigour from seeds harvested from nasstd plants, is because the
latter had attained a minimum level of desiccation toleraecgiired for optimal
vigour. Vertucci and Farrant (1995) noted that theemss of true desiccation
tolerance is possibly the ability to maintain sufficient cinial integrity to repair
damage when water is available once again. Thus, emwspeds that were grown
under well-watered conditions were able to developiagefft structural integrity,
which provided a minimal level of desiccation toleranceqade&e for optimal
germination and vigour. However, in seeds that wergestddl to water stress, the
accumulation of RFOs may have enhanced the structatagrity, albeit with
minimal effects on percent germination and seed vigour.i&tuoh the effect of
premature harvest on seed vigour and viability suggestthieapoint of maximum
desiccation tolerance is achieved only after complettunaigon and rapid drying
(Vertucci and Farrant, 1995). It has also been shownfdhamany seeds, the timing
of maximum dry matter accumulation and the acquisitionesiatation tolerance of
the embryonic axis are within days (Berry and Bewley,119fh addition, several
orthodox seeds acquire maximum vigour and longevityrinstiorage a time after
maximum dry matter accumulation. For example, Hilhorstl dorop (1997)
reported that maximum seed quality expressed as pdtéorigevity was attained
after the end of seed filling in bean, wheat and badayilarly seed quality (percent
germination and vigour) in tomato seeds increased whehefuripening on the
mother plant was allowed. In the present study perhagantbe argued that in
cowpea which is drought tolerant, maximum vigour doesnecessarily imply the
acquisition of maximum desiccation tolerance; rather them@ msinimum level of

desiccation tolerance that is required for the developmwieoptimal seed vigour.
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Sucrose content in seeds harvested from plants subjectedninal stress from the
Umbumbulu site was markedly higher than from the well-veateand intermittent
stress treatments. Similarly terminal stress induced a hgyim¢hesis of myoinositol
as was evident by the cowpea seeds harvested freessetl plants from the
Umbumbulu site. It has been suggested that the contientraf sucrose and
myoinositol, which act as initial substrates in RFO synthasisfeed back loops can
affect the final content of RFOs deposited in mature s€Bdterbauer and Richter,
2001). In the present study the higher concentratiossi@bse and myoinositol were
positively correlated with the higher accumulation of rafée and stachyose in seeds
from the stressed plants. Similarly, it may well be pdediiat in field bean (Lahuta
et al., 2000) and cucumber (Widders and Kwantes, 199§hifsgtant changes
observed in relative ratios of raffinose, stachyose amdageose induced by water
stress could probably be linked to the accumulation of mymaoklowever, as has
already been discussed earlier a higher accumulationnitél substrates and
subsequently increased RFO accumulation may not nedgdsare an effect on the
acquisition of desiccation tolerance and seed qualityrthErmore the initial
substrates may be channelled to other biochemical pashdeyyending on species
and environmental variables. For example, the decréastotal non-structural
carbohydrates in response to elevated temperatures inasogbserved by Thomas
al., (2003) is inconsistent with other reports which showetigblble carbohydrates
increased or showed no differences in concentrationajt be possible that the initial
substrates were channelled to other biochemical pgthwaad this resulted in to a
depletion of the total non-structural carbohydrates weliping soybean seeds. The
channelling of initial substrates to other biochemical pathwaag also explain the
observations by Pattanagul and Madore (1999) workingoteus who reported that
drought stress depressed RFO levels and galactinol syrab#siy in leaf tissue.
Galactinol synthase is the enzyme responsible for the datlytic step in RFO
biosynthesis. IxXerophyta viscose, transcript levels for a gene encoding for galactinol
synthase activity increased when leaf tissues were edpmswater deficit (Peteat
al., 2007); however, galactinol synthase actiwitylanta could not be correlated with
RFO accumulation. Apparently myoinositol was channelled t@rotiiochemical
processes as was noted by the authors who obsemegdative correlation between
RFO accumulation and myoinositol depletion, during watficit stress which was

reversed after rehydration. This implied that during wateficit myoinositol is
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channelled into RFO synthesis, but during the rehydratroness it is channelled to
metabolic pathways related to the repair of desiccatidnced damage (Petet al.,
2007).

The observation that cowpea seeds on the maternal plaattsvere subjected to
intermittent stress (imposed during the vegetative stady@ afso showed higher
accumulation of stachyose and raffinose during seedratetn implies that stress
during the vegetative growth stage may influence metabolicepses during the
reproductive growth and development stages. Thusgttatress during vegetative
growth may have elicited responses that influencedRR® biosynthesis at later
stages during reproductive development. Most probably #xpression or

suppression of specific genes and their effect onrédgulation of biochemical

processes are implicated. For example, a certain digdar genes are known to be
responsive to both developmental and environmental cuesnaed stress conditions;
these genes can be activated in tissues or organs wiggrevould normally not be
expressed under the control of their normal developmh@nogrammes (Bray, 1993;
Kermode, 1995). Contrastingly, other genes may alsddven-regulated by stress
conditions. For example, transcripts of R-glucosidaggene expressetlring normal

soybean seed development, were detected in geetn at lower temperatures
conducive to soybean seed development; however theseripas were not detected
at elevated temperatures suggesting that normal progitietding seed composition
were perturbed by elevated temperature (Thoetas., 2003). On the other hand,
RFOs have also been shown to accumulate in leaf sgfegtanagul and Madore,
1999; Peteet al., 2007). It is possible that drought stress during thetaége growth

stage altered metabolic processes and caused an adéne®&-0O synthesis in the
leaves; this may have later been translocated to the dewglepeds together with

sucrose

A two sample (unpaired) t-test was used to investigateahghelifferences between
the environmental conditions in the initial production siteldde associated with the
pattern of RFO accumulation during subsequent growtth @development under
conditions of water stress. Studies on maternal effestshe seed quality and
performance of subsequent generation often requirdpieutienerations to separate

environmental and genetic effects (Highkin and Lan@61WWulf, 1995). However,
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this was not possible in the present study, since ordygemeration was planted and
harvested. The unpaired t-test was used as a novelolvagying to determine
statistically whether conditions during growth and developroétite maternal plant
can influence the performance of the subsequent gemer&enetic variability was
minimised by using one cultivar. However, the resulttaioled showed generally
seeds from the two sites did not differ with respectstduble carbohydrate
accumulation during development under water stressittmmsland do not seemingly
support the observations made by other workers (HigakthLang, 1966; Salisbury
and Ross, 1991; Wulf, 1995). Clearly there could bé&dions in the use of a t-test to
compare the different sites. Perhaps the major limitateom lwe attributed to the
observation that vigour in itself is complex response to enmiental variables;
different vigour tests measure responses which arendietdt by different underlying
physiological mechanisms which can be influenced by ioterass between
physiological, morphological and environmental factorsiduplant growth, seed
development and maturation. Hence attempts to relatermaht environmental
conditions and biochemical processes such as foodveesecumulation must take
into cognisance all these factors and the inherent variathitein. However, the use
of the unpaired t-test was able to describe the variabilityd®n and within the sites
for individual sugar compounds and may be useful inissuthat attempt to relate

maternal environmental conditions and seed vigour.

In conclusion, stachyose is evidently the predominant reemwibthe raffinose family

of oligosaccharides in cowpea. The rate of RFO accurmnland final concentration
increased in response to water stress. The relatiotstipeen RFO concentration
and the acquisition of desiccation remains as a matteperulation in the present
study and is still generally inconclusive; however there wagwidence to suggest
the acquisition of maximum desiccation tolerance is dateat with maximum seed
vigour. Perhaps it can be argued that in cowpea whidioisght tolerant, maximum
vigour does not necessarily imply the acquisition of marmesiccation tolerance;
rather there is a minimum level of desiccation tolerance thaedsired for the

development of optimal seed vigour.
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6 DETERMINATION OF DEHYDRIN-LIKE PROTEINS AND RESPONS E
TO EXOGENOUS ABA IN SEEDS OF WATER-STRESSED COWPEA
PLANTS

6.1 Introduction

The late embryogenesis abundant (LEA) proteins wese discovered in the cotton
plant Gossypium hirsutum) (Galau et al., 1986; Dure, 1993) and as the name
suggests, are expressed at high levels during the dtges of seed development
(Galauat al., 1986; Blackmaret al., 1995; Oliver and Bewley, 1997). They are highly
hydrophilic proteins with characteristic sequence maotifs,iciwhare largely
unstructured in the hydrated state (Tunnacliffe and W2687). Based on amino
acid/mRNA sequences and expression patterns, LEA protaresinitially classified
into at least five groups (Cuming, 1999; Wise, 2003). H@neusing a newly
developed bioinformatics tool known as peptide profile (POBRRalysis, these
proteins are now classified in 3 groups only: Groupdtgins are characterised by a
hydrophilic 20 amino- acid motif (Cuming, 1999); Group dat least two of three
distinct sequence motifs named Y, S and K (Close, 19897d; Group 3 contain
multiple copies of an 11-amino-acid motif (Cuming, 1p98roups 4 and 5 have been
eliminated when LEAs were classified using the POP#&yais and redistributed to
groups 2 and 3 (Tunnacliffe and Wise, 2007). LEA pratdiave been described in a
range of different plants and plant tissues (Gadéhual., 1991; Dure, 1993).
Homologues of group 1 and 3 have also been foundaoteha and in certain
invertebrate (Briamt al., 2004). However, it is speculated that group 2 aedylito be
specific to plants (Tunnacliffe and Wise, 2007).

Group 2 LEA proteins which are widely known as dehysidehydration-induced
proteins) (Bray, 1993; Close, 1997) can be split into assts using POPP analysis;
2a and 2b, corresponding to the super-families &fid 3 respectively (Tunnacliffe
and Wise, 2007). Members of group 2a are exprelgedin embryogenesis while
those of group 2b are associated with cold tolerdiddise and Tunnacliffe, 2004).
These proteins (most likely group 2a LEA) and sucrosktha raffinose family of
oligosaccharides are thought to participate in the acquisitialesiccation tolerance
during the later stages of embryo development whensseedergo extreme water
loss (Crowe and Crowe, 1992; Dure, 1993; Leopetidal., 1994; Close, 1997;
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Kermode, 1997; Crowet al., 1998). The proteins might act as hydration buffers,
slowing down the rate of water loss during dehydration (@gml999). This may
allow sufficient water activity for proteins to retain théinctions (Tunnacliffe and
Wise, 2007).

LEA proteins, including group 2 have been implicated molecular shield function
by protecting sensitive enzymes such as LDH (KazuoklaGeda, 1994) and protein
stabilisation by preventing aggregation of dehydration seagiroteins (Goyaét al.,
2005). However, this is not a unique property to LBMteins because other
hydrophilic proteins which cannot be assigned to LEAginogroups have also been

reported to possess similar activity (Regeal., 2005).

A role for group 2 LEA proteins has also been suggesteelation to ion binding and
antioxidant function (Tunnacliffe and Wise, 2007). Beseaof their many charged
amino acid residues, LEA proteins might act to reducdatixie stress in dehydrating
cells both by scavenging ROS and indirectly by sequesteretgl ions that generate
Reactive Oxygen Species (ROS) (Dure, 1993; Dangukl., 1998). Dehydrins
(group 2 LEA) from maize embryos (Egerton-Warburenal., 1997) and wheat
(Danyluk et al., 1998) were found to be associated with cytoplasmic eadtdirane
and plasma membrane, respectively, suggesting that they begimvolved in the

protection of these membranes against desiccation.

LEA proteins have also been implicated in membrane &dswg folding and
stabilisation. The acidic group 2 LEA protein accumulaeshe plasma membrane
during cold acclimation, particularly in tissues more seresitio freeze damage
(Danyluk et al., 1998). Membrane structures are also particularly eqidate to
damage induced by water deficit stress (Crowe and €r@@92; Oliver and Bewley,
1997). Membrane modifications and changes in theatf protein synthesis and/or
expression can also occur as a result of drought dtBzag, 1993; Bohnertt al.,
1995).

Membrane integrity is also an important component ofl segour (ISTA, 1995) and
loss of membrane integrity is known to be a fundamentadecad loss of vigour

(Bewley and Black, 1994). Free radicals, which increhseng desiccation, can cause
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extensive peroxidation and de-esterification of membtigigs, thus decreasing the
fluidity of the membranes (Senaratna and Mackersi83;1Jetterooet al., 1996).

Peroxidation can lead to loss of cell membrane integrity afmsequent extensive
leakage of cytoplasmic components upon imbibition ardente the development of

seed quality.

However, the role of LEA proteins on the improvemehftseed quality during
development has been contentious (Blackmtaal., 1991; Wechsbergt al., 1994).
The observation that strains of transgenic tobabltcofiana tabacum) constitutively
expressing a group 2 protein (citrus dehydrin) showeddwga germination and
growth than controls at low temperature ‘@5 (Haraet al., 2003) is suggestive of a
relationship between group 2 LEA protein and the deveton of seed quality. Ellis
et al., (2000) examined changes in soluble carbohydrates eatdskable proteins in
relation to desiccation tolerance and developed a mobehwsuggested that these
sugars and proteins are equally likely to be requiredded quality development. In
soybean, the level of LEproteins was closely correlated with desiccation tolexanc
the authors concluded that although LEA proteimsy contribute to desiccation
tolerance of soybean seeds, they may not be sufficeeninduce tolerance by
themselves (Blackmaat al., 1991). However, group 2 LEA dehydrins have also
been detected in seeds that remain desiccation-sensisiieding (Kermode, 1997).
Blacket al., (1999) observed that detachment of wheat grains indihecdppearance
of dehydrins at an earlier stage of development, ewasmibryos that had not been
made desiccation- tolerant by incipient drying. These asithaggested that possibly
there is a maternal suppression of dehydrin accumuldtioembryos which is
relieved by detachment from the mother plant (Bletci., 1999) and concluded that
dehydrin accumulation is not regulated by factors tpécifically control the

induction of desiccation tolerance.

It has been suggested that there are at least two LBAiprgene sets; one with a
seed-specific expression, and another which is solelgesged in vegetative tissues
(Boudetet al., 2006). lllinget al., (2005) tested the hypotheses that desiccation-
tolerance in vegetative tissues of angiosperms couttlbego 1) appropriation of the
seed-specific program of gene expression that protedtsodox seeds against

desiccation, and/or 2) a sustainable version of thetiabstress response. These
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authors compared molecular and physiological data froen dbvelopment of
orthodox seeds, the response of desiccation-sensitivespio abiotic stress, and the
response of desiccation-tolerant plants to extreme rwiaes. The result was
identification of LEA protein gene sets that could be pgeslinto those with seed-
specific expression and those expressed in vegetativeegiss-urthermore, the
observation that two proteins (LEA6 and 1-cys-peroxix@dowere not expressed in
vegetative tissues iArabidopsis thaliana but had orthologues that were specifically
activated in desiccating leaves of the resurrection pardphyta humilis was found
to be consistent with the hypothesis that resurrection plaotgired systemic
desiccation tolerance by reprogramming seed-specifie gets (lllinget al., 2005).
However, this presumed that LEA proteins normally exg@dsin seeds are more
potent than those expressed in vegetative tissue (Clifmand Wise, 2007). Boudet
et al. (2006) investigated whether proteinshedicago truncatula can be identified
that are specifically linked to desiccation tolerance. Thasg#ors found several
isoforms of dehydrins that were linked to drought-toleearather than desiccation-
tolerance and proposed that LEA proteins can be diviidedtwo groups. The first
group containing LEAs that seem to be seed specificaa@ induced only in tissues
that are desiccation tolerant, whereas the second gronfains proteins including
dehydrin that are expressed in vegetative tissues @@etd., 2006).

The presence of dehydrin in recalcitrant seeds from teatgelimates (Kermode,
1997), the absence of correlation between their amoants seed longevity
(Wechsbergt al., 1994), together with the observation that dehydrins preteryme
activities only at water potentials above -3 MPa (Regtea., 2005) has led to the
suggestion that dehydrins might play a protective role atthydhnation levels (> 0.8 g
g') (Boudetet al., 2006). However, LEA proteins that may be specificallikdih to
desiccation tolerance might play a role at lower moidewels corresponding to 0.3 g
g* (Boudetet al., 2006). At higher moisture levels, desiccation tolefified LEA
proteins may act as compatible solutes that preferentiatly@x reactive substances
from the surface of macromolecules (Liu and Zhend)52(Reyeset al., 2005).
Similarly at water contents less than 0.3'g they might exert their protective effects
by replacing water molecules by hydrogen bonding andaloning a glass which
stabilizes the system in the dry state (Hoeletteh, 2001).
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Examination of proteins iiMedicago truncatula revealed that several LEA proteins
including Group 1 LEA proteins as being seed specifau(itet al., 2006). Group 1
LEA proteins have been proposed to funciioplanta to protect against desiccation
stress, by possibly functioning as water binding and /dacement molecules (Gilles
et al., 2007). Gilles (2007) confirmed the existence #lhklike structure that could
be significant with respect to the proposed role of @rollEA proteins as water
replacement molecules during the acquisition of desiatat@erance in seed
embryos. Analysis of Circular Dichroism (CD) speaifa recombinant Group | LEA
revealed the presence of an isodichroic point indicatirtga@sition between two
structural states (Soulages al., 2002): an extended helical or poly (Pro) Il (PII)
structure in the recombinant Group | LEA and little, khePll-like structures have
been repeatedly implicated in protein-protein and proteptige interactions
(Anderson and Gorski, 2005). The presence of thiststral element in Group | LEA
and the abundance of these proteins in seed embugmest that these proteins may

be important in the amelioration of desiccation relatezkstrs (Gillest al., 2007)

Most of the studies on LEA proteins are danevitro using mutant plants such as
Arabidopsis and transgenic plants of species such as tobacco éHalra 2003) and
rice (Rohilaet al., 2002). Tunnacliffe and Wise (2007) observe thatitiro data may
not accurately refledn vivo function. Therefore, mor vivo studies are imperative.
In their recent review covering over 20 years of workelon LEA proteins, these
authors noted that the role of LEA proteins should not desidered in isolation,
because cells dealing with water loss launch a whadlessef defence or repair
mechanisms besides LEA proteins. In addition LEA pretedme not the only
hydrophilic proteins involved in the response to dehyaolnat~urthermore interaction
between LEA and other hydrophilic proteins and sugars other compatible solutes
associated with water stress tolerance in many organisth®ther components of

desiccation tolerance are not well understood.

Such interaction may involve the role of the plant growefutator abscisic acid
(ABA). Group 2 LEA proteins (dehydrins) have receiytticular attention because
they share extensive amino acid sequence with protgimthesized in response to
ABA and drought/water stress (Bradford and Chandl@g21 Farrantet al., 1992;

Finch-Savage and Blake, 1994). For example, Blackehah (1995) observed that
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when abscisic acid was used to activate LEA gene ssiore prematurely in
immature soybean seeds, a corresponding improvemectllinntegrity was noted
after desiccation stress. An improvement in cell integnigy possibly imply an
effect on seed vigour. However, in developing wheat goshrembryonic ABA
prevented the germination of the embryo, blocked theessn of germination-

specific enzymes and promoted embryo development @&kmmons, 1987).

Abscisic acid has also been applied in many studiesdimt understanding
physiological response mechanisms in plants. Althougkelstein (2002) questioned
the biological relevance of exogenous ABA application tte inhibition of
germination, its application can still be a convenient quaivetaassay for ABA
sensitivity that can be used to study response mechaniddds.has been applied
exogenously to mature mustard seefisiapis alba L.) to determine whether the
primary action of ABA in inhibiting seed germination is throbuge control of water
uptake of the embryo tissues or rather the control oADRNA or protein synthesis
(Schopferet al., 1979). Exogenous application of ABA induces desiocatolerance
to developing embryos (Barte#s al., 1988; Anandarajah and Mackersie, 1990) and
prolongs the desiccation tolerant phase in mature embfBlackman, 1991).
However, the mechanism by which exogenous ABA maylopp desiccation

tolerance is not clear (Walker-Simmons, 1987)

In summing up, different groups of the late embryogenaisdant proteins have
been proposed to contribute in various ways to protectiom fdesiccation during
embryo maturation. These proteins are also degradedgdgermination, implying
that they have a role in seed development and germinatlomever, in seeds, direct
in vivo evidence for the role of LEA proteins in tolerance to detepwater loss is not
well understood. It is possible that LEA expression rbayinfluenced by complex
interactions involving seed developmental processes, piowvth regulators,
environmental factors and other compatible solutes sghsoluble sugars. The
expression of LEA proteins, including dehydrins, in vetjegatissues in response to
drought and temperate conditions differs with crop speeaied has led to the
speculation that there are LEA proteins that are spelifidcinked to desiccation
stress rather than drought stress. Thus it can be regipgd that these proteins might

play protective roles at different hydration levels, andt tthose that may be
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specifically linked to desiccation tolerance may have aeptive function at lower
hydration levels (~ 0.3g™9. The objectives of this study was 1) to investigate the
effect of water stress on the accumulation of stress I[pE#eins in developing
cowpea seeds and 2) to study the effect of exogenmulation of ABA on LEA

protein expression and the RFO metabolism in germinatiwwpea seeds.

6.2 Materials and methods
6.2.1 Seed materials
6.2.1.1 Seeds at different stages of development

Seeds of cowpea (cultivar Nzovu) were initially donatedhe Environmental Action
Team (EAT), Kitale, Kenya. Cultivar M66 was originally pbased from the Basic
Seed Unit of the Kenya Agricultural Research Institi¢&RI), Machakos, Kenya
and Kenkunde was originally purchased from the KeBgad Company, Kitale,
Kenya. The seeds were initially planted at two differengéssiin South Africa
(Ukulinga and Umbumbulu) under different production dbods in an earlier
experiment to produce fresh seed with known quality cteratics (Chapter 2).
Mature seeds harvested from these two sites were plantegot experiment under

simulated drought conditions (Chapter 3).

Plants were grown under simulated drought conditionstimael at the University of
KwaZulu-Natal, Pietermaritzburg, South Africa. The tunnas enclosed in clear
polythene sheeting. Temperature, solar radiation (PAf)ralative humidity (RH)
were monitored electronically using HOBO 2K Loggers (®ngomputer
Corporation, Bourne, USA). Soil from the Ukulinga protion site, whose physical

characteristics had been determined, was used for theqpatirment. The soil -loam

with a bulk density of 1562 kg r3n The average field capacity (FC) was 27% by
volume and the soil contained 19% water content (% vod) miatric potential of -
1500KPa corresponding to the permanent wilting point (P¥gPdetermined from

soil water retentivity curves developed using a cergrassure plate (see Chapter 3).
Drought conditions were simulated based on two contrastimigture environments

typical of semi-arid tropics where cowpea is grownd avere defined as follows:

Intermittent stress, characteristic of the wet season imtresoonal semiarid tropics
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, When stress can occur at any time and with varying sittes between emergence
and maturity; Terminal stress, where crops are growingeonly on stored moisture
and where crops grow and mature progressively on webkoil moisture profile
(Ludlow and Muchow, 1990). Pots containing 20 kg air sty with a soil moisture
content of ~ 3 % were then placed individually on a wieigibalance and a precise
guantity of water was added until the required mass atgnv to 17.47 % the
gravimetric water content at FC (no stress), corredipgrnto a matric potential of -33
kPa was attained. Drought conditions were imposed by glasdividual pots on a
weighing balance and adding a precise quantity of nvaméil the required mass
equivalent to 12.26 % gravimetric water content at peemawilting point (PWP),
corresponding to a matric potential of -1500 kPa wasnata Plant available water
capacity (PAWC) from the -33 and -1500 kPa water custevas determined
gravimetrically (mass) by calculating the difference betwe % gravimetric water
content at -33 matric potential and -1500 kPa. An aduitiquantity equivalent to 30
% PAWC was calculated and added to each pot to dttainequired soil mass at 30
% FC. The pots were individually emptied in to a concretieer and mixed
thoroughly so as to achieve a uniform distribution of swoil water inside the pot and
the weights were recorded and written on the pots.rnhitient stress was imposed at
30 % FC during the vegetative stage of growth only, waseiterminal stress was

imposed at 30 % FC throughout development from emeegenmaturity.

Five seeds were planted in each pot by placing fourdegantly and one at the

centre. The seeds were planted at a depth of 10 meompound fertilizer 2:3:2 (22)

was applied during planting at the rate of 600 k'é. t#oil water content in the pots
was monitored gravimetrically by weighing individual pots pddatly, and

continuously using ThetaProbe soil water sensors (Lgiketnal., 1999).

Pods were tagged at R4 stage of plant development {&ad6©2), and harvested
during three developmental stages fortnightly until harvesturity. The stages of
reproductive growth at which seeds were harvested pomeed to R4, R6 and R8
(Chapter 5). Seeds were removed from pods to deteminynmass and water content

(% fresh mass). Dry mass was determined by lyophilisugjically excised tissues
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(cotyledons, axes and seed coats) for 24 h afterifig@z liquid N. Dry tissues were

stored at -2{C until determination proteins using gel electrophoresis.

6.2.1.2 Mature seeds treated with ABA

Samples, each containing twelve seeds harvested finemcultivar Nzovu were
prepared and placed in separate 10 ml beakers. AlXlogk solution of 0.01M
ABA was made in methanol and used to make 10, 1601800 uM concentrations.
Each concentration was made up to a volume of 25 mle&an concentration, seed
samples were imbibed in 5 ml ABA solution for 4h. The wentrol seeds were
imbibed in deionised water for 4h and the dry controtiseeere not subjected to any
treatment. In another experiment, acetone was usegpty ABA to the dry cowpea
seeds. Acetone has been used to introduce chemicalg lettdice [actuca sativa)
and cucumberGQucumis sativus) seeds (Tao and Khan, 1974). Seeds were imbibed in
10, 100 and 1000 uM concentrations of ABA using acetas a solvent. Both the
ABA in water and the acetone treated seeds were themrgged using moistened
paper towels according to ISTA (1999). Germination weasorded at regular
intervals: 8. 16, 24, 48 and 72h. Seeds were comrglder have germinated after
radicle protrusion. Samples were prepared for gel elgletresis by lyophilizing

surgically excised tissues (cotyledons, axes and sedsl) don24 h after freezing in

liquid N. Dry tissues were then stored at @ntil determination of proteins using

gel electrophoresis.

6.2.1.3 Protein analyses (Western blots)

Proteins were extracted on duplicate samples of 25@ssige using a buffer of TRIS
(0.1m), EDTA (0.1M), NaCl (20 mM) and PMSF (1nM) eftgrinding in liquid
nitrogen. Two ml extraction buffer was added to the grosemahple, and shaken at
4°C for 15 min. Samples were then centrifuged at 10¢0@f 15 min at 4C and the
supernatants transferred to new Eppendorf tubes and Weger ice. Protein
concentration of the extracts was determined using thef@dhdissay (1976)
Reagent Kit with bovine serum albumin as a standard dicepto the manufacturer’s
instructions. A volume containing 10ug protein was messur to fresh Eppendorf
tubes and an equal volume of SDS-PAGE sample applichtiffer (TRIS 250mM,
10% SDS, 40% glycerol, 0.004 bromophenol blue and ¥02@-mercaptoethanol)
added. The sample was made up to 20 pl by adding thecean buffer and heated
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on an Omeg HB/01 Digital Control Heating Block manufaetiby Omeg Company,

Cape Town, South Africa at 180 for 3 minutes before loading.

Proteins (10ug total protein) were separated using a2a 3DS-PAGE (Laemmli,
1970) at 80V for 3 h. The gels were stained overnigtit Coomassie Blue (0.25 g
Coomassie blue, 10 ml acetic acid, 50 ml ethanol @anbwater) and then de-
stained with Destaining solution (50ml acetic acid, 25 nmthar@ol and 425 ml water)

until the gel background became clear.

Proteins were electro-transferred (3 h at 400 mA) tdraaellulose membrane using
a Trans-blot semi dry system (BioRad). Membranes wreel fwith 10% skim milk
and incubated overnight in a cold room & 4n a shaker. After washing three times
for 10min each, twice with TBS- Twin /Triton buffer andcenwith TBS buffer at
room temperature on a shaker, the membranes werdaitech for 1h with anti-
dehydrin antibody solution in blocking buffer (skim milik) concentration of 1:500.
The anti-dehydrin antibody was kindly donated by &sebr Timothy Close from the
University of California. The removal of the blockingftew after the incubation
period was done by washing the membrane using TBS/Tviion and TBS buffers
as described above. The secondary antibody used2wg$ anti-rabbit 19G
peroxidase conjugate which was dissolved in 20 ml skitk ¢blocking buffer at a
concentration of 1:500). The solution was mixed well andbated for 90minutes at
room temperature on a shaker, then washed 4 time® fimiriutes each time in TBS-
Twin/Triton buffer. Membranes were then incubated f6r3Dmin in 2ml stable
perodixase solution (a chemiluminescent substrate wémttances detection) on a
shaker. The membrane was then placed on a photogrilphiand sealed in a hyper
cassette and the film developed in a dark room.e @rocedure was repeated and the
membranes incubated using an anti-group 1 LEA asrh&apy antibody. The anti-
group 1 LEA antibody had been kindly donated by Dr Willi&nMarcotte from

Clemson University.

6.3 Results

In the electrophoresis analysis of the total proteins, therpabf expression of two
bands of M~25 and ~50 was clearly discernible (Figure 6.1). THemeds were

absent at 2 weeks of development in the control tre#tthane 1) and terminal stress
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(Lane 7) and appeared at 4 and 6 weeks (Lanes 2 &rdcontrol and lanes 8 and 9
for the terminal stress). In the intermittent stress treatee faint band of M~

50kDa and ~25 kDa were observed at 2 weeks and sentaa intensity at 4 and 6

weeks.
M 1 2 3 4 5 6 7 3 9
. - _-\-.__,_-/' ———
— _ - ~50 kDa
-
-
. . -4 ~25kDa
- ;
——

Figure 6-1 Protein gel electrophoresis showing differerioegprotein bands for
cowpea seeds during development under water stressderidtes the molecular
marker, Lane 1, 2 and 3 (no stress), Lane 4, 5 gmdégmittent stress), Lane 7, 8 and

9 (terminal stress). For each treatment samples werlgsanl at 2, 4 and 6 weeks
after podding (WAP)

The results of the Western Blot analysis identified the2& jrotein to be a dehydrin
(Figures 6.2). Under well-watered conditions, no deimydrotein was expressed at 2
weeks; however clear bands were observed at 4 arekBswof development. For the
intermittent stress treatment dehydrin protein was expraeasell earlier at 2 weeks
although the level was low. This showed an increaseoimcentration at 4 and 6
weeks. Similarly, there was no dehydrin expressionve¢éks of development for the
terminal stress treatment. Terminal stress caused amasexl accumulation and
expression of the group 2 LEA proteins (dehydrins) parad with intermittent stress

and well-watered conditions.
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Figure 6-2 Western blot results showing group 2 LEA prstéiehydrin) bands at ~
25kDa, Lane 1, 2 and 3 (no stress), Lane 4, 5 afidt@&mittent stress), Lane 7, 8
and 9 (terminal stress) (top). For each treatment lkemmpere analysed at 2, 4 and 6
weeks after podding (WAP). Protein in Lane 4 which wge2ks after podding for the
intermittent stress is expressed. No bands were seewe¢ks after podding for the
no stress (Lane 1) and the terminal stress treatmene (Za\ similar pattern of

expression was observed (bottom) after the experimastrepeated.

Western Blot analysis was able to identify the 50 kDa pradi@ be group 1 LEA

protein (Figure 6.3). However, the blots were not cleadparated although it was
clearly evident that terminal stress caused an increafige expression of group 1
LEA. The concentration of the group 1 LEA antibody u&esD0 which was probably

too high and therefore resulted in the poor separation.
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No stress Intermitent stress Terminal stress

Figure 6-3 Western blot results showing group 1 LEAdsaat ~ 50 kDa for well-

watered controls, intermittent stress and terminal stress.
The experiment was repeated using the same antibodgrémp 1 LEA at a

concentration of 1:1000 (Figure 6.4). However in thissdaseemed as if there was

incomplete oligomerization.
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Figure 6-4 Western blot results for group 1 LEA showimgre bands than expected
possibly due to incomplete reduction of oligomers. Thedah 2 and 3 (no stress),
Lanes 4, 5 and 6 (intermittent stress), Lanes 7, 8 aftdr@inal stress). For each

treatment samples were analysed at 2, 4 and 6 wéekpadding (WAP).

The effect of different concentrations of exogenousiyliad ABA on germination of
mature cowpea seeds was investigated. Seeds that webedin water (4h) as a wet
control germinated rapidly compared with the dry congeeds. However both
controls germinated faster and did not differ significanttpm the 10 pM
concentration treatment after 24 h. The 100 uM concentsatd exogenous ABA
significantly (P < 0.001) delayed germination compaveth the controls (Figure
6.5). Both 1000 and 100 pM ABA concentrations resulte significantly lower
germination capacity after 72 h. However, the inhibitidngermination after the
application of 1000 uM ABA was delayed for 24 h, avas considerably lower after
72h (Figure 6.5).
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LSD =15
SED =7.44
P <0.001

Germination capacity (%)
(o)
o

0 8 16 24 32 40 48 56 64 72
Time (hours)

——Dry Seed —= \Water —— Water + 10uM ABA
=>Water + 100uM ABA - Water+1000 uMABA

Figure 6-5 Effect of exogenous application of ABA be germination of cowpea
seeds

The pattern of dehydrin expression and/or accumulationr afte exogenous
application of 10, 100 and 1000uM ABA concentratio@s investigated (Figure 6.6
and 6.7). Dehydrin was present in the control treatnzamt all the three ABA

concentrations after 8h germination. Differences becardemrt after 24h and 72h
between the dry control and the ABA concentrations. The cdntrol treatment

showed a progressive decrease in dehydrin content weitbaise in germination time,
but was still present after 72h. This differed frora thet control in which dehydrin
breakdown occurred more rapidly and had disappezoetpletely after 72h (Figure
6.7). There was no dehydrin present after 72h in heMLABA treatment. Both

100uM and 1000 uM ABA clearly suppressed dehydrgraigation.

186



Dry control

Dry control
1 2 3 4 5 6 7 8 9 10 11 12

Figure 6-6 Protein gel electrophoresis and western ldotcbwpea seeds after
exogenous application of ABA. Lane 1, 2 and 3, dry seeere germinated for 8, 24
and 72h. Lane 4, 5 and 6, germination for 8, 24 &2id after 10uM ABA treatment
.Lanes 7, 8, and 9, germination for 8, 24 and 72rH)0 uM ABA treatment. Lane
10, 11 and 12 germination for 8, 24 and 72h after}0W0ABA treatment.
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Wet control
M 1 2 3 4 5 6 7 8 8 10 11 12

Wet control

Figure 6-7 Protein gel electrophoresis and western biotsdwpea seeds after the
exogenous application of ABA. Lane 1, 2 and 3, seed® weaked for 4h then

germinated for 8, 24 and 72h. Lane 4, 5 and 6, gextiom for 8, 24 and 72h after
10uM ABA treatment .Lanes 7, 8, and 9, germination8fo24 and 72h after100 uM
ABA treatment. Lane 10, 11 and 12 germination for 8,ahd 72h after1000 uM

ABA treatment.
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Mean squares for soluble carbohydrates in germinatovgpea seeds treated with
1000, 100 and 10puM concentrations of exogenous ARfeveompared (Table 6.1).
The results of the analysis showed that exogenous Apglication on soluble
carbohydrate content in germinating cowpea seeds waly lsighificant. The control
treatments differed significant with the ABA treatments widspect to sucrose,
raffinose and myoinositol content. Highly significant ditfnces were also observed
between the ABA concentrations. In addition a highgni§icant interaction was
observed between germination stage and ABA treatmentse(Bab)l Sucrose content
in all the treatments including controls ranged between &8d676.7ug g dry mass
The increase in sucrose content was rapid in the wedgncbntrols compared to the
ABA treatments after 16h germination. Sucrose contentanwtét and dry controls
were 260.1 and 385 7ug g dry miassespectively after 16h germination and were
significantly (P < 0.001) higher than in the 1000, 100 46 uM ABA concentrations
which were 92.2, 137.1 and 129 7ug g dry mMasspectively. Sucrose metabolism
was inhibited by the application of 100 uM ABA up to 24tthwas evident from the
content (163.3ug g dry maYswhich was significantly lower than the controls (257
and 321 pg g dry massor the wet and dry controls respectively). However,0j00
ABA severely inhibited sucrose metabolism up to 72h as weamdent in the
significantly lower content (160.7ug g dry massompared to the wet and dry
control (275.8 and 286.3 ug g dry migsand the 100 and 10 pM concentrations (247
and 253 pug g dry massespectively).
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Table 6-1Mean squares for soluble carbohydrates in germmigatowpea seeds treated with 1000, 100 and 10u kkotrations of exogenous ABA

Source of variation d.f. Sucrose Stachyose Raffinos  Verbascose Myoinositol
Treatments 4 54481 *** 194191 *** 548.21*** 14649.7*** 3.7504***
Controls vs. all ABA treatments 1 147144%** 8.0 45@*+* 431.8 8.0692***
1000uM ABA vs. 100uM ABA 1 34338*** 55921 7*** 11784** 43430.4*** 0.1537
1000uM ABA vs. 10uM ABA 1 36931 *** 601484*** 14078** 37357.5%* 5.9258***
100uM ABA vs. 10uM ABA 1 47 770 10.15 228.6 4.1799*
Germination stage 5 78760*** 401862*** 321.06*** B@7.5%** 7.8653***
Treatments x Germination Stage 20 9008*** 33404***  134.8*** 2972.5%** 0.9246***

( Control vs. all ABA treatments) x .Stage 5 26353 91885*** 252.37*** 5780.5%** 1.3229%*
(1000uM vs. 100uM) x Germination Stage 5 4680 8208 143.83*** 1347.2** 0.3985
(1000uM vs. 10uM) x Germination Stage 5 3131 15682 131.8%* 1827 2% 1.0995%***
(100puM vs. 10uM) x Germination Stage 5 2506 7576** 127 .51 % 336.8 2.0025***
Residual 58 2367 2848 22.72 305.6 0.177

* denotes the level of significance:* at 0.05, 01 and *** at 0.001
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Table 6-2 Two-way interaction between 1000, 100 andM®BA treatments and

the stage of germination (hours) with respect to chaimgesluble carbohydrate

content (g g dry masin cowpea seeds during germination for 72h.

Treatment Stage Soluble carbohydrat@ig g dry mas$
(hours) Sucrose Stachyose Raffinose Verbascose inbkitol
Wet 0 66.6 605.4 20.1 183.9 0.8
control 8 52.9 473.3 23.0 98.3 0.9
16 260.1 203.7 24.3 38.7 2.2
24 257.0 187.9 15.9 24.5 1.8
48 258.8 155.6 1.6 43.5 3.0
72 275.8 16.6 1.7 6.7 35
Dry 0 73.8 594.5 20.5 73.1 0.8
control 8 101.7 672.6 23.1 110.8 0.8
16 385.8 152.9 19.5 34.6 2.3
24 3214 113.2 16.4 32.9 1.7
48 307.1 4.8 6.1 154 2.9
72 286.3 5.6 6.5 0.0 3.2
1000pM 0 74.7 524.6 23.3 91.7 0.5
ABA 8 75.3 442.5 21.7 69.8 0.8
16 92.2 474.4 26.5 111.9 1.2
24 76.5 431.9 28.1 95.2 0.8
48 97.3 420.3 37.5 106.7 14
72 160.7 311.1 27.7 96.9 1.7
100uM 0 76.7 345.6 20.3 40.1 1.1
ABA 8 79.1 263.0 17.3 45.5 0.9
16 137.1 226.9 20.6 44.2 1.2
24 163.3 189.2 18.3 25.9 1.3
48 243.4 39.8 8.9 7.0 1.8
72 247.7 44.7 10.7 0.0 0.9
10uM 0 72.2 356.7 17.3 60.0 0.6
ABA 8 125.5 348.8 21.3 59.8 1.3
16 129.3 157.2 16.5 28.3 1.1
24 204.0 93.6 10.3 15.0 2.4
48 176.6 92.0 23.8 22.6 2.3
72 253.4 5.6 0.6 0.0 3.7
SED 39.7 43.6 3.9 14.3 0.3
LSD 79.5 87.5 7.8 28.7 0.7
P <0.001 <0.001 <0.001 <0.001 <0.001

191



Stachyose content (ig g dry midsat Oh germination was highly variable and ranged
between 605.4 and 345.6 ug g dry rifass all the treatments (Table 6.2). The
oligosaccharide decreased rapidly during germination th bontrols (wet and dry)
and did not differ significantly from the 100 and 10uMA concentrations after 72h.
Stachyose metabolism in germinating cowpea seeds wasleudribited by the
application of 1000uM ABA. Stachyose content aft@h 7n the 1000uM ABA
treatment was 311 pg g dry masshich was significantly much higher compared to
the content in the wet and dry controls ( 16.6 and 5.6 jdgy mass respectively)
and in the 100 and 10 uM ABA treatments ( 44.7 and H6gudry mass

respectively).

Similar trends were observed with respect to raffimos¢éabolism in response to the
application of exogenous ABA (Table 6.2). Raffinoseteat (ug g dry mas$ in all
the treatments at Oh germination ranged between 17@@282 ug g dry mass
Raffinose content decreased sharply in both the wetdanaontrols after 48h and
was significantly different from the content after tlagplication of the ABA
treatments. However, 1000uM ABA concentration signifisamhibited raffinose
metabolism compared to the 100 and 10uM ABA conctots after 48 and 72h

germination period.

Verbascose content was variable at Oh germination amgedabetween 183.9 and
40.1 pg g dry massfor all the treatments and controls (Table 6.2). Howeve
changes in verbascose content followed a more ordesinilar trend to that of
stachyose and raffinose. There was a general declineagdgermination in both
controls and the 100 and 10uM ABA concentrations wideblined to 6.7 pug g dry
mas$ in the wet control and was completely used up aftériizhe 100 and 10pM
ABA concentrations and dry control. Similarly the 1000ABA concentration had a
highly significant (P < 0.001) effect on verbascoseaielism.

The sugar alcohol myoinositol was generally found in l@noentrations in mature
cowpea seeds at Oh germination. This ranged between @r814.112 pg g dry
mass' in all the treatments including control. Myoinositol contemtreased during
germination to 3.541, 3.213 and 3.715 ug g dry thémsthe wet and dry control and
10puM ABA concentration respectively at 72h. However,1880 and 100uM ABA
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concentrations had a highly significant (P < 0.001)edff on myoinositol
accumulation. The content after 72h in seeds treatdd 4300 and 100uM ABA
concentrations was 1.718 and 0.941 pg g dry thadsch was significantly lower
than the controls and the 10uM ABA concentration.

6.4 Discussion

This study compared the effect of water stress oraticemulation and expression of
two LEA proteins: group 1 LEA protein which has been satggkto be seed specific
(Boudetet al., 2006; Gilleset al., 2007); and group 2 LEA (dehydrins) which has
been found in both maturing plant seed and vegetativeetissud is speculated to be
specific to plants (Tunnacliffe and Wise, 2007). The apgece of group 2 LEA
proteins after 4 weeks of development under well watenmedl tarminal stress
conditions, and their increased expression and accuomlatider terminal stress is
consistent with information in the literature that these pretaccumulate during the
later stages of embryogenesis and increase in contientia response to water stress
(Galau et al., 1991; Cuming, 1999). These proteins are likely toclaessified as
members of group 2a according to POPP analysis (Tlfiesand Wise, 2007).The
observation that intermittent stress imposed during thgetaéve growth phase
induced an earlier synthesis of dehydrin protein edseat 2 weeks is comparable to
the work of Blacket al., (1999) who reported that detachment of wheat graohsced
the appearance of dehydrin at an earlier stage olaj@went. This was attributed by
the authors to the possibility of a maternal suppressiatebydrin accumulation by
embryos which may be relieved by detachment from ththenglant. However, in
the present study the results imply that there may bwternal influence on LEA
protein gene expression which may induce dehydrin acctionlduring the earlier
stages of seed development. Probably ABA may be imptigatthe earlier induction
of dehydrins. ABA has been used to activate LEA protgene expression
prematurely in soybean seeds (Blacknefal., 1995) and the plant hormone is also
known to accumulate in response to water stress (Safisimar Ross, 1991). It is not
clear why terminal stress did not induce early dehydyinthesis at 2 weeks of
development. Evidently there were differences with retspe LEA protein gene
expression and dehydrin accumulation between the two tee&dn{terminal and
intermittent stress) at 2 weeks of development. Therghtons made in the present

study support the conclusions made by Blagk al., (1999) that dehydrins
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accumulation is not regulated by factors that specificatigtrol the induction of

desiccation tolerance.

The abundance of group 1 LEA proteins in seeds wademt in the higher
accumulation and /or expression under terminal streshi®fprotein compared to
dehydrins. An initial concentration of 1:500 was u$edboth group 1 and group 2
LEA proteins; however, the blot for group 1 LEA at tlencentration of 1:500 was
very large compared to the group 2 LEA (dehydrins)s Elearly shows that group 1
LEA proteins are more abundant in seeds than groudeBydrins) and is in
agreement with the observations made by Bowtlet., (2006) and Gillest al.,
(2007). The analysis of group 1 LEA was repeatedguaitoncentration of 1:1000
and the western blots results showed more bands #tpmtted. Probably there was
an incomplete reduction of oligomers, hence the higherbeurof protein bands
observed rather than the expected size. The sdwandls that were also detected in
all the lanes suggests that group 1 LEA was present ithalthree developmental
stages and for the stress and the non-stressed treaindrggpports the statement by
Gilles (2007) who noted the abundance of these proteinseénd embryos and
suggested that group 1 LEA proteins may be important inathelioration of
desiccation related stresses.. The increased expressiooth groupl and group 2
LEA genes sets and the higher abundance of groupAlihEowpea seeds subjected
to water stress suggest that these two groups may playedif roles in desiccating

cells in maturing plant seeds.

In Chapter 3 the effect of water stress on the germimatia vigour on cowpea seeds
was investigated. It was observed that water stresdtedsin to the production of
fewer seeds but of high quality. However changes maye haccurred in the
mechanisms at the cellular level which may have modifiex émbryo and/or
accumulated food reserves to influence the developmeseed germination and
vigour under water stress. This chapter attemptelader changes in the expression
and /or accumulation of group 1 and 2 LEA proteinshatdellular level with seed

germination and vigour.

There were no significant difference in germination andwigof cowpea seeds

subjected to water stress and the controls (no stresglthodgh there is evidence of
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an increase in the accumulation of LEA proteins in respdio water stress; the
evidence does not suggest any association or correlagtwmeen germination and
vigour and an increase in the expression and/or acetiomlof LEA proteins. This is
contrary to the observations made by Hara., (2003) relating expression of a group
2 protein (citrus dehydrin) to improved germination andwgnoin tobacco; thus
suggesting a relationship between group 2 LEA proteinta@dievelopment of seed

quality.

However, the role of LEA proteins on the improvemehtseed quality during
development has been contentious (Blackmtaal., 1991; Wechsbergt al., 1994).
Part of the reasons for these contentious reports coub@drise most of the studies
on LEA proteins are doni vitro using mutant and transgenic plants (Rokilal.,
2002; Haraet al., 2003). Such studies may not reflect the complex actens
between plant response mechanisms, environmental aedigéctors. Probably in
the present study in which a drought tolerant crop speeéssused to investigate
whether there is an association between LEA protein ifumcind seed quality
development under water stress; plant response meatgid water stress allowed
the cowpea seeds to restore normal plant function amdince with normal
metabolism (Bohnerét al., 1995). Hence an increased expression of LEA proteins
may be related more to their role as hydration buffercelwhklow down the rate of
water loss during dehydration (Cuming, 1999). The pretemay have also acted as
enzyme protectants (Kazuoka and Oeda, 1994) and armtiagid Tunnacliffe and
Wise, 2007). In addition these proteins may have alsgegla role in membrane
stabilisation under water stress (Tunnacliffe and Wis@7pMltimately as the seeds
lost water as part of the normal development programmi@aglmaturation and as
result of water stress, LEA proteins may function to misérthe impact of stress
factors on the desiccating cells. LEA proteins have alem lpgoposed to act with
specific sugars in the conferment of desiccation &mleg in seeds and plant tissues
(Blackmanet al., 1991).

The delay in germination in response to the exogenouscappn of 100 and
1000uM ABA is suggestive of a delay in the loss ofiazgion tolerance. This is
similar to the observation by Blackmahal., (1991) who observed that in mature

soybean seeds the desiccation tolerant phase was gedidy the application of
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exogenous ABA. Loss of desiccation tolerance in gernmigageeds has been
associated with the disappearance of LEA proteins (Blaaolenal., 1991) and the
degradation of the RFOs (Bewley and Black, 1994). Attsnnave been made to
correlate the delay in the acquisition of desiccation totmraand LEA protein
degradation in barley embryos (Bartads al., 1988) and mature soybean seeds
(Blackmanet al., 1991). In the present study the delayed loss otdatbn tolerance,
could be associated with the inhibition of LEA protein boeakn. In addition the
exogenous application of ABA also coincided with theibitton of breakdown in
stachyose, raffinose and verbascose and suppressgdsesuand myoinositol

accumulation.

Although the biological relevance of the application of exogenABA on the
inhibition of germination has been questioned (Finkelsteal., 2002); the results of
the present study may provide some useful insights orméehanisms by which
exogenous ABA may prolong desiccation tolerance. It been suggested that the
primary action for ABA in inhibiting seed germination is theotigh the control of
water uptake of the metabolically active embryo tissadlser than the control of
DNA, RNA or protein synthesis (Schopfetral., 1979). In the present study the delay
in the disappearance of the dehydrin proteins and tmeideince between prevention
of soluble sugars breakdown is probably due to theteffat high concentrations of
exogenous ABA may have had on the reduction of wapgake in the seeds.
Imbibition or water up take occurs during the first phasegermination; and a
reduction in the rate of water up take may delay the taken for radicle protrusion.
This delay in radicle protrusion is often assumed to impljeky in the loss of

desiccation tolerance.

In conclusion, firstly anin vivo study of LEA function in cowpea was able to
accurately compare two different groups of LEA prot@mndeveloping cowpea seeds
under conditions of water stress. Second, in cowpedsshoth group 1 LEA and

group 2 LEA (dehydrin) increased in concentrationeisponse to water stress. Third,
group 1 LEA protein has been demonstrated to be relataleundant in cowpea

seeds and may have a role that is seed- specific. Fdbette may be a maternal
influence on LEA protein gene expression under conhtiof water stress which may

induce dehydrin accumulation during the earlier stageged slevelopment. Fifth,
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the delay in the loss of desiccation tolerance (radicleéysion) in cowpea seeds in
response to exogenous application of ABA may indeedsbkeciated with a delay in
the disappearance of LEA proteins; however, it is more liteelye related to a delay
in the germination process as a result of reduced wpteke.
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7 GENERAL DISCUSSION AND CONCLUSIONS

The studies presented in this thesis were based on pathlegis that environmental
and genetic factors which influence seed development atdration can determine
the seed’s viability and vigour (Tekrony, 2003). A hifmgical model was developed
to try and explain the effect of simulated drought cood# on metabolic processes
during development and how this may ultimately influencedsgermination and
vigour (Figure 7.1). The model proposed that an intemadetween drought stress
and desiccation stress can alter metabolic processes aify ithe composition and
guantities of accumulated compounds in the seed. Thespaunds (sugars and
proteins) are implicated in the stabilisation of the macromdestructure of the cell
membranes during the acquisition of desiccation tolerarneace alterations in their
guantities and composition may result into membrane motidita This may lead to
incomplete or poor acquisition of desiccation tolerancemdrane integrity is also a
fundamental component of seed vigour. Presumably; pr incomplete acquisition
of desiccation tolerance may limit the maximum acquisitiongefmination and
vigour. The hypothetical model was tested by firstixareining the effect of
simulated drought stress on cowpea seed quality witlece$p germination capacity
and vigour. Secondly, determining the patterns of sgrmyoinositol, and raffinose
family of oligosaccharides (RFOs) and the late embryogensisundant (LEA)
proteins accumulation during seed development to maturstagg and using this to

physiologically relate seed quality to simulated droughsstre
The observed model (Figure 7.1) shows that myoinositathyose and LEA proteins

increased in concentration in response to simulatexligiit stress. However,

simulated drought stress had no effect on the matudegegenination and vigour.
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Hypothetical model
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Figure 7-1Hypothetical and observed (representing the activities giréngent study)
models showing the relationship between pre-maturationt®vkming development
and seed germination and vigour as influenced by veitess. Note: (+) denotes an

increase and (-) a decrease.
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Simulated drought under controlled environmental conditi@sulted in production

of fewer seeds per pod, but the seeds were of adeghination and vigour (Table
3.5). These results demonstrate the complex and divexkge of plant response
mechanisms to drought stress, which is often reflectélaeimpparently contradictory
conclusions on the effects of water stress on seedyjuéti the literature, reports are
found which show that drought stress improved seedtgBlenech -Arnoldet al.,
1991; Elliset al., 2000), decreased germination (Dornbos, 1995) omloaeffect on
germination and vigour (Vieiret al., 1992). Cowpea as a drought-tolerant species has
developed drought avoidance strategies at the whol¢ ghehtissue levels (Chapter
3) which were evidently effective in enabling the spetiesurvive simulated drought

stress and produce few but high quality seeds.

A positive correlation between the increase in myoinositol atdchyose

concentration in response to simulated drought strestepscted in the observed
model (Figure 7.1). In field bean (Lahuthal., 2000) and cucumber (Widders and
Kwantes, 1995) significant changes, which were indugeddier stress, observed in
relative ratios of raffinose, stachyose and verbasaese linked to the accumulation
of myoinositol. It is plausible that this positive incre@sassociated with a build up
in desiccation tolerance in response to the combineecteféf desiccation and

simulated drought stress. In field bean, Laheital. (2000) related changes in the

relative ratios of RFOs to a build up in desiccationrtoiee.

In the observed model, both group 1 (LEA 1) and 2 L@Ahydrins) proteins are
shown to increase in response to the combined effedesitcation and drought
stress. In the present study, dehydrin-like protein® wletected after two weeks of
development in seeds harvested from plants that had bé@tted to stress during
the vegetative growth phase only (chapter 6). Thisuggestive of a maternal
influence on LEA protein gene expression, which mayehawduced dehydrin
accumulation during the earlier stages of seed develupn&imilarly the possibility
of a maternal suppression of dehydrin accumulatios aluded to by Blaclkt al.
(1999), who observed that detachment of wheat gfedns the mother plant induced
the appearance of dehydrin at an earlier stage ofamwent. The observation that
group 2 LEA dehydrin have also been detected in sHaisremain desiccation-

sensitive at shedding (Kermode, 1997) casts some doulbtetr specific role in the
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acquisition of desiccation tolerance in orthodox seedsbably, as concluded by
Black et al, (1999) dehydrin accumulation is not regulated by fadtwas specifically

control the induction of desiccation tolerance in orthoseeds.

In the observed model (Figure 7.1) LEA 1 protein waserabundant in the seeds
than dehydrin. This may possibly support the argument gteup 1 LEAs are seed
specific as has been suggested by Boetlat. (2006) and Gilest al .(2007). The
increased concentration of LEA1 may be related to ptioteagainst desiccation and
drought stress injury in cowpea seeds. These proteimg function to reduce
oxidative stress in desiccating cells subjected to simulabedight stress by
scavenging Reactive Oxygen Species (ROS) and inditegthequestering metal ions
that generate (ROS) (Dure, 1993; Danyétilal., 1998). The proteins might also act
as hydration buffers, slowing down the rate of water Idesing dehydration
(Cuming, 1999) thus allowing sufficient water activityr foroteins to retain their

functions.

In the observed model, direct evidence showing that mamek were modified is not
presented because no tests were done to investigatgeshemmembrane structure.
However since this was an vivo study it can be can be speculated that the increase
in stachyose and both LEA1 and dehydrin protein is indicativeodifications in cell
membrane structure. The possible effect of suchifinations on the acquisition of
desiccation tolerance is also speculative. Thus it mayolssible that an increase in
stachyose and LEA proteins may have modified cell mandw and led to a build up
in desiccation tolerance as suggested by Labkut. (2000). On the other hand,
membrane modifications may have led to poor or incompbatquisition of
desiccation tolerance. Alternatively the primary functidan increased accumulation
of these compounds was probably protection against désit@nd drought stress
injury. Consequently there was no effect on the acquisibfodesiccation tolerance

because the cells could continue with their normal functions.

The electrical conductivity test may have provided agiré@tt way of examining
changes in the membrane structure and function (chaptédotwithstanding the
findings presented in chapter 4, a limitation of this gtwds that the observed model

was not able to explain whether membranes were modifietbt and whether these
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modifications had an effect on the acquisition of desicoatidderance. The results
discussed in Chapter 4 demonstrate the ability of the ctindy test to detect
differences in solute leakage in seeds produced betweedifferent sites and
subjected to accelerated aging stress. Significant diffeserin solute leakage
between aged and unaged seeds may have been indioatlaes of membrane

integrity.

In the hypothetical model (Figure 7.1), the relationship betw acquisition of
desiccation tolerance and seed germination and vigoustishown. The observed
model does not explain this relationship; however it (olexernaodel) shows that the
demonstrated increase in both sugars and proteins ponss to simulated drought
had no effect on seed germination and vigour. This igr&gnto the report by Haret
al. (2003) who associated LEA protein expression with imgdogermination in
tobacco. Apparently the role of LEA proteins and sugarshe improvement of seed
quality during development is contentious (Blacknetal., 1991; Wechsbergt al.,
1994). Probably the explanation is that optimal gernomatnd vigour require a

minimum level of desiccation tolerance.

However, it can be proposed that the increased accuamulaft stachyose could be
used as an indicator of stress tolerance in cowpeéhdpter 3 differences in stress
tolerance/sensitivity of cowpea cultivars was shown to dresiderable (Figure 3.7).
The cultivar Kenkunde showed extreme sensitivity to stidgovu which was able to
produce adequate seed under all conditions also showedhighest stachyose

concentration (Figure 5.2).

Similarly, based on the newly developed Aging Stresseb#fitial Index (ASDI)

(Figure 4.8) this study has demonstrated a link betwseed coat colour and
sensitivity to water stress. The ASDI correlated well withdhservations in chapter
3 relating stress tolerance to stachyose accumulation.ig biscause light coloured
seeds of M66 which showed the highest sensitivity to wsitess also had the lowest
stachyose content (Figure 5.2). The cultivar M66 which developed as a drought

tolerant cultivar clearly showed that plant drought toleraisceot associated with
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seed quality (Table 4.1). This was evident in the peofopmance of M66 seeds after
the AA test (Table 4.1).

Image analysis was examined as a method that can beausegectively determine
seed coat colour variation in cowpea (Chapter 4). Tindysiemonstrated that image
analysis, and more specifically the colour parameter tae,be used to objectively
discriminate seed coat colour variation in cowpea. Theofiseage analysis could in
future provide a basis for the development of a rapidrammddestructive method of

seed vigour assessment.

This study explored the use of box-whisker plots irargifying variability in
individual seed electrical conductivity (Chapter 4). Boxskbr plots provided a
good illustration of the variability in electrical conductivitgrgicularly in aged seeds
(Figure 4.4). The usefulness of box-whisker plots amtrpaying the variation in
individual electrical conductivity between cultivars was cledhystrated by the side
by side comparison of cultivars within production sitesl between sites for both
unaged and aged seeds. The study has demonstratedidindtution patterns in
individual electrical conductivity can be skewed. The gkesg and the presence of
extreme values may have implications with respect to titebdlity of using standard
statistical analyses which compare mean values to evaduate data. The poor
correlation between ranked electrical conductivity valaed germination capacity
and vigour (Table 4.1) was probably due to the lackosmality in the distribution of
individual electrical conductivity values. Variation in indlval electrical

conductivity values was also not correlated with seedamatr (Figure 4.3).

In many studies of water stress, methods of quantifiiegntensity and duration of
stress are often time consuming and laborious. Differemcethe methods of
guantifying stress intensity may also contribute to theradictory conclusions often
found in the literature about water stress effects od gaality. In the present study,
the Thetaprobe water sensor was compared with direcinggtric methods and
found to be a reliable approach of monitoring water stiespot experiments. It is
recommended that more studies should be conductedeamsthof water sensors in

monitoring water stress in pot experiments.
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From the findings of the study, it is recommended thatréustudies should use a
proteomic approach in investigating protein structuresfanctions in cowpea seeds
in relation to environmental stress conditions and the dpredat of seed quality.
The use of tools such as Mass Spectrometry and FTéBtrggcopy in a proteomic
analysis may provide a much better understanding ofinteractions between
different proteins and the environmental variables in imlato seed quality

development.

A major limitation of this study was the differences imesting methods between
the two sites (Chapter 2). These differences occusea rasult of certain mitigating
factors beyond the control of the author. However, thergial implications of these
differences are comprehensively discussed in Chaptad24 and did not generally

have significant effects on the aims and objectives ofystu

Notwithstanding the limitations of the research performathd this study, it can be
concluded that cultivar differences in relation to streksdaace/sensitivity in cowpea
are considerable. Changes in seed moisture content dienvedppment are associated
with seed quality in cowpea. Cowpea seed vigour in regptmsvater stress can be
explained by changes in soluble carbohydrates coratemts and expression of late

embryogenesis abundant proteins.
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APPENDICES

Note: Appendices are numbered according to the relant chapters.

Appendix 2.1 Field layout showing treatments in RCB with 3 replications

Ukulinga
Rep 1
1 2 3 4 5 6

C5 C4 Cc2 C6 C3 C1
Rep 2
12 11 10 9 8 7

C6 Cc2 C5 C3 C1 C4
Rep 3
13 14 15 16 17 18

Cc2 C5 C3 C4 Cé6 C1
Field Layout — Umbumbulu
Rep 1
1 2 3 4 5 6

C4 C5 C6 c2 C3 C1
Rep 2
12 11 10 9 8 7

C1 C4 C3 C5 Cc2 C6
Rep 3
13 14 15 16 17 18

C3 C4 Cc2 C5 C1 C6

Plot size = 3 x 4m

Plant spacing 0.75 x 0.20m

Treatments = 6 cowpea cultivars: C1= Brown Mix, C2Makonge, C3 = Nzovu, C4 =
K80, C5 = M66, C6 = Kenkunde

Note that paths between blocks = inter row spacing
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Appendix 2.2 Soil classification and analysis data

(a) Ukulinga — Avalon Mafikeng

(b) Umbumbulu- Magwa Nstubane

—EEE——

A — horizon: Orthic
Very dark greyish brown with blocky structure. Many
fine to medium roots, self mulching properties with
friable consistence

B1 — horizon: Yellow brown apedal
Very greyish brown soil colour containing very few
fine roots with hard consistence. Has more clay
content than B and has few yellowish and brownish
congruent. The transition from A to Bl is not abrupt

B2 — horizon: Soft plinthic
Dark brown soil colour. The transition from B1 to B2 is not
abrupt..

A —horizon : melanic
Very dark brown soil with many fine and medium size
roots and friable consistence and has a weak massive
structure

B — horizon: Yellow brown apedal
Friable Massive structure with very fine and medium size
roots. More clay content than A horizon. Well drained

consistence.
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Appendix 2.3 Testing assumptions underlying the usef analysis of variance

Residuals

Residuas
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Germination_Angular_Transformation

Histogram of residuals
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Appendix 2.4 ANOVA TABLES (CHAPTER 2)

2.4 (a) Analysis of variance (transformed germinatin data for Ukulinga)

1019 “General Analysis of Variance."
1020 BLOCK Rep

1021 TREATMENTS Cultivar*Stage
1022 COVARIATE "No Covariate"

1023 ANOVA [PRINT=aovtable,information,means,%nuissingvalues; FACT=32;

CONTRASTS=7; FPROB=yes;\

1024 PSE=diff,Isd; LSDLEVEL=5] Germination_Angul transformation

Variate: Germination_Angular_transformation
Source of variation d.f. S.S.
Rep stratum 2 596.43

Rep.*Units* stratum

Cultivar 5 497.20

Stage 5 97272.89
Cultivar. Stage 25 3182.01
Residual 70 5519.96
Total 107 107068.49

Standard errors of differences of means

Table Cultivar Stage
rep. 18 18
d.f. 70 70
s.e.d. 2.960 2.960

Least significant differences of means (5% level)

Table Cultivar Stage
rep. 18 18
d.f. 70 70
l.s.d. 5.904 5.904

Stratum standard errors and coefficients of variatbn

Variate: Germination_Angular_transformation

Stratum d.f. s.e.
Rep 2 2.878
Rep.*Units* 70 8.880

19454.58

Cultivar

Cultivar

V.r.

3.78

1.26

246.71

1.61

cv%
6.2
19.1

F pr.

0.291

<.001
0.061
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2.4 (b) Analysis of variance (transformed germinatin data for Umbumbulu)

1097 “General Analysis of Variance."

1098 BLOCK Rep

1099 TREATMENTS Cultivar*Stage

1100 COVARIATE "No Covariate"

1101 ANOVA [PRINT=aovtable,information,means,%nigsingvalues; FACT=32;
CONTRASTS=7; FPROB=yes;\

1102 PSE=diff,Isd; LSDLEVEL=5] Germination_angultransformation

Variate: Germination_angular_transformation

Source of variation d.f. S.S. m.s. V.I. F pr.
Rep stratum 2 20.95 10.48 0.22
Rep.*Units* stratum

Cultivar 5 2556.12 511.22 10.53 <.001
Stage 5 100996.92 20199.38 416.10 <.001
Cultivar. Stage 25 6772.54 270.90 5.58 <.001
Residual 70 3398.13 48.54

Total 107 113744.65

Standard errors of differences of means

Table Cultivar Stage Cultivar
Stage
rep. 18 18 3
d.f. 70 70 70
s.e.d. 2.322 2.322 5.689

Least significant differences of means (5% level)

Table Cultivar Stage Cultivar
Stage
rep. 18 18 3
d.f. 70 70 70
l.s.d. 4.632 4.632 11.346

Stratum standard errors and coefficients of variatbn

Variate: Germination_angular_transformation

Stratum d.f. s.e. cv%
Rep 2 0.539 1.5
Rep.*Units* 70 6.967 19.1
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2.4 (c) Analysis of variance (transformed germinatin index data for Ukulinga)

9367 “General Analysis of Variance."
9368 BLOCK Rep

9369 TREATMENTS Cultivar*Stage
9370 COVARIATE "No Covariate"

9371 ANOVA [PRINT=aovtable,information,means,%muissingvalues; FACT=32;

CONTRASTS=7; FPROB=yes;\
9372 PSE=diff,Isd; LSDLEVEL=5] GI_transformed

Variate: Gl_transformed

Source of variation d.f. S.S. m.s. A
Rep stratum 2 0.3594 0.1797 1.36
Rep.*Units* stratum

Cultivar 5 1.0671 0.2134 1.61
Stage 5 609.7037 121.9407 920.63
Cultivar. Stage 25 10.5353 0.4214 3.18
Residual 70 9.2718 0.1325

Total 107 630.9373

Standard errors of differences of means

Table Cultivar Stage Cultivar
Stage
rep. 18 18 3
d.f. 70 70 70
s.e.d. 0.1213 0.1213 0.2972

Least significant differences of means (5% level)

Table Cultivar Stage Cultivar
Stage
rep. 18 18 3
d.f. 70 70 70
l.s.d. 0.2420 0.2420 0.5927

Stratum standard errors and coefficients of variatbn

Variate: Gl_transformed

Stratum d.f. s.e.
Rep 2 0.0707
Rep.*Units* 70 0.3639

cv%
2.0
10.1

F pr.

0.168
<.001
<.001
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2.4 (d) Analysis of variance (transformed germinabn index data for Umbumbulu)

9520 “General Analysis of Variance."
9521 BLOCK Rep

9522 TREATMENTS Cultivar*Stage
9523 COVARIATE "No Covariate"

9524 ANOVA [PRINT=aovtable,information,means,%muissingvalues; FACT=32;

CONTRASTS=7; FPROB=yes;\
9525 PSE=diff,Isd; LSDLEVEL=5] GI_transformed

Variate: Gl_transformed
Source of variation d.f. S.S.
Rep stratum 2 0.1722

Rep.*Units* stratum

Cultivar 5 5.3245

Stage 5 585.9468 117.1894
Cultivar. Stage 25 8.9952

Residual 70 17.5978

Total 107 618.0365

Standard errors of differences of means

Table Cultivar Stage Cultivar
rep. 18 18

d.f. 70 70

s.e.d. 0.1671 0.1671

Least significant differences of means (5% level)

Table Cultivar Stage Cultivar
rep. 18 18

d.f. 70 70

l.s.d. 0.3333 0.3333

Stratum standard errors and coefficients of variatbn

Variate: Gl_transformed

Stratum d.f. s.e.
Rep 2 0.0489
Rep.*Units* 70 0.5014

V.I. F pr.
0.34
4.24 0.002
466.15 <.001
143 0.122
cv%
15
15.7
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2.4 (e) Testing for homogeneity of variances betwedJkulinga and Umbumbulu
sites

Germination percentage

F statistic at 70 df = 1.62
Critical F-value at 70 df for both numerator and denominator at the 1% level of
significance = 1.89

Germination index

F statistic at 70 df = 1.89
Critical F-value at 70 df for both numerator and denominator at 1% level of
significance = 1.89

Comment: The ANOVA for the separate analysis for bth sites (Ukulinga and
Umbumbulu) are consistent with those before transfanation. The F-calculated is
not greater than F-tabulated, we therefore fail toreject the Null Hypothesis and
conclude that there is a common variance. Hence dafrom both sites were pooled
for subsequent analysis.
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2.4 (f) Analysis of variance (transformed pooled genination data for Ukulinga and

Umbumbulu)
97 “General Analysis of Variance."

98 BLOCK Rep

99 TREATMENTS Site*Cultivar*Stage
100 COVARIATE "No Covariate"

101 ANOVA [PRINT=aovtable,information,means,%cissingvalues; FACT=32;

CONTRASTS=7; FPROB=yes;\

102 PSE=diff,Isd; LSDLEVEL=5] Germination_Anguldransformation

Variate: Germination_Angular_Transformation
Source of variation d.f. S.S.
Rep stratum 2 420.48

Rep.*Units* stratum

Site 1 5301.02
Cultivar 5 2604.07
Stage 5 189116.32
Site. Cultivar 5 449.25
Site. Stage 5 9153.49
Cultivar. Stage 25 5882.41
Site.Cultivar.Stage 25 4072.14
Residual 142 9114.99
Total 215 226114.16

Standard errors of differences of means

Table Site Cultivar
rep. 108 36
d.f. 142 142
s.e.d. 1.090 1.888
Table Site Cultivar
Stage Stage
rep. 18 6
d.f. 142 142
s.e.d. 2.671 4.626

Least significant differences of means (5% level)

m.s.

210.24

5301.02
520.81
37823.26
89.85
1830.70
235.30

162.89
64.19

Stage

36

142
1.888

Site

Cultivar

Stage

3

142
6.542

V.I. F pr.

3.28

82.58 <.001
8.11 <.001
589.24 <.001
1.40 0.228
28.52 <.001
3.67 <.001

254 <.001

Site
Cultivar
18
142
2.671
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Table Site Cultivar
rep. 108 36
d.f. 142 142
l.s.d. 2.155 3.733
Table Site Cultivar

Stage Stage
rep. 18 6
d.f. 142 142
l.s.d. 5.279 9.144
Stratum standard errors and coefficients of variatbn
Variate: Germination_Angular_Transformation
Stratum d.f. s.e.
Rep 2 1.709
Rep.*Units* 142 8.012

Stage

36

142
3.733

Site
Cultivar

Stage

3

142
12.932

Site

Cultivar

cv%
4.1
19.3

18
142
5.279

Comment: The ANOVA is consistent with that before tansformation. The original

data was used in the presentation and discussion thfe

results.
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2.4 (g) Analysis of variance (transformed pooled gmination index data for

Ukulinga and Umbumbulu)

733 “General Analysis of Variance."
734 BLOCK Replicate

735 TREATMENTS Site*Cultivar*Podding_stage

736 COVARIATE "No Covariate"

737 ANOVA [PRINT=aovtable,information,means,%cissingvalues; FACT=32;

CONTRASTS=7; FPROB=yes;\

738 PSE=diff,Isd; LSDLEVEL=5] Germination_indesansformed

Variate: Germination_index_transformed
Source of variation d.f. S.S.
Replicate stratum 2 0.3757

Replicate.*Units* stratum

Site 1 9.9303
Cultivar 5 5.1347
Podding_stage 5 1156.0044
Site. Cultivar 5 1.2570
Site.Podding_stage 5 39.6461
Cultivar.Podding_stage 25 10.9264
Site.Cultivar.Podding_stage

25 8.6040
Residual 142 27.0255
Total 215 1258.9041

Standard errors of differences of means

Table Site Cultivar
rep. 108 36
d.f. 142 142
s.e.d. 0.0594 0.1028
Table Site Cultivar

Podding_stage
Podding_stage

m.s. V.I. F pr.
0.1879 0.99
9.9303 52.18 <.001
1.0269 540 <.001
231.2009 1214.80 <.001
0.2514 1.32  0.259
7.9292 41.66 <.001
0.4371 2.3000D
0.3442 1.81 0.017
0.1903
Podding_stage
Site
Cultivar
36 18
142 142
0.1028 0.1454
Site
Cultivar
Podding_stage
rep. 18 6 3
d.f. 142 142 142
s.e.d. 0.1454 0.2519 0.3562

Least significant differences of means (5% level)
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Table Site Cultivar Podding_stage

Site
Cultivar
rep. 108 36 36 18
d.f. 142 142 142 142
l.s.d. 0.1174 0.2033 0.2033 0.2875

Table Site Cultivar Site
Podding_stage
Podding_stage

Cultivar
Podding_stage
rep. 18 6 3
d.f. 142 142 142
l.s.d. 0.2875 0.4979 0.7041

Stratum standard errors and coefficients of variatbn

Variate: Germination_index_transformed

Stratum d.f. s.e. cv%
Replicate 2 0.0511 1.5
Replicate.*Units* 142 0.4363 12.8

Comment: The ANOVA is consistent with that before tansformation. The original
data was used in the presentation and discussion tbfe results.
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2.4 (h) Analysis of seed water content (g watef'gseed) (pooled data for Ukulinga

and Umbumbulu sites)

1360 “General Analysis of Variance."
1361 BLOCK Rep

1362 TREATMENTS Site*Cultivar*Podding_stage

1363 COVARIATE "No Covariate"

1364 ANOVA [PRINT=aovtable,information,means,%muissingvalues; FACT=32;

CONTRASTS=7; FPROB=yes;\

1365 PSE=diff,Isd; LSDLEVEL=5] grams_water_persged_FWB

Variate: grams_water_per_g_seed_FWB

Source of variation d.f. S.S.
Rep stratum 2 0.004548
Rep.*Units* stratum
Site 1 0.607253
Cultivar 5 0.274852
Podding_stage 5 17.487708
Site. Cultivar 5 0.067202
Site.Podding_stage 5 0.212998
Cultivar.Podding_stage 25 0.275250
Site.Cultivar.Podding_stage

25 0.347757
Residual 142 0.334189
Total 215 19.611756

Standard errors of differences of means

m.s.

0.002274

0.607253

0.054970
3.497542

0.013440
0.042600
0.011010

0.013910
0.002353

Table Site Cultivar Podding_stage
rep. 108 36 36
d.f. 142 142 142
s.e.d. 0.00660 0.01143 0.01143
Table Site Cultivar Site
Podding_stage
Podding_stage
Cultivar

Podding_stage
rep. 18 6 3
d.f. 142 142 142
s.e.d. 0.01617 0.02801 0.03961

Least significant differences of means (5% level)

V.r.

0.97

258.03

23.36
1486.14

571

F pr.

<.001

<.001
<.001

<.001

18.1001<.0

4.68001

591

Site
Cultivar
18
142
0.01617

<.001
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Table Site Cultivar Podding_stage

rep. 108 36 36
d.f. 142 142 142
l.s.d. 0.01305 0.02260 0.02260
Table Site Cultivar Site
Podding_stage
Podding_stage
Cultivar

Podding_stage
rep. 18 6 3
d.f. 142 142 142
l.s.d. 0.03197 0.05537 0.07830

Stratum standard errors and coefficients of variatbn

Variate: grams_water_per_g_seed_FWB

Stratum d.f. s.e.
Rep 2 0.00562
Rep.*Units* 142 0.04851

Site

Cultivar

cv%
1.2
10.6

18
142
0.03197
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2.4 (i) Analysis of dry matter accumulation (g) (poled data for Ukulinga and
Umbumbulu sites)

1623 “General Analysis of Variance."

1624 BLOCK Rep

1625 TREATMENTS Site*Cultivar*Podding_stage

1626 COVARIATE "No Covariate"

1627 ANOVA [PRINT=aovtable,information,means,%muissingvalues; FACT=32;
CONTRASTS=7; FPROB=yes;\

1628 PSE=diff,Isd; LSDLEVEL=5] Dry_matter

Variate: Dry_matter

Source of variation d.f. S.S. m.s. V.I. F pr.
Rep stratum 2 0.000508 0.000254 0.03
Rep.*Units* stratum

Site 1 0.528720 0.528720 7141 <.001
Cultivar 3 0.657628 0.219209 29.61 <.001
Podding_stage 3 25.638955 8.546318 1154.36 <.001
Site. Cultivar 3 0.070349 0.023450 3.17 0.031
Site.Podding_stage 3 1.432197 0.477399 64.48 01<.0
Cultivar.Podding_stage 9 0.735525 0.081725 11.64001

Site.Cultivar.Podding_stage

9 0.092936 0.010326 1.39 0.210
Residual 62 0.459017 0.007403
Total 95 29.615835

Standard errors of differences of means

Table Site Cultivar Podding_stage
Site
Cultivar
rep. 48 24 24 12
d.f. 62 62 62 62
s.e.d. 0.01756 0.02484 0.02484 0.03513
Table Site Cultivar Site

Podding_stage
Podding_stage

Cultivar
Podding_stage
rep. 12 6 3
d.f. 62 62 62
s.e.d. 0.03513 0.04968 0.07025

Least significant differences of means (5% level)
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Table Site Cultivar  Podding_stage

rep. 48 24 24
d.f. 62 62 62
l.s.d. 0.03511 0.04965 0.04965
Table Site Cultivar Site
Podding_stage
Podding_stage
Cultivar

Podding_stage
rep. 12 6 3
d.f. 62 62 62
l.s.d. 0.07022 0.09930 0.14044

Stratum standard errors and coefficients of variatbn

Variate: Dry_matter

Stratum d.f. s.e.
Rep 2 0.00282
Rep.*Units* 62 0.08604

Site

Cultivar

cv%
04
13.5

12
62
0.07022
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2.4 (j) Analysis of transformed field emergence dat(%) (Pooled data for Ukulinga

and Umbumbulu sites)

1712 “General Analysis of Variance."
1713 BLOCK Rep

1714 TREATMENTS Site*Cultivar
1715 COVARIATE "No Covariate"

1716 ANOVA [PRINT=aovtable,information,means,%muissingvalues; FACT=32;

CONTRASTS=7; FPROB=yes;\
1717 PSE=diff,Isd; LSDLEVEL=5] Emergence_Angulaansformation

Variate: Emergence_Angular_transformation

Source of variation d.f. S.S. m.s. V.I.
Rep stratum 2 173.72 86.86 1.59
Rep.*Units* stratum
Site 1 925.28 925.28 16.89
Cultivar 5 276.34 55.27 1.01
Site. Cultivar 5 39.33 7.87 0.14
Residual 22 1205.11 54.78
Total 35 2619.78
Standard errors of differences of means
Table Site Cultivar Site

Cultivar
rep. 18 6 3
d.f. 22 22 22
s.e.d. 2.47 4.27 6.04
Least significant differences of means (5% level)
Table Site Cultivar Site

Cultivar
rep. 18 6 3
d.f. 22 22 22
l.s.d. 5.12 8.86 12.53
Stratum standard errors and coefficients of variatbn
Variate: Emergence_Angular_transformation
Stratum d.f. s.e. cv%
Rep 2 2.69 4.1
Rep.*Units* 22 7.40 11.2

F pr.

<.001
0.436
0.980
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Appendix 3.1 ANOVA TABLES (CHAPTER 3)
3.1 (a) Analysis of variance for germination percetage (transformed data)

1889 “General Analysis of Variance."

1890 BLOCK Rep

1891 TREATMENTS Site*Cultivar*Stress

1892 COVARIATE "No Covariate"

1893 ANOVA [PRINT=aovtable,information,means,%muissingvalues; FACT=32;

CONTRASTS=7; FPROB=yes;\

1894 PSE=diff,Isd; LSDLEVEL=5] Germination_angultransformation

Variate: Germination_angular_transformation

Source of variation d.f. (mwv.) S.S. m.s. v.rr.  Fpr
Rep stratum 4 2425.41 606.35 7.69
Rep.*Units* stratum
Site 1 1494.05 1494.05 18.95 <.001
Cultivar 2 456.63 228.31 2.90 0.067
Stress 2 694.41 347.20 440 0.019
Site. Cultivar 2 1039.68 519.84 6.60 0.003
Site. Stress 1105.23 552.62 7.01 0.002
Cultivar. Stress 3 ) 394.90 131.63 1.67 0.189
Site.Cultivar.Stress Q) 1170.18 390.06 4,98.005
Residual 40 (28) 3152.94 78.82
Total 59 (30) 6617.11
Standard errors of differences of means
Table Site Cultivar Stress Site
Cultivar
rep. 45 30 30 15
d.f. 40 40 40 40
s.e.d. 1.872 2.292 2.292 3.242
Table Site Cultivar Site
Stress Stress Cultivar

Stress
rep. 15 10 5
d.f. 40 40 40
s.e.d. 3.242 3.970 5.615

(Not adjusted for missing values)

Least significant differences of means (5% level)
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Table Site Cultivar

rep. 45 30
d.f. 40 40
l.s.d. 3.783 4.633
Table Site Cultivar
Stress Stress
rep. 15 10
d.f. 40 40
l.s.d. 6.552 8.025

(Not adjusted for missing values)

Stratum standard errors and coefficients of variatbn

Variate: Germination_angular_transformation

Stratum d.f. s.e.
Rep 4 5.804
Rep.*Units* 40 8.878

Stress

30

40
4.633

Site
Cultivar

Stress

5

40
11.349

Site

Cultivar

cv%
7.0
10.7

15
40
6.552

229



3.1 (b) Analysis of variance for germination indexXtransformed data)

2091 “General Analysis of Variance."
2092 BLOCK Rep

2093 TREATMENTS Site*Cultivar*Stress
2094 COVARIATE "No Covariate"

2095 ANOVA [PRINT=aovtable,information,means,%nuissingvalues; FACT=32;

CONTRASTS=7; FPROB=yes;\
2096 PSE=diff,Isd; LSDLEVEL=5] GI_tansformed

Variate: Gl_tansformed

Source of variation d.f. (mv.) S.S. m.s. v.rr.  Fpr
Rep stratum 4 0.014787 0.003697 1.65
Rep.*Units* stratum
Site 1 0.097829 0.097829 43.65 <.001
Cultivar 2 0.310939 0.155470 69.37 <.001
Stress 2 0.053391 0.026695 11.91 <.001
Site. Cultivar 2 0.146736 0.073368 32.74 <.001
Site. Stress 2 0.131417 0.065709 29.32 <.001
Cultivar. Stress 3 D) 0.011386 0.003795 1.691840
Site.Cultivar.Stress 3 Q) 0.088714 0.029571 193.<.001
Residual 40 (28) 0.089646 0.002241
Total 59 (30) 0.473522
Standard errors of differences of means
Table Site Cultivar Stress Site
Cultivar
rep. 45 30 30 15
d.f. 40 40 40 40
s.e.d. 0.00998 0.01222 0.01222 0.01729
Table Site Cultivar Site
Stress Stress Cultivar

Stress
rep. 15 10 5
d.f. 40 40 40
s.e.d. 0.01729 0.02117 0.02994

(Not adjusted for missing values)

Least significant differences of means (5% level)
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Table Site Cultivar Stress Site

Cultivar

rep. 45 30 30 15
d.f. 40 40 40 40
l.s.d. 0.02017 0.02470 0.02470 0.03494
Table Site Cultivar Site

Stress Stress Cultivar

Stress

rep. 15 10 5
d.f. 40 40 40
l.s.d. 0.03494 0.04279 0.06051
(Not adjusted for missing values)
Stratum standard errors and coefficients of variatbn
Variate: Gl_tansformed
Stratum d.f. s.e. cv%
Rep 4 0.01433 0.3
Rep.*Units* 40 0.04734 0.9
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3.1 (c) Analysis of variance for mean germinationitne (days)

2201 “General Analysis of Variance."
2202 BLOCK Rep

2203 TREATMENTS Site*Cultivar*Stress
2204 COVARIATE "No Covariate"

2205 ANOVA [PRINT=aovtable,information,means,%nuissingvalues; FACT=32;

CONTRASTS=7; FPROB=yes;\
2206 PSE=diff,Isd; LSDLEVEL=5] MGT

Variate: MGT
Source of variation d.f. (mv.) S.S. m.s.
Rep stratum 4 0.09901 0.02475
Rep.*Units* stratum
Site 1 0.78253 0.78253
Cultivar 2 2.87003 1.43502
Stress 2 0.23769 0.11885
Site. Cultivar 2 0.90703 0.45351
Site. Stress 2 0.76278 0.38139
Cultivar. Stress 3 ) 0.15128 0.05043
Site.Cultivar.Stress 3 Q) 0.71143 0.23714
Residual 40 (28) 0.57459 0.01436
Total 59 (30) 3.63168
Standard errors of differences of means
Table Site Cultivar Stress
Culti
rep. 45 30 30
d.f. 40 40 40
s.e.d. 0.0253 0.0309 0.0309
Table Site Cultivar Site
Stress Stress Cultivar
Stress
rep. 15 10 5
d.f. 40 40 40
s.e.d. 0.0438 0.0536 0.0758

(Not adjusted for missing values)

Least significant differences of means (5% level)

V.I. F pr

1.72

54.48 <.001
99.90 <.001
8.27 <.001
31.57 <.001
26.55 <.001
3.51 2.0
16.51001

Site
var
15
40
0.0438
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Table Site Cultivar Stress

rep. 45 30 30

d.f. 40 40 40
l.s.d. 0.0511 0.0625 0.0625

Table Site Cultivar Site
Stress Stress Cultivar

Stress

rep. 15 10 5

d.f. 40 40 40
l.s.d. 0.0885 0.1083 0.1532

(Not adjusted for missing values)

Stratum standard errors and coefficients of variatbn

Variate: MGT

Stratum d.f. s.e.
Rep 4 0.0371
Rep.*Units* 40 0.1199

Site

Cultivar

cv%
2.2
7.1

15
40
0.0885
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3.1 (d) Analysis of variance for seedling dry weighimg seedling')

2311 “General Analysis of Variance."
2312 BLOCK Rep

2313 TREATMENTS Site*Cultivar*Stress
2314 COVARIATE "No Covariate"

2315 ANOVA [PRINT=aovtable,information,means,%muissingvalues; FACT=32;

CONTRASTS=7; FPROB=yes;\

2316 PSE=diff,Isd; LSDLEVEL=5] Seedling_dry wleig

Variate: Seedling_dry_weight

Source of variation d.f. (m.v.) S.S. m.s. v.rr.  Fpr
Rep stratum 4 349.83 87.46 2.23
Rep.*Units* stratum
Site 1 2528.07 2528.07 64.50 <.001
Cultivar 2 1791.08 895.54 22.85 <.001
Stress 2 420.02 210.01 5.36 0.009
Site. Cultivar 2 1173.82 586.91 14.97 <.001
Site. Stress 2 3490.04 1745.02 4452 <.001
Cultivar. Stress 3 D) 1230.74 410.25 10.47 x.00
Site.Cultivar.Stress 3 Q) 366.74 122.25 3.1203D
Residual 40 (28) 1567.81 39.20
Total 59 (30) 7370.92
Standard errors of differences of means
Table Site Cultivar Stress Site
Cultivar
rep. 45 30 30 15
d.f. 40 40 40 40
s.e.d. 1.320 1.616 1.616 2.286
Table Site Cultivar Site
Stress Stress Cultivar

Stress
rep. 15 10 5
d.f. 40 40 40
s.e.d. 2.286 2.800 3.960

(Not adjusted for missing values)

Least significant differences of means (5% level)
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Table Site Cultivar

rep. 45 30
d.f. 40 40
l.s.d. 2.668 3.267
Table Site Cultivar
Stress Stress
rep. 15 10
d.f. 40 40
l.s.d. 4.620 5.659

(Not adjusted for missing values)

Stratum standard errors and coefficients of variatbn

Variate: Seedling_dry_weight

Stratum d.f. s.e.
Rep 4 2.204
Rep.*Units* 40 6.261

Stress

30

40
3.267

Site
Cultivar

Stress

5

40
8.003

Site

Cultivar

cv%
3.3
9.5

15
40
4.620
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3.1 (e) Analysis of variance for mean number of sde (plant™)

2443 “General Analysis of Variance."

2444 BLOCK Rep

2445 TREATMENTS Site*Cultivar*Stress

2446 COVARIATE "No Covariate"

2447 ANOVA [PRINT=aovtable,information,means,%muissingvalues; FACT=32;

CONTRASTS=7; FPROB=yes;\

2448 PSE=diff,Isd; LSDLEVEL=5] No_of seeds

Variate: No_of_seeds

Source of variation d.f.
Rep stratum 4
Rep.*Units* stratum

Site 1
Cultivar 2
Stress 2
Site.Cultivar 2
Site.Stress 2
Cultivar. Stress 4
Site.Cultivar.Stress 4
Residual 68
Total 89

S.S.

763.4

51.4
32372.1
75103.2
981.6
28.1
15977.1
1978.5
11428.2

138683.6

Standard errors of differences of means

Table Site
rep. 45
d.f. 68
s.e.d. 2.73
Table Site
Stress
rep. 15
d.f. 68
s.e.d. 4.73

Cultivar

30

68
3.35

Cultivar
Stress

10
68
5.80

Least significant differences of means (5% level)

Table Site

Cultivar

m.s.

190.8

51.4
16186.0
37551.6
490.8
14.0
3994.3
494.6
168.1

Stress

30

68
3.35

Site
Cultivar

Stress

5

68
8.20

Stress

V.I. F pr.

1.14

0.31
96.31
223.44

2.92
0.08
23.77

2.94

0.582
<.001
<.001
0.061
0.920
<.001
0.026

Site
Cultivar
15
68
4.73

Site
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rep. 45 30
d.f. 68 68
l.s.d. 5.45 6.68
Table Site Cultivar
Stress Stress
rep. 15 10
d.f. 68 68
l.s.d. 9.45 11.57

Stratum standard errors and coefficients of variatbn

Variate: No_of_seeds

Stratum d.f. S.e.
Rep 4 3.26
Rep.*Units* 68 12.96

Cultivar
15
68
9.45

30

68
6.68

Site
Cultivar

Stress

5

68
16.36

cv%
10.2
40.4
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3.1 (f) Analysis of variance for seed mass (plamy

2449 “General Analysis of Variance."

2450 BLOCK Rep

2451 TREATMENTS Site*Cultivar*Stress
2452 COVARIATE "No Covariate"
2453 ANOVA [PRINT=aovtable,information,means,%nuissingvalues; FACT=32;

CONTRASTS=7; FPROB=yes;\

2454 PSE=diff,Isd; LSDLEVEL=5] Yield

Variate: Yield
Source of variation
Rep stratum

Rep.*Units* stratum
Site

Cultivar

Stress

Site.Cultivar
Site.Stress

Cultivar. Stress
Site.Cultivar.Stress

d.f.

S.S. m.s.

4 1.623E+07 4.058E+06

1 8.717E+06 8.717E+06
2 3.001E+08 1.500E+08
2 9.801E+08 4.901E+08
2 6.796E+06 3.398E+06
2 1.123E+07 5.613E+06
4 1.063E+08 2.658E+07
4 1.727E+07 4.317E+06

Residual 68 1.329E+08 1.954E+06
Total 89 1.580E+09
Standard errors of differences of means
Table Site Cultivar Stress
rep. 45 30 30
d.f. 68 68 68
s.e.d. 294.7 360.9 360.9
Table Site Cultivar Site
Stress Stress Cultivar
Stress
rep. 15 10 5
d.f. 68 68 68
s.e.d. 510.4 625.2 884.1

Least significant differences of means (5% level)

V.I. F pr.

2.08
4.46

76.78
250.78

0.038
<.001
<.001
1.74 0.183
2.87 0.063
13.60 0%.0
221077

Site
Cultivar
15
68
510.4
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Table Site Cultivar Stress Site
Cultivar

rep. 45 30 30 15
d.f. 68 68 68 68
l.s.d. 588.1 720.2 720.2 1018.6
Table Site Cultivar Site

Stress Stress Cultivar

Stress

rep. 15 10 5
d.f. 68 68 68
l.s.d. 1018.6 1247.5 1764.2

Stratum standard errors and coefficients of variatbn

Variate: Yield

Stratum d.f. s.e. cv%
Rep 4 474.8 12.7
Rep.*Units* 68 1397.9 374
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3.1 (g) Data for mean number of seeds re-analyseéter for two cultivars (Nzovu
and Kenkunde) after the deletion of M66

2558 “General Analysis of Variance."

2559 BLOCK Rep

2560 TREATMENTS Site*Cultivar*Stress

2561 COVARIATE "No Covariate"

2562 ANOVA [PRINT=aovtable,information,means,%nuissingvalues; FACT=32;
CONTRASTS=7; FPROB=yes;\

2563 PSE=diff,Isd; LSDLEVEL=5] No_of_seeds

Variate: No_of seeds

Source of variation d.f. S.S. m.s. V.I. F pr.
Rep stratum 4 1158.3 289.6 1.33
Rep.*Units* stratum
Site 1 64.1 64.1 0.29 0.590
Cultivar 1 16467.3 16467.3 75.75 <.001
Stress 2 73510.2 36755.1 169.07 <.001
Site.Cultivar 1 405.6 405.6 1.87 0.179
Site.Stress 2 307.0 153.5 0.71 0.499
Cultivar. Stress 2 8750.0 4375.0 20.12 <.001
Site.Cultivar.Stress 2 747.1 373.6 1.72 0.191
Residual 44 9565.3 217.4
Total 59 110974.9
Standard errors of differences of means
Table Site Cultivar Stress Site
Cultivar

rep. 30 30 20 15
d.f. 44 44 44 44
s.e.d. 3.81 3.81 4.66 5.38
Table Site Cultivar Site

Stress Stress Cultivar

Stress

rep. 10 10 5
d.f. 44 44 44
s.e.d. 6.59 6.59 9.33

Least significant differences of means (5% level)
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Table

rep.
d.f.
l.s.d.
Table

rep.
d.f.
l.s.d.

Stratum standard errors and coefficients of variatbn
Variate: No_of seeds

Stratum

Rep

Rep.*Units*

Site

30

44
7.67
Site
Stress

10
44
13.29

Cultivar

30
44
7.67
Cultivar
Stress

10
44
13.29

Stress Site
Cultivar
20 15
44 44
9.40 10.85
Site
Cultivar
Stress
5
44
18.79

cv%
11.8
35.6

241



3.1 (h) Data for seed yield re-analysed after fomto cultivars (Nzovu and Kenkunde)

after the deletion of M66

2564 “General Analysis of Variance."

2565 BLOCK Rep

2566 TREATMENTS Site*Cultivar*Stress
2567 COVARIATE "No Covariate"
2568 ANOVA [PRINT=aovtable,information,means,%nuissingvalues; FACT=32;

CONTRASTS=7; FPROB=yes;\

2569 PSE=diff,Isd; LSDLEVEL=5] Yield

Variate: Yield
Source of variation
Rep stratum

Rep.*Units* stratum
Site

Cultivar

Stress

Site.Cultivar
Site.Stress

Cultivar. Stress
Site.Cultivar.Stress

Residual
Total
Standard errors of differences of
Table Site
rep. 30
d.f. 44
s.e.d. 400.6
Table Site
Stress
rep. 10
d.f. 44
s.e.d. 693.8

d.f.

S.S. m.s.

4 2.558E+07 6.396E+06

1 1.488E+06 1.488E+06
1 1.320E+08 1.320E+08
2 8.712E+08 4.356E+08
1 2.542E+06 2.542E+06
2 6.704E+05 3.352E+05
2 4.767E+07 2.383E+07
2 5.779E+06 2.889E+06

44 1.059E+08 2.407E+06

59 1.193E+09

means

Cultivar Stress

30 20

44 44
400.6 490.6

Cultivar Site
Stress Cultivar

Stress

10 5

44 44
693.8 981.2

Least significant differences of means (5% level)

V.I. F pr.

2.66
0.62

54.83
180.97

0.436
<.001
<.001
1.06 0.310
0.14 0.870
9.90 k.00
1.2m311

Site
Cultivar
15
44
566.5
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Table Site Cultivar Stress Site
Cultivar

rep. 30 30 20 15
d.f. 44 44 44 44
l.s.d. 807.3 807.3 988.8 1141.7
Table Site Cultivar Site

Stress Stress Cultivar

Stress

rep. 10 10 5
d.f. 44 44 44
l.s.d. 1398.3 1398.3 1977.6

Stratum standard errors and coefficients of variatbn

Variate: Yield

Stratum d.f. s.e. cv%
Rep 4 730.1 155
Rep.*Units* 44 1551.5 33.0
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Appendix 4.1 ANOVA TABLES (CHAPTER 4)

4.1 (a) Analysis of variance for EC before and adtr accelerated aging test

4039 “General Analysis of Variance."

4040 BLOCK Rep

4041 TREATMENTS Site*Cultivar*Days*Interval

4042 COVARIATE "No Covariate"

4043 ANOVA [PRINT=aovtable,information,means,%nissingvalues; FACT=32;

CONTRASTS=7; FPROB=yes;\

4044 PSE=diff,Isd; LSDLEVEL=5] EC

Variate: EC
Source of variation d.f. S.S. m.s. V.I. F pr.
Rep stratum 9 5.059E+07 5.621E+06 26.87
Rep.*Units* stratum
Site 1 1.100E+08 1.100E+08 525.82 <.001
Cultivar 4 1.609E+08 4.022E+07 192.26 <.001
Days 1 2.694E+08 2.694E+08 1287.61 <.001
Interval 24 1.883E+09 7.846E+07 375.06 <.001
Site.Cultivar 4 2.328E+07 5.820E+06 27.82 <.001
Site. Days 1 4.812E+07 4.812E+07 230.01 <.001
Cultivar. Days 4 4.020E+07 1.005E+07 48.04 <.001
Site. Interval 24 2.461E+07 1.025E+06 490 <.001
Cultivar. Interval 96 4.106E+07 4.277E+05 2.04.004
Days. Interval 24 3.316E+07 1.382E+06 6.61 <.001
Site.Cultivar.Days 4 6.319E+07 1.580E+07 75.52.00%
Site.Cultivar.Interval 96 9.542E+06 9.939E+04 480. 1.000
Site.Days.Interval 24 T7.999E+06 3.333E+05 1.5.033
Cultivar.Days.Interval 96 1.462E+07 1.523E+05 730. 0.978
Site.Cultivar.Days.Interval
96 2.072E+07 2.158E+05 1.03 0.397
Residual 4491 9.395E+08 2.092E+05
Total 4999 3.740E+09
Standard errors of differences of means
Table Site Cultivar Days Interval
rep. 2500 1000 2500 200
d.f. 4491 4491 4491 4491
s.e.d. 12.94 20.45 12.94 45.74
Table Site Site Cultivar Site
Cultivar Days Days Interval
rep. 500 1250 500 100
d.f. 4491 4491 4491 4491
s.e.d. 28.93 18.29 28.93 64.68
Table Cultivar Days Site Site
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Interval Interval Cultivar Cultivar
Days Interval
rep. 40 100 250 20
d.f. 4491 4491 4491 4491
s.e.d. 102.27 64.68 40.91 144.63
Table Site Cultivar Site
Days Days Cultivar
Interval Interval Days
Interval

rep. 50 20 10
d.f. 4491 4491 4491
s.e.d. 91.47 144.63 204.54
Least significant differences of means (5% level)
Table Site Cultivar Days Interval
rep. 2500 1000 2500 200
d.f. 4491 4491 4491 4491
l.s.d. 25.36 40.10 25.36 89.67
Table Site Site Cultivar Site

Cultivar Days Days Interval
rep. 500 1250 500 100
d.f. 4491 4491 4491 4491
l.s.d. 56.71 35.87 56.71 126.81
Table Cultivar Days Site Site

Interval Interval Cultivar Cultivar

Days Interval
rep. 40 100 250 20
d.f. 4491 4491 4491 4491
l.s.d. 200.50 126.81 80.20 283.55
Table Site Cultivar Site
Days Days Cultivar
Interval Interval Days
Interval

rep. 50 20 10
d.f. 4491 4491 4491
l.s.d. 179.33 283.55 401.00
Stratum standard errors and coefficients of variatbn
Variate: EC
Stratum d.f. s.e. cv%
Rep 9 106.03 9.3
Rep.*Units* 4491 457.37 40.3
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4.1 (b) Analysis of variance for germination capaty before and after accelerated

aging test (Transformed data)

4536 “General Analysis of Variance."
4537 BLOCK Rep

4538 TREATMENTS Cultivar*Day
4539 COVARIATE "No Covariate"

4540 ANOVA [PRINT=aovtable,information,means,%nissingvalues; FACT=32,

CONTRASTS=7; FPROB=yes;\

4541 PSE=diff,Isd; LSDLEVEL=5] Germination_% _ahay transformation

Variate: Germination_% _angular_transformation

Source of variation d.f. S.S.
Rep stratum 4 133.17
Rep.*Units* stratum

Cultivar 4 875.67

Day 3 151988.29
Cultivar. Day 12 4657.19
Residual 176 15356.65
Total 199 173010.98

Standard errors of differences of means

Table Cultivar Day
rep. 40 50
d.f. 176 176
s.e.d. 2.089 1.868

Least significant differences of means (5% level)

Table Cultivar Day
rep. 40 50
d.f. 176 176
l.s.d. 4.122 3.687

Stratum standard errors and coefficients of variatbn

Variate: Germination_%_angular_transformation

m.s.

33.29

218.92
50662.76
388.10
87.25

Cultivar
Day
10
176
4.177

Cultivar
Day
10
176
8.244

Stratum d.f. s.e.
Rep 4 0.912
Rep.*Units* 176 9.341

V.r.

0.38

251

580.64
4.45

cv%
1.7
17.9

F pr.

0.044
<.001
<.001
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4.1 (c) Analysis of variance for germination indeXGl) before and after accelerated

aging test (Transformed data)

8703 “General Analysis of Variance."
8704 BLOCK Rep

8705 TREATMENTS Cultivar*Day
8706 COVARIATE "No Covariate"

8707 ANOVA [PRINT=aovtable,information,means,%nuissingvalues; FACT=32;

CONTRASTS=7; FPROB=yes;\

8708 PSE=diff,Isd; LSDLEVEL=5] Gl_angular_traoshation

Variate: Gl_angular_transformation
Source of variation d.f. S.S.
Rep stratum 4 0.5990

Rep.*Units* stratum

Cultivar 4 6.0053

Day 3 707.0804 235.6935
Cultivar. Day 12 14.7537

Residual 176 61.7649

Total 199 790.2034

Standard errors of differences of means

Table Cultivar Day Cultivar
rep. 40 50

d.f. 176 176

s.e.d. 0.1325 0.1185

Least significant differences of means (5% level)

Table Cultivar Day Cultivar
rep. 40 50

d.f. 176 176

l.s.d. 0.2614 0.2338

Stratum standard errors and coefficients of variatbn

Variate: Gl_angular_transformation

Stratum d.f. s.e.
Rep 4 0.0612
Rep.*Units* 176 0.5924

V.I. F pr.
0.43
4.28 0.003
671.61 <.001
3.50 <.001
cv%
15
14.7
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