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PREFACE

This thesis consists of five chapters in an attetapgxplain issues surrounding
grain mould in sorghum. The first chapter is aréitare review of work that has been
done in the field of grain mould research. It faeai®n grain mould definition, causes of
grain mould, consequences of grain mould, how theage develops and conditions that
favour growth and development of the disease. db alescribes current options for
managing grain mould and limitations that have teddevelopment of this research
program.

Chapter 2 focuses on a green-house experimentvdsatarried out to assess the
nature of host-plant-to-pathogen (G x P) genetieractions. This experiment confirms
that there are genes in sorghum plants that apomstble for resistance to individual
grain mould fungi that have been previously bungiedhe grain mould fungi complex.
A biplot is used to explain the nature of the obedrG x P interactions. It further
recommends the use of markers to pyramid thosesgsoethat broad adaptation of
sorghum genotypes may be achieved.

Chapter 3 presents multi-environment testing, adatel, Cedara-2 and
Potchefstroom, of 12 sorghum parental lines witarthybrids (27 hybrids) to evaluate
gene action involved in genetic resistance to grasuld. This chapter also assesses
levels of heritability that can be attained witlsthesistance. This chapter also has an in
depth analysis into the best way of measuring gnaduld severity i.e. visual scoring
versus use of ergosterol concentration measurement.

Chapter 4 is a follow-up on Chapter 3. This Chapteanates from the observed

genotype by environment interaction. (G x E) intcn was highly significant after



ANOVA and could be one of the reasons why the arpat failed to detect differences
among the 39 genotypes for variation in ergosteosicentration. A Biplot is therefore
used here to assess the nature of the G x E.

Chapter 5 is an independent assessment into le¥atsycotoxins that can be
expected from the various environments where #ggearch was conducted. Mycotoxins
are dangerous substances and levels of their cbatiens are controlled by legislations
to protect consumers. This chapter determinesdedMdhree selected mycotoxins namely

aflatoxin, zearalenone and deoxynivalenol (DONpssithe three locations used.



CHAPTER 1

Genetic variability for grain mould resistance in sorghum

LITERATURE REVIEW

Introduction

1.1. What is grain mould

Grain mould is one of the most serious biotic caists in the production of
grain sorghum$orghum bicoloiL.) Moench). Different names and definitions have
been given for grain mould. Forbetal. (1992) defined grain mould as a condition
(deterioration of grain) resulting from all fungagsociations with sorghum spikelet
tissues occurring from anthesis to harvest. Thintien has now been widely
accepted. As a result, grain mould is of particalamcern in areas where the period
between anthesis and harvest coincides with highidity and warm temperature.
This is the case in areas where improved shortraedium duration cultivars that
mature before the end of the rains have been addftenhouset al, 1997). The
sorghum panicle (unlike the maize cob) is exposednsects, moulds and other
environmental elements. This makes the grains vabte to attack by bugs leaving

behind areas for fungal invasion (Ratnadasal, 2001).



1.2. Causal fungi and their variability

Fungi in more than 40 genera have been associatadsarghum grain mould
(Williams and Rao, 1981). Mycoflora analysis ofgtium kernels over the years
reveal that some of the most important speciesudtgcFusarium graminearum
Schwabe Fusarium thapsinunklittich, Leslie, Nelson et Marasas sp. nov. 1996
Curvularia lunata (Wakker) Boedijn,Phoma sorghingSacc.) Boermaet al. and
Alternaria alternata (Fr.) Keissl. because they are more frequentlyated from
moulded grain (Williams and Rao, 1981; Bandyopagistaal., 1991; Eselest al,
1993; Erpelding and Prom, 2006).

Fusarium thapsinumand Curvularia lunata seem to be consistently associated
with infection at early grain development stagesos&€ most climates and
geographies (Bandyopadhyay and Chandrashekar, 3dd§h and Bandyopadhyay,
2000; Promet al, 2003. The occurrence and frequency of isolation of ihgous
grain mould fungal species varies between growmgssns and between sorghum
lines indicating significant genotype by environmenteractions (Erpelding and
Prom, 2006). Other fungi that have been isolatedude Fusarium semitectum
Bipolaris spp,Dreschsleraspp, andColletotrichum graminicolgLittle, 2000; Singh
and Bandyopadhyay, 2000). Most of these are faowdtgparasites or saprophytic
fungi and are associated with grain weathering.gFwsuch asAspergillus spp,
(especially Aspergillus glaucus and Penicillium spp. contribute to post harvest
deterioration and toxin contamination (FrederikskE386).

Variation within the Fusarium species was widely reviewed by Leslie and

Marasas, 200ZFusariumspecies recovered from sorghum stalks and grawcaged



with stalk rot and grain mould were previously nank@sarium moniliforme sensu
lato. However, this name represented an unacceptalagdbspecies concept (9
species) and was changedrsarium verticillioidesand the name of the teliomorph
is Gibberella moniliformis(Seifertet al., 2003). Currently, thé-usariumfrom the
Liseola section has been expanded to 10 taxa (Lesltewl., 2005). Toxicity,
pathogenicity, and genetic differentiation of figé the Fusariumspecies (formerly
bungled ag~usarium moniliformgwere evaluated by Lesley al.,2005. The results
indicated that these species differ sufficientlytémms of plant pathogenicity and
toxin production profile. Fusarium verticillioideswas shown to be a prolific
fumonisin producer where&3isarium thapsinunproduces moniliformin (secondary
metabolites). Such observations bring about the te¢herefore assess the degree of
resistance and inheritance patterns available sigeach precis€usariumstrain in
the present breeding material. This result conduwih the findings of Jardine and
Leslie (1992, 1999).Fusarium verticillioidesis associated with maize while
Fusarium thapsinuns associated with sorghum (Leslie and Marasa32R0or this
reason, fumonisin is found mainly in maize and rifmamin in sorghum.

Variability in Curvularia lunatain India was evaluated by Somaatial, (1994).
Four isolates from four locations were studied ttogir cultural characteristics and
pathogenicity. They observed differences in leeélgirulence between these isolates
suggesting the need for further research withurvularia lunatato determine the
level of resistance in the sorghum germplasm ag#iese strains.

Variability within grain mould causing fungi is filmer complicated by the effect

of the environment. The predominant species var \cation, year and season.



Mansuetuset al. (1997) found that the fungi that attack sorghumirgin Tanzania
are always constant but disease expression isaidanof the environment and the
host genotypes. They observed Bixsariummating types occurring at one site and
even on the same panicle. This observation imgasdifferent types of grain mould
fungal inoculum may be available in the surroundiagany location but the one that

is favoured by the environment will dominate andseadisease.

1.3. Infection

1.3.1. Methods of infection

Researchers have distinguished between grain iofecand grain
colonization (Forbesgt al, 1992). Infection occurs at the base of the gra@ar
the pedicel and interferes with grain filling anéyncause a premature formation
of the black layer (Castor and Frederiksen, 198%1)is condition leads to
reduction in grain size (a cause of reduction &ld), a symptom often associated
with grain mould. Colonization occurs primarily dme exposed part of the grain
not covered by the glume and may be limited to drat (Forbegt al, 1992).
The process of colonization disrupts and degrabesiriternal structure of the
kernel from the outside inwards, resulting in tleeuction of grain quality and
seed viability. Sporulation follows colonizationdamould appears on the kernel
surface. The color of the mould depends on theifimglved. The cells of the
developing kernels produce compounds (pigments)rasponse to fungal
colonization resulting in grains that are pink, tehior black (Castor and

Frederiksen, 1982). Grain mould is most common sewkre on white grained

4



sorghum and has thus restricted the adoption ofawgul varieties in Africa

(Mukuru, 1992).

1.3.2. Relationship with weather

A hot and humid environment, during and after netian, promotes
extensive damage of the grain by mould fungi. Reteaonducted in West and
Central Africa (Ratnadaset al, 2001) in 1996 and 1997 on grain from 28
research stations in10 countries, indicates ttgitifisignificant correlations exist
between mean maximum relative humidity (RHmax) amdin mould rating
during early plant growth [5-40 days after anthgsias)] and between end of
flowering and harvest (65-125 das). Scatter diagrafrgrain mould scores versus
RHmax indicate that when RHmax <90%, the mean gmaauld score for 21
genotypes was consistently low, but when RHm8%%, the mean grain mould
score increased. This indicates that grain mouwdience increases with increase
in humidity. Other weather variables did not shawy &orrelation with mould
incidence. This observation is consistent withiearesearch by Bandyopadhyay
and Mughogho, 1988. This brings about the nee@dearch further the effect of
environmental factors on the epidemiology of thagal species in order to be
able to manipulate these weather variables (if ipteysto achieve long term
solutions to the problem of grain mould.

Mould damaged grain cannot be decorticated andythm is no longer
useful as food or feed. Grain mould incidence angesty increases if harvesting
is delayed until after grain maturity and wet caiois persist (Forbest al,

1992; Bandyopadhyayet al, 2002). However, harvesting at physiological



maturity when moisture levels are below 18% redugesn mould damage
(Christensen, 1970). Grain should be dried to 1%-Yfoisture after harvesting
using grain drying technology or sun-drying to avoioulding during storage and
further processing (Bandyopadhyetyal, 2002). Proprionic acid has been used as
a mould inhibitor during the drying process to resluthe risk of mould

development (Shettgt al, 1995).

1.3.3. Relationship with insects

Grain mould severity increases with insect dam&jefma, 1993; Marley
and Malgwi, 1999; Ratnadasst al, 2001). Sorghum head bug€alocoris
angustatusLethiery andEurystylus oldiPoppius, cause major damage in India
and West Africa respectively (Sharma, 1993). Thiesad bugs, nymphs and
adults, feed or oviposite on developing grain legvpunctures through which
mould fungi can enter and colonize the grain. Ihgkomaged grain becomes
shriveled, tanned and under severe infestation rbesocompletely invisible
outside the glumes (Sharned al, 2000). Insect damage to grain renders most
mould resistant genotypes susceptible by breacthag resistance. Host plant
resistance to insect is the most effective wayaritlling insects. Considerable
genetic resistance and cytoplasmic male steriiiyl§) based resistance exists in
sorghum (Steclet al., 1989; Sharma and Lopez, 1992a, 1992b; Shatl.,
1994; Sharmeet al, 2000). Cytoplasmic male sterility based resistam@s
shown to have dominance and partial dominance eygene action (Sharmet

al., 2000). Patterns of resistance to head bugs fotlmvsame trends as traits



associated with grain mould resistance (Estlal, 1993; Sharmat al, 2000)

and include grain hardness, presence of a pigmeaséal and a red pericarp with
an intensifier gene. Genotypes with all of the abtraits show less susceptibility
to both head bugs and grain moulds. Thus it shdadpossible to develop

combined resistance to both grain mould and hegd Bharmat al, 2000).

1.4. Damage caused by grain mould

1.4.1. Economics

Grain mould is a very important biological consttab sorghum production
globally. In highly susceptible cultivars, losseenaeach 100% (Williams and
Rao, 1981). Very little information is available literature on the scale of the
economic impact of grain mould on sorghum productad utilization especially
after year 2000. In 1992, grain mould caused amattd loss of US$130 million
globally (ICRISAT, 1992). These losses can be actamli for by the effect of
grain mould on the physical properties of graine3édn losses affect both quality
and quantity of sorghum grain and includes (1) mgwnd discolored pericarp,
(2) a soft and chalky endosperm, (3) decreased §tiang and size, (4) sprouting
(reduced germination of seed, (5) mycotoxin pro@uct(6) decreased dry matter,
density and test weight, and (7) altered compasittd phenolic compounds
(Waniskaet al, 1992).

The loss in quantity implies reduction in yield. rigainfection of the
spikelets occurs from the outside inwards. Infectid the grain itself occurs at
the base near the pedicel and can interfere wahndilling and cause premature

7



formation of black layer (Castor, 1981). This leadsdevelopment of smaller
seeds, which results in farmers getting reduceldyiger plot of land.

The importance of sorghum in the livelihood of tA&ican rural poor
cannot be over-emphasized. Most rural societiédfrica are poor and live in hot
semi-arid areas where sorghum is their main sooir@@come, food and feed for
their animals (Hallet al, 2000a). However, sorghum production is problé&mat
(especially poor grain quality and availability grin) to such an extent that it is
being overlooked (in terms of research and devedo)rin preference for maize
production (Hall et al, 2000a; 2000b). Early infection and post maturity
colonization of sorghum grain by mould fungi are tbrimary cause of quality
reduction. There is therefore a need for relevastitutions to reform their rules,
policies and norms to bring about institutional amations that can be
manipulated or leveraged to alleviate financial &oall security losses caused by
grain mould (Hallet al, 2000b). Although sorghum is primarily a subsiste
crop, there are indications that this situation lbanmproved if proper research is
done to find ways to improve this crop. Sorghumirgfaas a great potential for
utilization on a commercial scale by the brewing aoultry industries to replace
maize that has been projected to become very exgems the near future

(Seshaiah, 2000).

1.4.2. Effect on seed viability
Grain mould fungi cause abnormal growth of seedlingd decrease seed

viability (Castor and Frederiksen, 1980; Gaaidl, 2000; McLareret al, 2002;



Promet al, 2003). According to (McLareat al, 2002)Alternaria spp. are the
main cause of reduced germination in South Africeoanting for 88% of the
reduction. These fungi cause the grain to germioatéhe panicle (pre-harvest
sprouting) after black layer formation if wet cotiins persist (Bandyopadhyay
al., 2000). Such pre-harvest sprouted grains becoiftelge to the digestion of
parts of the endosperm lbyamylases. Fungal colonization of embryos leading t
formation of smaller seeds and seed dormancy isnie cause of reduction in
germination. At College Station in Texas USA, Pretral (2003) noted that.
lunata has the ability to infect and kill seeds withoubgiucing significant visible
symptoms especially under hot and dry weather t¢iomdi. This means that visual
assessment of grain is not sufficient as a meas@rpotential damage to
germination caused by mould fungi. It is therefareportant to conduct

germination tests on seed to be used by farmers.

1.4.3. Mycotoxin production
A major concern associated with grain mould is freduction of

mycotoxins and secondary metabolites that are hartof human and animal
health and productivity. Apart from sorghum, mycots can accumulate in
maize, soybean, groundnuts and other food anddesss in the field or during
improper storage. Several fungi are capable ofyoiog) mycotoxins but the most
important areAspergillus FusariumandPenicillium spp. (Sweeney and Dobson,
1998). Fusariumspp. are field fungi whilsAspergillusandPenicillium spp. are

storage fungi. There are five common mycotoxinsntbiun food and these are



aflatoxins, ochratoxin, fumonisins, deoxynivalen(@ON, vomitoxin), and

zearalenone (ZEA) (Bandyopadhyetyal, 2000).

1.4.3.1. Aflatoxins

Aflatoxins are considered the most important mygwt®. Major producers of
aflatoxins areAspergillus flavud.ink, andA. parasiticusSpeare (Bandyopadhyay
et al, 2000). These fungi are found virtually everywhgrewing in soils and
decaying plant material and cause stored graime#&b and decay. They produce
aflatoxins as a byproduct of growth on many comriesli including sorghum,
before and after harvest. Aflatoxins are differatail into B (B1 and B2), M (M1
and M2), and G (G1 and G2) sub-types based ontsteyacchromatographic and
fluorescent characteristics. Aflatoxin B1 is thesthpotent (Husein and Brasel,
2001). It binds to DNA, disrupting the genetic cotteereby promoting generation
of cancerous tumors. It is also responsible for gmoformance in livestock and
poultry. Legislation regulates maximum allowablentzomination levels at 5 ppb
in Europe, 10 ppb in USA and commodities must Is¢eteto ensure that levels
are below this value for human and animal conswnpfThe LD50 of aflatoxins
for most species ranges from 0.5 — 10 mg/kg bodighte(Rustom, 1997).
However, aflatoxins in sorghum are not as seri®isnamaize, groundnut and
other oil rich seeds because sorghum is a relgtpebr substrate fohspergillus

spp. (Bandyopadhyast al, 2000).
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1.4.3.2. Ochratoxin

Ochratoxin is produced bgspergillus ochraceudVilhelm andPenicillium
viridicatum Westling (Bandyopadhyast al, 2000). Van der Merwet al. (1965)
described the first occurrence of ochratoxin inzman South Africa. This toxin
can also be found in sorghum and barley togetheth waflatoxins
(Bandyopadhyayet al, 2000). Ochratoxin has been reported to causenande
nephropathy in humans and porcine nephropathy muraber of mammalian
species (Lowe and Arendt, 2004). Turkeys and ppsitffer lower productivity,
and other animals suffer kidney malfunction due thratoxicoses
(Bandyopadhyayet al, 2000). Maximum allowable levels of contaminatiame

10-20 ppb.

1.4.3.3. Fumonisins

Fumonisins are categorized into three groups: B4, &d B3. They are
produced byFusarium verticillioides (moniliformeand Fusarium proliferatum
(Matsushima) Nirenberg (Bandyopadhyetyal, 2000).Fusarium verticillioides
(mating population A) is a soil borne plant pathodgeund mainly in maize that
produces large quantities of fumonisins. Fumonisiage been found in a wide
range of products including rice, yams, sorghunzehait, pecans, and cheeses
(Doko et al, 1995) emphasizing the importance of testingsdnghum, mating
population F is predominant and produces less fusiman(Leslie and Mansuetus,
1995). Fumonisins found in maize have been assutwsith esophageal cancer in

the Transkei region of South Africa (Sydenheinal, 1990).

11



1.4.3.4. Deoxyvalenol

Deoxynivalenol (DON or vomitoxin) is produced Bysarium graminearum
(Bandyopadhyayet al, 2000). This toxin has been found in wheat, barley
sorghum and maize (Bilgrami and Choudhary, 1998goxXynivalenol is
classified under the largest groupFisariummycotoxins called trichothecenes
that are divided into types A, B, C, and D accogdio their molecular structures
(Miller et al, 1991). Deoxynivalenol is classified as type BisTtoxin can cause
vomiting, feed refusal, immune suppression, diastad weight loss in animals

(Bandyopadhyat al., 2000).

1.4.3.5. Zearalenone
Zearalenone (ZEA) is also produced Bysarium graminearuntogether

with deoxynivalenol (Bandyopadhyagt al, 2000). This toxin is found in maize
and sorghum and has been detected in beer andpsotudge prepared from
contaminated maize and sorghum (Sibaatal., 1997). ZEA is a macrocyclic
lactone with high binding affinity to oestrogen eptors and low acute toxicity
(Diekman and Green, 1992). It causes a wide rahgepooductive problems to
livestock which include, infertility, vulva oedemaaginal prolapse, mammary
hypertrophy in females and feminization in malegeyzo pregnancy and abortion
with pigs being the most affected species (Bandgbpay et al, 2000).
Zearalenone toxicity can lead to losses to farnbgréowering productivity and

reproductive ability of livestock.
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It is clear that grain mould is a very importanteze disease that scientists
have to take seriously since cereals are a carlvateydource for many people the
world over. If left unattended, this disease w#luse a reduction in production
(plant and animal productivity), nutritional valuand market value of most
cereals. The best protection against mycotoxin® imonitor their presence in
feeds and foods by continuously testing grains frbarvest to processed
products. Since prevention is better than cure,apiag grain moulds in the field

helps to reduce the overall amount of damage.

1.4.4. Effect on seed sorghum

Commercial production of hybrid seed in sorghunitsthwith the discovery
of cytoplasmic-nuclear male-sterility (CMS) systaiesignated as Al (milo)
(Stephens and Holland, 1954). Additional CMS syst€AR, A3, and A4) were
later identified (Moran and Rooney, 2003). Almod$it @mmercial sorghum
hybrids have been produced using Al cytoplasmhempiast 45 years (Moran and
Rooney, 2003). However, there is higher risk widspect to stability of
production and vulnerability to disease when alsif@MS system with narrow
nuclear genetic diversity of both male sterile (ARes and restorer (R-) lines is
used. This is evident from the outbreak of southeam leaf blight on maize
hybrids based on a Texas cytoplasm in 1970 (Tal@wl). In sorghum, type of
cytoplasm (Al or A2) does not affect grain mouldesg¢y andFusariumhead
blight incidence (Stack and Pedersen, 2003) butHeen shown to increase

sorghum susceptibility to rustPqccinia purpureaCooke), zonate leaf spot
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(Gloeocercospora sorghBain & Edgerton ex Deighton), and leaf blight
(Exserohilum turcicun{Pass) K. J. Leonard & E. G. Suggs) (Rodrigeeal,

1994).

1.5. Measurement of grain mould

1.5.1. Visual scoring

Measurement of grain mould severity is importanttases in with other
areas of research, including epidemiology and hestance. Visual scoring has
been the most popular means of quantifying graimulchorhis method can be
used to estimate severity (degree of colonizaticen uniform sample indicated by
signs or discoloration), incidence (proportion afaig affected), or damage
(reduction in grain size), (Bandyopadhyai al, 2000). Visual scoring uses a
common scale of well defined units such as peroérgrain surface affected
(Forbes, 1986; Bandyopadhyay and Mughogho, 19883 ethod is easy to use
and a large number of samples can be screenedshora time. Even though
visual scoring has been shown to have bias aghgtgtcolored grains and is
subject to individual judgments, it has been shaeveignificantly correlate with
more reliable methods like measurement of ergastemcentration (Seitet al,

1983; Forbes, 1986).
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1.5.2. Ergosterol concentration

Since visual scoring evaluates grain mould sevesfyerficially, there is a
need to assess internal colonization. Most atteimgie measured the proportion
of infected grains using selective media (Cast881) or chemical treatment of
grain (Gopinath and Shetty, 1985) to remove biagstds the more competitive
(fast growing) component of the mycoflora on thedssurface (Bandyopadhyay
et al, 2000). These methods estimate the amount of evidbhgal tissue
(propagules per gram of seed tissue).

Measurement of ergosterol concentration is a meresisve method of
estimating total (viable and non viable) fungalrbass which considers all fungal
growth events that have taken place (Setzal, 1977). Ergosterol is the
predominant sterol component of all fungi (Weet&Q74) and it differs
significantly from sterols of higher plants. Ittiserefore not a native constituent
of grains. The primary role of sterols in natureassarchitectural components of
membranes (Nes, 1974). Ergosterol concentratiocedre has been used to
distinguish levels of grain mould resistance (Jamaitianet al, 1991). This
procedure provides an indication for the extentndérnal mould colonization
which is not externally visible. Therefore, a cormdiion of assessment of severity
of different fungi (visually or on agar) in a gragample in conjunction with

ergosterol measurement indicates the identity®fdingi and their quantity.
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1.6.Management of grain mould

1.6.1. Avoidance and chemical control

Traditional landrace sorghum varieties have beewgrin most parts of the
world over many years. These varieties often esgag® moulds because they
are photoperiod sensitive and late maturing suahttiey flower and mature after
rains have stopped and the risk of grain mould esy iow i.e. avoidance
mechanism (Curtis, 1968). However, these varidiease low adaptation outside
their natural habitat, tend to be bulky, are susbkpto many diseases and have
low yields. In some areas farmers grow high-tanbimwn sorghums because
these have been shown to resist both grain mouldbénd damage (Mukuru,
1992; Waniskeet al, 1992). However, high-tannin sorghum is unacdspt#o
most end-users because tannins are responsiblievier protein digestibility,
dark colors and astringency (Hagermetnal, 1998; Waniska, 2000; Rooney,
2005). Chemical control of grain mould has beeowshto be very effective
(Gopinath and Shetty, 1987) but is not economicahiost subsistence sorghum
growers (Mukuru, 1992). In most cases, avoidance ememical control is
impractical hence, use of resistant cultivars sfféhe most sustainable and

effective means of control.

1.6.2. Resistance breeding and defense mechanisms
Since sorghum is grown in the semi-arid regionshwiery little and
unpredictable rainfall, there is a need for farntersraximize yield on the limited

moisture received during the rainy season. In Afrimost research programs are
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introducing white-grained, short-duration and stetatured cultivars that mature
before the end of the rainy season (Stenhaisa, 1997). This has led to an
increase in the incidence of grain mould as ha® Imeted in India and parts of
China, the US and Latin America (Stenhoasal, 1997).

The fact that some true breeding cultivars varyeistance to grain mould
indicates that there are genes responsible fosteemie. However, this resistance
is complex and involves several mechanisms (Foebas, 1992; Waniskat al,
2001; Little and Magill, 2004). These mechanismd Hre genes involved work
synergistically to realize resistance. Most of tiree (not always), resistance
genes in a cultivar are race-specific and are itdtem a simple Mendelian way
(Collinge and Slusarenko, 1987). This is suppoligdhe concept of gene-for-
gene interaction that hypothesized that for eacte der resistance in a host, there
is a matching gene for virulence in the pathogdor(A971). There is need to
identify these genes and pyramid them in orderateela broader and more stable
resistance mechanism.

Sources of grain mould resistance cut across a widephological
variability and diversity in taxonomic races and ogephic origin
(Bandyopadhyat al, 1988). Many years of research have shown thag thee
three primary sources of sorghum grain mould rastst. These include physical
or structural characteristics and biochemical draitthe seed, glume and panicle
(Chandrashekaet al, 2000; Reddyet al, 2000; Waniska, 2000). Defense
mechanisms can be classified as either passivest{tdgive or pre-existing

features) or active (inducible or switched on aftéection by pathogen). Passive
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sorghum grain mould defense mechanisms include fotitlimited to) grain
hardness, panicle compactness and shape, preseabsence of a testa layer,

photoperiod sensitivity and glume coverage.

1.6.2.1. Grain hardness

Grain hardness has been shown to be key in camfegriain mould resistance
by several independent researchers (Meegkial, 1996; Ghorade and Shekar,
1997; Audilakshmiet al, 1999). Grain hardness acts as a physical bawier
penetration by fungal hyphae. Jambunatégaal. (1992) reported a collection of
landrace sorghums from Orissa in India that whérehate grain type without a
testa layer but were resistant to grain mould. €Haadraces where reported to
have extremely hard endosperms. However, popuktimom the different
regions of the world have their own preference mdigg hardness depending on
the end use. In India, Sudan and Ethiopia, sofingrare preferred for making
chapatti kisra andinjera, respectively. In West Africa, on the other hamre
corneous endosperms are preferred for matdrigudilakshmiet al, 1999). This
has implications when it comes to utilizing graerdness to manage grain mould

in these areas.

1.6.2.2. Phenols

Plants synthesize a vast array of metabolitesahatoxic to potential pests
and pathogens. These metabolites include antibigih@nols that occur
constitutively in plant cells and function as pogred inhibitors associated with
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passive non-host resistance (Stoessl, 1983). Alghsmns contain phenols.
Phenols are divided into three major groups: phenatids, flavonoids and
tannins (Chunget al, 1998). Sorghum containing tannins is referredddannin
or brown sorghum even though the pericarp color imaywhite, yellow or red
(Waniska, 2000). Sorghums have been divided intetigroups according to the
levels of tannins (Price and Butler, 1977) and ggw® of the grain (Rooney and
Miller, 1982). Group | sorghums do not have a pigted testa, contain low
phenols and no tannins (food types). Group Il héesta with tannins but do not
have a spreader trait {#,-ss). Group lll has a testa with tannins that gpitea
the pericarp due to the presence of a spreader(geit®-S-).

Harris and Burns (1973) reported that sorghum tanoontent was
significantly and negatively correlated with preatest seed-moulding scores.
Jambunatharet al. (1986) and Jambunathast al. (1990) reported that the
concentration of flavan-4-ols in grain sorghum weasponsible for resistance to
fungal invasion. Condensed tannins, athocyanidsasne phenolic acids, and
flavan-4-ols are some of the secondary metabdilitgshave been associated with
sorghum grain mould resistance (Butler, 1988; Nmhio and Hammerschmidt,
1992).

Choice of grain color varies according to prefeeenand end-use
(Audilakshmiet al, 1999). In India, for example, white grained vaeg with
straw glumes are preferred as they do not want glaolor to taint the food
products. In most parts of Africa, some farmers tdarate high tannin brown

sorghums as they prefer them for their bird reststaand better taste in beer
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brewing. Waniska (2000) described food-type sorghas ‘sorghums with a tan
secondary-plant-color, straw colored glumes, white clear pericarp, no
pigmented testa, intermediate to hard endospertaregxand increased resistance
to grain weathering that mill into products witrabtl flavor, white color, and no
off-colors’. Some Group | sorghums that are whitdored and without a
pigmented testa were shown to be resistant to gnauld (Rodriguez-Herreret
al., 1999). They proved to co-express high leveldidbar antifungal proteins as
a resistance mechanism. Use of high phenol cortant therefore be used
selectively, just like grain hardness, by breedetieir selection criteria for grain
mould resistance.

Some fungi have developed sophisticated ways ofrcomeng plants’
physical defenses. Plants therefore have evolveiveabiochemical defense
mechanisms that act synergistically with passiveistance mechanisms to
express resistance. When a cell wall or cell menmdbrs breached by a pathogen,
the host reaction differs between resistant andegpiible hosts (Forbest al,
1992). Susceptible sorghums allow the fungi to geowd ramify throughout the
placental sac and into the endosperm and evemtbheye without much change
in pericarp color (indicating a compatible interan). In resistant sorghums,
pigmentation occurrs rapidly at the infection sftedicating an incompatible
interaction) (Forbegt al, 1992). This pigmentation is the first visible gytom
of host response and is caused by the rapid acatiowlof phenols, formation of

lignin and accumulation of cell-wall appositions cBuas papillae. Other
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alterations may include esterification, polymeii@atand crosslinking of phenols
and esters in the cell walls of infected cells.

These physiological activities result in discolarat auto-fluorescence and
rapid (hypersensitive) cell death of host tisswiad the pathogen. The sum total
of these changes is the creation of an inhibitanyirenment which restricts
further growth of the pathogen either by starvat@mnpoisoning or physically
restricting it or a combination of the three (Qujle and Slusarenko, 1987;
Graham and Graham, 1991; Nicholson and Hammersthi882; Little, 2000).
These physiological activities in the cells of stant cultivars are a result of
transcriptional elicitation of defense genes (Eittt000). The defense genes are
activated when pathogen-derived products interdathh wost-derived receptors
encoded by resistance genes i.e. the recognitiacchanésm (Daly, 1984; Day,

1984).

1.6.2.3. Secondary metabolites

Another active defense mechanism is the formatfaseoondary metabolites.
This involves the production of phytoalexins frommetphenylpropanoid and
flavonoid biosynthesis pathways (Collinge and Sleisko, 1987; Little, 2000).
The amino acid phenylalanine is a precursor for $lyathesis of phenolic
compounds. In healthy tissues, this amino acid gsally incorporated into
proteins. Following infection, however, this amiacid is converted to trans-
cinnamic acid and enters the pathway for biosymshes phenylpropanoid

compounds. Phenylpropanoid and flavonoid metabaligm@ common in many
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plant cells especially during flowering (van der éviet al, 1993). Induction of
phytoalexin biosynthesis is associated with aca&terde novo synthesis of
phytoalexin biosynthetic enzymes phenylalanine amaityase (PAL) and
chalcone synthase (CHS). Metabolism of phenylpropghby the enzyme PAL
results in the accumulation of antifungal furancoanins (phytoalexin). PAL
activity responds to several stimuli including fahdnfection (Orczyket al,
1996). Cuiet al (1996) demonstrated an increase in PAL activiithiw a few
hours of infection, in seedlings of the sorghunediBTx635 and RTx7078 when
inoculated with Bipolaris maydis (Nisikado & Miyake) Shoem. The
phenylpropanoid pathway is switched to the flavdnioiosynthesis pathway by
CHS (Little, 2000). Cuiet al (1996) also demonstrated an increase in CHS
activity, within few hours of infection, in seedfja of the sorghum lines BTx635
and RTx7078 when inoculated wiBipolaris maydis.An increase in PAL and
CHS activity comes as a defense mechanism in regptm infection since
Bipolaris maydisis a non-pathogen of sorghum. There is need therefor
breeders to select or screen germplasm for altditproduce PAL and CHS in

grain mould hotspots during the breeding process.

1.6.2.4. Antifungal proteins

An important factor in screening for grain moulsistance is the profile of
antifungal proteins (AFPs) also known as storageems or pathogenesis-related
(PR) proteins. These proteins are enzymes andradeiged in response to biotic

and abiotic stress. They have been identified imymglants including beans,
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peas, pearl millet, maize (Abeles al, 1970; Mauchet al, 1984) and sorghum

(Kumari and Chandrashekar, 1994; Seetharastal, 1997; Rodriguez-Herrera

et al, 1999; Bueset al, 2000; Bejosanet al, 2003). They have been shown to
inhibit fungal growthin vivo andin vitro (Seetharamast al, 1996; Seetharaman

et al, 1997)

Sormatin, chitinase-1,3-glucanase and ribosome-inactivating proteiRi®)
are all AFPs and have been identified in sorghuee{{taramart al, 1996).p-
1,3-glucanases have been isolated in many plantdle(B 1985) including
sorghum (Darnettet al, 1993) and act by hydrolyziry1,3-glucans found in the
cell walls of many fungi (Bartnicki-Garcia, 1968)hey range in molecular mass
from 21 to 31 kDa (Boller, 1985) and are importplaint defense proteins in that
they are induced by fungal infection and or dam@geshnaveni et al., 1999) and
inhibit growth of most pathogenic fungi.

Chitinases are enzymes of 25 — 35 kDa moleculas e hydrolyze chitin.
Three isozymes of chitinase from sorghum seeds vpenéfied and their
biochemical and antifungal properties determinedisfibaveniet al, 1999).
These isozymes were induced upon colonisation lly insects and fungi. There
are however reports of instances where high leegélshitinases have been
reported in susceptible plants (Krishnavenal, 1999).

Sormatin is a smaller protein with a molecular mafss22 kDa (Seetharaman
et al, 1997). It acts by causing permeabilization ofgainmembranes (Vigerest
al., 1991). High concentrations of this protein haeerbreported in sorghum and

maize seed extracts (Darnettyyal, 1993). Sormatin is a homolog of the maize
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AFP zeamatin (Vigeret al, 1991). Sormatin production in sorghum has been
shown to be induced by fungal attack (Rooney, 199@jyating that it is one of
the plant’'s defense mechanisms. It however acts taan other AFPs as it has
been reported to peak at 30 days after anthesi&JDA

Ribosome inactivating proteins are found in seedsts, leaves and sap of
many plants and they range in size from 28 to 3& KDarnettyet al, 1993).
They inhibit protein synthesis in pathogenic fungalls by RNA N-glucosidase
modification of 28 s-RNA (Logemanet al, 1992). A 30 kDa RIP was reported
in sorghum (Seetharama al, 1996). Rodriguez-Herrert al, (1999) reported
that grain mould resistant lines constitutively gsed higher RIP levels under
both grain mould free environments and under gnaiauld environments
compared to grain mould susceptible lines.

Rodriguez-Herreraet al, (1999) found that a combination of AFPs in
sorghum inhibits fungal growth more efficiently thdoes either enzyme alone.
This co-expression of AFPs is responsible for graould resistance in food type
sorghums of Group I. Joddt al. (1995) demonstrated that hydrolytic activity of
chitinase o3-1,3-glucanase on cell walls in transgenic tobammadd result in an
increased uptake of RIPs into fungal cells. Theeetbility to co-express AFPs is
essential for grain mould resistance.

Bejosancet al. (2003) revealed that the environment significatiiects the
levels of AFPs in resistant and susceptible sorghurhis research follows on the
findings of Seetharamaet al, (1996) that AFPs are mobile and leach from the

karyopsis due to rain and changes in atmosphempédeature. As a result, the
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ability of sorghums to resist fungal invasion wasectly and positively
influenced by their retention/production of AFPsej@sanoet al, 2003).

Susceptible cultivars lost or failed to retain thA&FPs from 30 to 50 DAA.
Therefore breeders should use ability to co-expsd retain AFP’'s as a

screening mechanism when selecting for grain maaddstance in their nurseries.

1.6.2.5. Number of genes

As indicated above, sorghum grain mould resistdra been shown to be
determined by several qualitative loci that inclugein hardness, panicle
compactness and shape, presence or absence ofneenpegl testa layer,
photoperiod sensitivity, glume coverage, productioh phenols, antifungal
proteins and other secondary metabolites. Howekliese loci do not account for
all the variation observed for grain mould resiseamn sorghum (Rooney and
Klein, 2000). Rodriguez-Herrerat al. (2000) estimated 4 to 10 genes to
contribute to grain mould resistance in sorghumweleer, this number is an
under-estimation of the actual number of genes luaeb as indicated in the
discussion above. This could be because some geaemfluence grain mould
infection were not segregating in the material uaed or because of genetic
linkage. Generation mean analysis of a cross betw@arefio’ and ‘RTx430’
indicated that sorghum grain mould resistance hdditiae, dominace and
epistatic effects (Rodriguez-Herreztal, 2000). This resistance is also moderate

to highly heritable (Dabholkar and Baghel, 1983dRguez-Herrera, 2000) even
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though it has to be selected for specific enviromsielue to high genotype by

environment interactions.

1.6.2.6. MAS and QTL analysis

The availability of advanced biotechnological depshents recently has
opened new avenues that breeders can utilize nfficesietly to breed for grain
mould resistance. Quantitative trait loci (QTL) bBs&s and marker assisted
selection (MAS) are some of the tools that providge for such developments
(Rooney and Klein, 2000; Rodriguez-Herretaal, 2000). Attempts to identify
molecular markers for genes involved in sorghuningraould resistance were
reviewed by (Rooney and Klein, 2000; Rodriguez-Eexet al, 2000; Klein et
al., 2001). They found five QTLs each accountinglfetween 10 to 23% of the
observed grain mould incidence variance. Howewsanesof these QTLs affected

multiple traits and hence could be confoundingoif msed properly in MAS.
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CHAPTER 2

Variability in genotype x pathogen interaction for grain
mould resistance in sorghum

ABSTRACT

Sorghum panicles were inoculated with five fungiguently isolated from sorghum grain
to determine the relationship between fungal pathamty and host genetic resistance. A
collection of 11 sorghum genotypes sourced fromtl@oa Africa regional trials
supported by the International Sorghum and Mill€wllaborative Research Support
Program (INTSORMIL CRSP) was used. Panicles ofcsetegenotypes were inoculated
at anthesis witlfrusarium graminearum, Fusarium thapsinum, Curviddunata, Phoma
sorghinaandAlternaria alternataspores. Panicles were sampled at 50 days afteesiat
and visually scored for grain mould severity andleated for ergosterol concentration.
There were highly significant differences in thedks of fungal pathogenicity on the
different sorghum genotypes. These differences waded for 58.4% of observed
variation in ergosterol concentration. Genotype fmthogen (G x P) interactions
accounted for 33.5% of the observed ergosterol ernation variation. The implication
is that different genotypes reacted differenthdifferent fungi. The genotypic reactions
of the hosts accounted for 8.1% of the observedstegol concentration variation.
Overall, fungal pathogenicity is the most importéagtor to consider in the evaluation of
germplasm for grain mould resistance. However, &ingthogenicity also depends on

host genetics. Individual host genes associateld rggistance to individual grain mould
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fungi need to be identified and manipulated intaqgham hybrids and cultivars. Possible
sources of resistance could be identified by uskigbt analysis of G x P interactions.
Visual scoring for grain mould is insufficient witht identifying causal fungi. A multiple
regression model involving all the fungal speciesoanted for 67% of the variation in
the final visual grain mould damage ratiddternaria alternataaccounted for 52% of the
final visual grain mould damage rating. Howeveysarium thapsinumand Phoma
sorghinawere the most abundant fungi across all genotypless, it should be possible
to identify individual host resistance genes andapyd them in order to get a broad
sense resistance mechanism that will hold agairstinaportant fungi across

environments and seasons.
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INTRODUCTION

Grain mould is a significant constraint to sorghy®orghum bicolor(L.)
Moench) production and utilization. It is a partamuproblem in areas where the period
between anthesis and harvest coincides with highidity and warm temperatures. Most
of the fungi isolated from moulded grain are faatiMe parasites and the predominant
species differ across locations and seasons. ghdisance of sorghum grain mould has
been highlighted in Africa, Asia and the Americ&se(derickseret al, 1982: ICRISAT,
1987). Grain mould reduces yield, nutritional qyalseed viability, kernel weight and
market value (Forbegt al., 1992). Grain mould fungi are also responsible ttoe
production of potent mycotoxins and secondary nwitgs that are harmful to human
and animal health and productivity (Castor and érnéden, 1980). Fungi in more than
40 genera have been associated with sorghum grautdniWilliams and Rao, 1981).
Mycoflora analysis of sorghum kernels over the gemaveal that some of the most
important species includé-usarium graminearumSchwabe Fusarium thapsinum
Klittich, Leslie, Nelson et Marasas sp. nov. 19@&irvularia lunata(Wakker) Boedijn,
Phoma sorghingSacc.) Boermat al. andAlternaria alternata(Fr.) Keissl. because they
are more frequently isolated from moulded grain lfdfns and Rao, 1981;
Bandyopadhyawgt al.,1991; Eselet al, 1993; Erpelding and Prom, 2006).

Grain mould is a result of a complex fungus-hoseriamction. This interaction
needs to be fully investigated and understood kbefodurable solution to grain mould
damage is found. Many researchers have referrgdaio mould as a disease caused by
many fungi collectively and have therefore soughfimd a resistance mechanism that

would restrict all grain mould fungi simultaneousGrain characteristics that have been
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associated with mould resistance include grainressl, a thin pericarp, a thick surface
wax layer, a pigmented testa, a red pericarp, baicentration of tannins and flavan-4-
ols, antifungal proteins, grain density and graiegrity, open panicles with long glumes,
and plant height (Glueck and Rooney 1980; Muku@92] Eseleet al, 1993; Rodriguez-
Herreraet al, 1999; Waniskaet al, 2001). Most of these traits are qualitative frait
Overall, grain mould resistance is believed to beltigenic with recent estimates
indicating a minimum of 4 to 10 genes controlliggistance in white-grained sorghums
(Rodriguez-Herrerat al, 2000).

Most research into grain mould resistance has aclatged the significant effect
of the environment on the expression of resistanoechanisms. However, the
environment is the effect of the climate (weathenditions) and location whereas very
little attention has been given to the pathogeslfité\s a result, most recommendations
on grain mould resistance emphasize the need &xts@r each environment. This
approach however is limiting as environment chanwgés seasons even within the same
location.

Before resistance mechanisms can be investigdtesl,eissential to understand
fungal pathogenicity. Somast al. (1994) reported the presence of strain€ofvularia
lunatathat poses different levels of pathogenicity togeam in India. On the other hand
Jardine and Leslie (1992) found no differences athpgenicity among two mating
populations ofFusariumspp. Infection and colonization patterns were fotmdiffer for
Fusariumspp and Curvularia lunata (Castor, 1981). These differences may partially
explain why resistance to the two pathogens al$ierdiand why the expression of

resistance under changing conditions varies. Afésaluating several thousand
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germplasm lines in the International Grain MoulcsR&nce Screening Program (Indira
et al, 1991) noted that no genotype was immune tongreould. This shows that no
single genotype has all the necessary resistanesgelowever, recombination breeding
(crosses between lines with some resistance amckmiilsle ones) improved varietal
resistance to grain mould. This improvement codattributed to chance recombination
among crosses. Informed crosses could have achieve@® genetic gain toward
achieving immunity. The little gain observed wasiaged using visual grain mould
rating during the screening process under natofettion.

This research seeks to identify sorghum genotyp#sspecific resistance and to
guantify the effect of different grain mould fungn host response. This will enable
researchers to make their crosses more accuratelytaaget specific pathogens with

specific resistance genes for all environments.
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MATERIALS AND METHODS

1. Genetic material and fungal cultures.

In August 2006, a diverse array of 11 sorghum ggrest with different reactions
to mould was carefully selected for this prograrheTL1 genotypes were sourced
from a Southern Africa sorghum regional breedingsery supported by the
International Sorghum and Millets Collaborative &amgh Support Program
(INTSORMIL CRSP) of the USAID.

The experiment was conducted in a green-houseeatJttiversity of the Free
State in Bloemfontein South Africa. The selectetiofgpes where classified into
three groups R (resistant), | (intermediate), anbi&ceptible) (Table 1) based on
field grade score (FGS) data from a number of yehrwior field evaluations. This
data was obtained using a rating system describgd(Bandyopadhyay and
Mughogho, 1988). Ratings where based on a 1 toake so which 1 = no visible
mould; 2 = 1 to 10%; 3 = 11 to 25%; 4 = 26 to 5@%; more than 50% of kernels in
the panicle moulded. Group (R), are resistant ggrastand have a score (x) such that
x < 2. Group (I), are intermediate resistant and 2<3 Group (S), are susceptible
genotypes ang< x<5.

Plants were maintained at 25 — 30 °C with regulagation and fertilization.
Seed from each line was sown into a steam stedilszal:peat mixture (3:1) mix in
25-cm diameter pots and thinned to two plants perafter emergence. There was
one pot per replication. A split-plot design withrde replications was used with
fungus as the main treatment (whole-plot) and ggrest as the sub-plots within

treatment. The design was completely random witiotyges and fungi taken to be
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fixed in the analysis model. Panicles were visuattpred for grain mould severity

and harvested 50 days after anthesis and wereaggdltor ergosterol content.

. Sources of isolates.

Isolates ofF. graminearum, and F. thapsinwwvere obtained from grain collected
at Potchefstroom during 2005-2006 season and nia#akan the culture collection at
the University of the Free State.

Isolates ofCurvularia lunata, Phoma sorghinand Alternaria alternatawere
obtained from bulk sorghum grain sampled from alldcewing company. Grain was
surface sterilized in 1% sodium hypochlorite santfor 3 minutes followed by three
rinses in sterile distilled water. The grain waedron sterile blotting paper and from
50 to 100 seeds were plated onto malt extract giHEA) medium (Biolab
Diagnostics SA (Pty) Ltd) to which streptomycin 8&Pharmaceuticals SA (Pty) Ltd
/ (Edms) Bpk was added at a rate of 0.3 ml per dfemedium. Individual fungal
colonies from grains were transferred to half-gdtenpotato dextrose agar (PDA)
(Biolab) to assess colony morphology. Single speotates obtained following serial
dilution of spores collected from colonies growioig 2 PDA were cultured on full

strength PDA to increase inoculum.

. Inoculum production.
Conidial suspensions ofF. graminearum, F. thapsinum, Curvularia lunata,
Phoma sorghinandAlternaria alternatawere prepared by plating single colony agar

plugs onto a culture plate and harvesting conigiiadrsaping the colonized agar plate
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with a flame sterilized bacterial spreader. Theusoh was filtered through
autoclaved cheese cloth to remove mycelial fragme@bnidial suspensions were

calibrated to 1 x 10conidia per ml with a haemocytometer.

. Plant inoculation.

Individual genotypes were inoculated with sporestied five fungi and the
treatments were replicated three times. Heads sgragth sterile water served as a
control. Panicles were inoculated at grain milk glostage. Inoculum was sprayed at
all angles on to the panicles until runoff. Parscleere immediately covered with a
plastic bag for seven days to maintain high reéatnumidity and promote initial
infection and colonization. The incidence of greapuld and its damage was scored
visually as described above at maturity. The idgmtf grain mould fungi in the

greenhouse was confirmed by confirmatory re-isofetiin the lab.

. Ergosterol extraction and determination.

At maturity, grain was harvested from each treatmeplicate and ergosterol was
determined according to the method of Sediz al. (1977) as modified by
Jambunatharet al. (1991). A 10 g sorghum grain sample from each g@nivas
ground using a laboratory mill and sieved through4&mm screen. Ergosterol was
then extracted from the sample with 50 ml of methaiMeOH) by vigorously
mixing with a magnetic stirrer in a 100 ml beaker 80 minutes. The mixture was
allowed to settle and 25 ml of clean extract wasadeed and added to a screw

capped test tube containing 3 g of potassium hydeoxKOH). The mixture was
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thoroughly agitated on a vortex mixer to dissolM@HK n-Hexane (10 ml) was added
and the mixture was incubated at 75 °C in a waa#h bbr 30 minutes and allowed to
cool to room temperature. Distilled water (5 ml) swadded, and after mixing
thoroughly, the solution was allowed to cool tormotemperature. The upper hexane
layer was removed with a syringe and transferred test tube. Hexane (10 ml) was
added to the remaining aliquot in the screw cappstitube and mixed thoroughly
and the upper hexane layer was again removed avlécpwvith the earlier aliquot.
The procedure was repeated one more time. The poeled hexane extracts in the
test tube were evaporated to dryness in a hot vietér maintained at 75 °C. The
residue was re-dissolved in 5 ml of methanol (HRit@de) and filtered through a
0.45 um filter (Millex-HV, Millipore Corp., Bedford, MA).A 2 ml aliquot of the
filtrate was maintained in a -80 °C freezer forcatgrol determination.

Ergosterol content in the filtrate was determinathg a Shimadzu DGU-2CGA
Prominence Degasser high performance liquid chrognaph (HPLC) with auto
injector SIL-20A. The extract was loaded onto &ailbased reverse-phase column
(C18 110A 5um particle size, 150 x 4.6 mm). The mobile phass mathanol-water
(96:4 v/v) at a flow rate of 1.2 ml/min. The colutamperature was maintained at 50
°C and the absorbance of eluted ergosterol wasctdetewith a SPD-M20A
prominence diode array detector at 282 nm. Thedstanergosterol (Sigma) had a
retention time of 8.2 minutes. The area under tiaplg for all chromatograms was

converted to ergosterol concentrationu@ig using the following best fit formula:

Y = 0.1008& 0AREA
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WhereY = ergosterol concentration jfg/g of grain.
AREA= area under the chromatogram graph of micro-&lasme units (mAU)

versus time (minutes).

6. Statistical analysis. All analyses were done using SAS (SAS Enterpris@&
2005) and Microsoft Excel. Kolmogorov-Smirnov (K-8t and Bartlett’s test were
conducted prior to data analysis to test for homegg of error and normality
respectively (Steel and Torrie, 1980). Data welgesied to analysis of variance, and
student’s t test and least significance differenaethe 5% significance level were
used to compare means. A multiple regression aisalyas computed with mean
final FGS (measure of kernel discoloration) as gedéent variable and mean
ergosterol concentration of each fungus as thepieident variable. The maximum
R-square improvement method of SAS was used tardite the relative importance
of the different fungal species in kernel discolimna

Biplot analysis was used to explain the significgehotype by pathogen (G x P)
interaction observed after ANOVA. The biplot wagaibed using Microsoft Excel
add-in Biplot software. Biplot analysis is a mudtiiate method for graphing row and
column elements (genotype and pathogens in thig)cas principal component
analysis of two-way contingency tables and to ddtgeraction in two-way analysis
on variance tables (Gower and Hand, 1996). Twocgral components (PCs 1 and
2), obtained by singular value decomposition ugimigicipal component analysis
after transforming the data with “Columns Centerethd Standardized”

transformation of the two way contingency table,eveh calculated and used to
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graphically explain G x P interaction. Interpretatiof the Biplot was done according

to the methods reported by Yan and Hunt (2002).

RESULTS AND DISCUSSION

There were significant differences in the respoméegenotypes to inoculation by
grain mould fungi as well as between pathogens wérgosterol concentration was
used as an assessment criterion to measure graild meverity as indicated by the
ANOVA (Table 2). Fungi accounted for most of theigion observed (58.4%) in
ergosterol concentration. This means that therenajer differences in pathogenicity
among the selected fungal species. However, hpathogen interaction was limited,
with the exception oflternaria alternataand Fusarium thapsinunwhich showed
most variation (Figure 2). This result implies thedrghum genotypes reacted
differently when inoculated witllternaria alternataand Fusarium thapsinumilt
also indicates presence or absence of host reststganes in different sorghum
genotypes againstAlternaria alternata and Fusarium thapsinum.Observed
differences in pathogenicity may be due to difféer@modes and sites of action of the
pathogens as observed with grain diseases of o#rerls caused yusariumspp.
(Trail, 2000).

This observation concurs with previous studies i&irg mould resistance that
indicated the involvement of a few major genes @atet al, 1990; Eseleet al,
1993; Shivaneet al, 1994; Sharmaet al, 2000). Advanced molecular techniques
have been used to determine grain mould resisermygasm and genomic regions

important in reaction to the disease appear to baea identified (Kleiret al, 2001).
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Esele (1995) noted the importance of use of moéecmarkers and recombinant
DNA technology to isolate resistance genes andrpwate them into acceptable
varieties (gene pyramiding).

Curvularia lunata, Fusarium graminearunmand Phoma sorghinashowed very
little variation in pathogenicity across genotypé&kis result implies that sorghum
genotypes reacted similarly to these three pattogeBimilarity in fungal
pathogenicity may be due to similarity in the hgsehetic constitution that is either
effective or ineffective in limiting infection arglibsequent colonization.

The significant genotype x pathogen interactionowhaccounted for 33.5% of
observed variation (Table 2) could be attributedsthyoto the variation in
pathogenicity inAlternaria alternataand Fusarium thapsinumBiplot analysis as
displayed in Figure 3 explains the G x P interactibhe model used in this analysis
explained 87% of the observed variation (PC1 55% R€G2 32%). The biplot was
divided into 5 sectors with fungi as the vertexriest and are referred to as sector
AOB, sector BOC, sector COD, sector DOE, and sdef@h. The 11 genotypes were
scattered across the biplot. A genotype fallinghimita sector implies that it had a
compatible reaction (disease/grain mould developddat genotype) with the nearest
fungus in that sector. Genotype 1 is thereforeepisale toFusarium thapsinunand
Alternaria alternatabecause it is closest to the two fungi in sect@CBbut it is
resistant toFusarium graminearumn the opposite side in sector DOE. Similarly,
genotypes 8 and 11 are susceptibleFussarium graminearumbut resistant to
Fusarium thapsinumand Alternaria alternata. The resistance genes in these

genotypes could be isolated and moved between gt
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Over the years preceding this study, genotype lahadan FGS of 1.25 (Table 1)
and had been classified as resistant (McLaren, hliged). This study has indicated
that genotype 1 is susceptibleRasarium thapsinunandAlternaria alternata.This
analysis illustrates that visual scoring for remise to unnamed grain mould fungi
can be misleading in the sense that in areas @ossavhen there is reusarium
thapsinumand orAlternaria alternata,genotype 1 will appear unaffected with a FGS
score of less than 2 and be classified as resistéinén the season is favourable to
Fusarium thapsinunand orAlternaria alternata even in the same area, or when
genotype 1 is planted in another area wharesarium thapsinunand orAlternaria
alternata are prevalentgenotype 1 could succumb to grain mould. Intecsjge
variation has been shown to have greater epidegiaab significance than intra-
specific variation in sorghum grain mould (Jardared Leslie, 1992; Mansuetes$
al., 1997; Singh and Bandyopadhyay, 2000). There id t@édentify causal species
in the area before assessing grain mould severity.

There are no genotypes in sectors COD and EOA hlyt Bhoma sorghina,
Curvularia lunataand the control. This means there were no genotgsponses to
the two fungi and the control i.e. all host plaate either resistant or susceptible to
Phoma sorghinaand Curvularia lunata This is also confirmed by the almost
horizontal graphs foPhoma sorghinaCurvularia lunataand the control in Figure 2.
Sector AOB only has genotype 4 in it. This meansogge 4 reacted in the same
way to all fungi i.e. either has the resistanceegtm all five fungi or it does not.
Borderline genotypes like genotype 3 and genotypeetsusceptible to fungi in the

two sectors surrounding them.
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The significance of genotype by environment intBosmc in addition to the
complications of resistance breeding for grain rdobbs long been highlighted
(Indira et al, 1991). This is further complicated by the widee g visual grain
scoring for discoloration as a measure of grain Itheeverity. Analysis during this
research showed no correlation between ergosteraentration and FGS (Pearson
correlation coefficient 0.09. Table 3 shows genotype 1 which is “resistant”
according to previous visual field scoring as hgvihe highest mean ergosterol
concentration over all pathogens. Genotype 10 wisicdupposedly susceptible under
field conditions has the lowest ergosterol conamn. This discrepancy could be
explained by the variation in distribution of fuhdmomass in the kernels of resistant
and susceptible genotypes. It could be assumed résstant genotypes can
accumulate more fungal biomass than susceptibletgees as long as that fungal
biomass is limited to the periphery/pericarp of Keenel and fails to reproduce i.e.
the kernel still looks clean.

Table 4 shows thaFusarium thapsinumand Phoma sorghinawere the most
prolific grain colonizers across all genotypes. iRtasce to these two fungi should
therefore be prioritized. On the other haAdiernaria alternatais responsible for
most of the variation observed in kernel discolora(Table 5).Alternaria alternata
contributed 52% of the observed variation in kerdicoloration and very little
additional variation was observed when other fumigére added to the model. Table
6 shows that, on average, most resistant genotypeésower FGS ratings and most

susceptible genotypes had higher FGS ratings.
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FGS only indicates the severity of grain mouldhe area but does not indicate
the causal pathogen. Future use of FGS should dmmganied by identification of
causal fungi in the specific areas so that breedanslook for sources of genes for
specific environments. This outcome has serioudidgaiions to efforts to breed for
grain mould resistance. All breeding programs agrsigrain mould as a disease
caused by a complex of fungi without giving due éags to the identity of the
predominant causal fungal species in each envirahn¥his research has shown
clearly that different fungi have different leved$ pathogenicity depending on the
genotype of the host. Identifying and stacking wramiding resistance genes to the
various predominant fungi, may lead to broad semsgéstance mechanism in all
commercial sorghum hybrids and even open pollinategroved cultivars with
special traits that are also resistant to grain lchgbseleet al., 1993). It becomes
important therefore that breeders locate and iflehtist genes that are responsible
for the resistance that was observed above. ResestaFusarium graminearunfor
example could be moved from genotype 1 to eitheotype 8 or genotype 11 by
conventional means or marker assisted selectioerfwinarkers have been identified),
or vice versawith resistance té-usarium thapsinumThis can be extended to other
fungal species by using a broader range of genstymel more fungal species as
deemed necessary from fungal isolations from ief&ernels.

Several efforts have already gone a long way tatifye possible resistance
mechanisms to grain mould (Rooney and Klein, 20&3gle et al., 1993;
Bandyopadhyawt al, 1988). Five QTLs associated with grain mouldstesice were

identified by Kleinet al, (2001). Rodriguez-Herrert al. (2000) estimated 4 to 10
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genes to contribute to grain mould resistance nghsan. More effort is needed to
link each resistance mechanism to each particwlagus associated with grain

mould.

CONCLUSION

Fungal pathogenicity for grain mould varies frome@pecies to another. This variation
depends on host genotype in terms of presencesanab specific resistance genes. It is
important to identify and isolate host resistaneeeas in order to pyramid them in desired

varieties.
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Table 1. Pedigree, field grade score (FGS), and level sistence of 11 sorghum
genotypes planted in the greenhouse in 2006 fduatian for genetic response to grain
mould.

Genotype # Pedigree FGS Resistance
leveP

1 (87EO366 * WSV387)-HF14 1.25 R

2 (ISCV 1089BF * MACIA)-HF2-CA2-AE 15 R

3 (MACIA * DORADO)-HD2----CA3 1.75 R

4 (MACIA * TAMUA428)-LL9 3 I

5 (Segaolane*WM#322)-CG1-BGBK-CCBK 2.5 I

6 (SV1*Sima/IS23250)-LG15-CG1-BG2- 2.5 I

BGBK

7 (90EO328*CE151)-LA37 1.25 R

8 Kuyuma 4.25 S

9 R.9645 (RTx430*Sureno)-B12 4.5 S

10 R.9732_(ADN55*Tx430)-B10 4 S

11 SRN39_Striga Res. 3 I
# Level: R = resistant (£ 2); | = intermediate resistant (2 <x3); S = susceptible to grain mould<3x <
5
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Table 2. Analysis of variance for ergosterol concentration11 genotypes treated with
F. graminearum, F. thapsinum, Curvularia lunata, dita sorghinaand Alternaria
alternataspores in the greenhouse at Bloemfontein SouticaAin 2006.

SOURCE DF SS MS F %of (G+P +GP)
Model 66 3746.5% 56.77 110.40** -
GENOTYPE 10 20.06 2.01 3.90** 8.1
PATHOGEN 5 144.22 28.84 56.10** 58.4

GEN x PATH 50 82.84 1.66 3.22** 33.5

Error 110 56.56 0.51

Total 176 3803.08

%R Squared = 0.985 (Adjusted R Squared = 0.976)
** = Significant at P = 0.01.
Dependent Variable: ERGOSTEROL CONCENTRATION
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Table 3. Mean ergosterol concentratiomnug(g) across eleven sorghum genotypes
inoculated withFusarium graminearum, Fusarium thapsinum, Curviddunata, Phoma
sorghinaandAlternaria alternata

Genotype Resistance leve N Mean Std Dev

1 R 16 5.30 227
3 R 16 5.10° 1.60
4 | 16 4.70° 1.16
2 R 16 4.50° 1.30
5 | 16 4.48> 0.78
7 R 16 4.30° 1.07
8 S 16 4.30° 1.07
9 S 16 4.27° 1.49
6 | 16 4.03 1.07
11 | 16 4.0Z2 0.97
10 S 16 3.98  0.99

LSD (0.05) - = 09152 -

CV (%) - . 2044 -

Means followed by the same letter(s) are not sicguiftly different at 5% level of significance bysher's
LSD method.
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Table 4. Mean ergosterol concentratiompg(g) associated with five fungi and the control

inoculated onto 11 sorghum genotypes in the gregs#o

Fungus N Mean Std Dev
Fusarium thapsinum 33 5.38 2.20
Phoma sorghina 33 534 0.11
Curvularia lunata 33 4.79 0.002

Fusarium graminearum33 4.07  0.002
Alternaria alternata 33 327 0.67

Control 11 2.68 0.0009

LSD' (0.05) - 0.4852 -

LSD? (0.05) - 0.8404 -

CV (%) - 2242 -

1. ! = Least Significance Difference for mean companisexcluding the control.

2. 2 = Least Significance Difference for mean comparssagainst the control only.

3. Means followed by the same letter(s) are natii@antly different at 5% level of significance by

Fisher's LSD method.
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Table 5. Regression models that best described relationdtepyeen final visual grain
mould rating associated with five fungal pathogand ergosterol concentrations in 11

sorghum genotypes in the greenhouse in 2006, usagdmum R-square improvement
technique.

Fungi R? F
Alternaria alternata(ALT) 0.52 39.27**
Curvularia lunata(CUR) 0.04 0.4%
Fusarium graminearuniGRA) 0.09 0.87
Fusarium thapsinurtiTHA) 0.15 1.65°
Phoma sorghingPHO) 0.04 0.39
Control (CON) 0.04 0.37
ALT CON 0.54 4.66*
ALT CON CUR 0.54 2.7%
ALT CON CUR GRA 0.63 2.60
ALT CON CUR GRA PHO 0.64 1.78
ALT THA CUR GRA PHO CON 0.67 1.36

** = Sjignificant at P = 0.01.
* = Significant at P = 0.05.

"S= not significant.
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Table 6. Breakdown of the distribution of genotypes by sl¢R, |, and S) based on
visual field grade scores for the 11 genotypes atunty after inoculation in the
greenhouse with five fungal pathogens.

Level of grain mould resistance

Mould rating ? Resistant Intermediate Susceptible
1 35.9 28.1 6.3
2 35.9 25.0 14.6
3 10.9 21.8 22.9
4 7.8 7.8 14.6
5 7.8 17.2 41.6

# Ratings: 1 = no visible mould; 2 = 1 to 10%; 3¥th 25%; 4 = 26 to 50%; 5 = more than 50% of kisrne
in the panicle moulded.
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Figure 1. Standard-ergosterol concentratiqug/Q) versus area under the chromatogram
curve for the observed ergosterol concentrationthegredicted ergosterol concentration
using the exponential transformation as the best fi
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Figure 2. Mean ergosterol concentration across 11 genotypesulated with Fusarium graminearum, Fusarium thapsinum,
Curvularia lunata, PhomaorghinaandAlternaria alternatain the greenhouse at Bloemfontein South Afric2006.
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Figure 3. Biplot analysis of the nature of interaction betwehe 11 sorghum genotypes and 5 fungal specramoaly found in the
sorghum grain mould complex.
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CHAPTER 3

Evaluation of heritability and gene action controlling grain
mould resistance in sorghum.

ABSTRACT

Gene action and heritability for grain mould resigte in sorghumSJorghum
bicolor (L.) Moench] were investigated using a selectidrspecific parental lines. A
North Carolina Experiment Il mating design was usetest the combining ability of 9
random pollen parents (LM101, LM103, LM104, LM108BM109, LM114, LM116,
LM117, and LM120) with varying levels of grain mdutesistance to a different set of
three random seed parents (LM122, LM124 and LM1BBg 27 resulting progenies and
the parental lines were evaluated in a randomizedptete-block design at Cedara-1,
Cedara-2 and Potchefstroom during the 2007-2008ogeaDifferences in ergosterol
concentration were used as a measure of level @h gnould resistance among all
genotypes. Use of ergosterol concentration as auneaf grain mould severity did not
correlate with visual field scoring. Other traiteasured include plant yield, plant height,
kernel hardness, field grade score, days to flovgerglume color and seed color. The
combined analysis of variance showed no genotyai@mce for grain mould resistance.
The expression of grain mould resistance was al¢stable with significant genotype x
location interaction. The analysis from Potchefstnoshowed significant differences

among genotypes whereas Cedara-1 and 2 showedffeceices. Additive genetic
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variance was greater than dominance variance lftnagéts except grain mould resistance.
A significant heterosis of -20.15% was observedgi@in mould resistance indicating the
importance of use of hybrid seed. LM124 (white seefemale) and LM130 (brown
seeded female) produced resistant hybrids. Dueetyg kigh environmental variance,
grain mould heritability could not be detected. liendicated the highest heritability of
0.41 at Cedara-1, plant height 0.39 at Cedara-2 kedhel hardness 0.38 at

Potchefstroom.
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INTRODUCTION

Grain sorghum$orghum bicolor(L.) Moench] is an important cereal crop with
57 924 metric tonnes produced in the world in 2DA0OSTAT data, 2004). For some of
the world’s most food insecure people sorghum ramdhe only viable food grain.
Average grain yield for sorghum in most parts ofiéd remains below 1 ton/ha (Chisi,
1996). The lower average grain yield is primarigchuse sorghum cultivation in Africa
is still mainly characterized by traditional farrgipractices with low inputs (no inorganic
fertilizer or pesticides) and use of traditionakigdes or landraces. Biotic and abiotic
stresses like high temperature, low and erratiefallj poor soils, pests and diseases are
predominant in sorghum producing areas of AfriaargBum originates in Africa hence
the largest diversity in cultivated and wild sorghis in Africa (Doggett, 1970: De Wet
and Harlan, 1971). Despite its positive adaptationthe African climate, sorghum
continues to be dogged by many pests and disdase®tiuce its productivity.

Grain mould has been traditionally described asomdition (deterioration of
grain) resulting from all fungal associations wstbrghum spikelet tissues occurring from
anthesis to harvest (Forbes$ al, 1992). Fungi in more than 40 genera have been
associated with sorghum grain mould (Williams arabR1981). Mycoflora analysis of
sorghum kernels over the years reveal that sontheofmost important species include
Fusarium graminearumSchwabe Fusarium thapsinunKlittich, Leslie, Nelson et
Marasas sp. nov. 199€urvularia lunata(Wakker) Boedijn,Phoma sorghingSacc.)
Boermaet al. and Alternaria alternata(Fr.) Keissl. because they are more frequently
isolated from moulded grain (Williams and Rao, 1,98hndyopadhyayet al., 1991;

Eseleet al, 1993; Erpelding and Prom, 2006).
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A hot and humid environment, during and after metion, promotes extensive
damage of the grain by mould fungi. As a resulairgmould is of particular concern in
areas where the period between anthesis and hawiesides with high humidity and
warm temperature.

Several sources of resistance against grain mowadhreeir methods of inheritance
have been identified (Bandyopadhyay al, 1988: Eseleet al, 1993: Menkiret al,
1996). Both qualitative and quantitative loci hayidominant, additive and epistatic
effects have been shown to influence grain moulsistance. Endosperm texture,
presence and color of glumes, pericarp traits sischolor and presence of a pigmented
testa layer are some of the traits associated weistance. Rodriguez-Hereea al,
(2000) estimated that 4 to 10 genes contributedrain mould resistance in sorghum.
Both pigmented and non-pigmented sorghum lines vatlying levels of resistance have
been identified and used in crosses to developimgwoved grain mould resistant lines
and hybrids with limited success (Rooney and KI2D00). The lack of success could be
attributed to an incomplete understanding of theegies of interaction of sorghum grain
mould resistance genes with fungal pathogenesissgefthilst there is lots of literature
on the nature of the resistance and the genesiasbavith it, there is very little
information on how these resistance genes intevdhtfungal genes to cause disease or
prevent it. The resistant lines that have beentifies in literature, e.g. Surefio, have not
been genetically characterized to identify theisisance genes. Identification and
characterization of such resistance genes in Suae@@ther mentioned lines in literature
could help sorghum geneticists investigate waysnofing those genes to where they

could be useful. The detection of epistatic efféstgrain mould resistance may indicate
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the need to investigate gene combinations thatrexgheesistance. But it all begins with
identifying and characterizing respective sourdagsistance that already exist.

The role of the environment in this interaction hast been thoroughly or
properly researched or articulated since enviroringeknown to play a major role in all
such cases. Currently, it has been generally aedephat selection in specific
environments is a useful tool in enhancing grainulthaesistance build up. But this
means sorghum geneticists have to keep making esoaad selections for every
environment each time the pathogen mutates or tegrd new environments. This
research looks into gene action and heritabilitygodin mould resistance genes by
investigating the performance of a selection ofjsam lines that vary from resistant to
intermediate to susceptible across three envirotsnérhis information should help
geneticists in making a choice of parental linesige in hybrid crosses and improve the

speed and efficiency of increasing genetic gairgfamn mould resistance.
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MATERIALS AND METHODS

1. Genetic material.

During the 2006-2007 season, nine pollinator liflels!101, LM103, LM104,
LM108, LM109, LM114, LM116, LM117, AND LM2120), withvarying levels of
resistance to grain mould, were crossed to threecydplasmic-genetic male-sterile
sorghum seed lines (LM122, LM124 AND LM130) withaetiprocals at Potchefstroom
(Table 1) using a North Carolina Experiment Il mgtdesign (Comstock and Robinson,
1948). The 9 male lines were sourced from a sontAéica sorghum regional breeding
nursery sponsored by the International Sorghum Meliiets Collaborative Research
Support Program (INTSORMIL CRSP) of USA. The 3 féamiines were sourced from
Texas A&M University sorghum breeding program. Tiale lines were selected to
represent different levels of resistance to graiouleh i.e. resistant, intermediate and
susceptible. These classifications were basedsualscoring data collected over several
years of field evaluation within the region.

All male lines had white grains but varied for gkiroolor. Presence of glumes
and their color is one of the traits known to ciinite towards resistance to grain mould.
There were five panicle shapes coded as describ#dteidescriptors for sorghum hand
book (IBPGR and ICRISAT, 1993). 1 — Very lax paai¢typical of wild sorghum), 6 —
Semi-loose erect primary branches, 7 — Semi-loosepihg primary branches, 8 — Semi-
compact elliptic, and 9 — Compact elliptic. Panisk&ape also contributes to grain mould
resistance. One female line (LM122) had tan glumwed the other two (LM124 and

LM130) had brown glumes. Two females (LM122 and 124} had white grains and one
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(LM130) had brown grain. This variation was usedam effort to capture maternal

effects.

2. Experimental design

During the 2007-2008 season, seeds of the 27esorgkses plus the 12 parental
lines as well as the three maintainer lines (maktilé¢) of the Al testers used in the
experiment were sown in a randomized complete bldekign (RCBD) with three
replications in single 5 m row plots 0.75 m apdtie experiments were rain fed and
standard agricultural practices were the samelfgi@s. The experiment at Cedara was
planted on two dates. The first one was plantether2" of November and the second
one on the 12 of December 2007 and the two planting dates weadd as different
environments. The third experiment was plantedoéttefstroom on the"bof December
2007. At Cedara, 10 plants per plot were bagget ts@nsparent aerated bags to avoid
bird damage. At Potchefstroom, the whole experinveas planted under a large bird
cage net. Assessment of grain mould was done umdeural infestation. 10

representative plants/panicles were harvested &ach plot for further processing.

3. Characters measured

3.1.Ergosterol content (ergo). Ergosterol was determined according to the
method of Seitzt al. (1977) as modified by Jambunathatnal. (1991). A 10 g
sorghum grain sample from each panicle was grosimwa laboratory mill and
sieved through a 0.4 mm screen. Ergosterol was ek&racted from the sample

with 50 ml of methanol (MeOH) by vigorously mixingth a magnetic stirrer in
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a 100 ml beaker for 30 minutes. The mixture waswadd to settle and 25 ml of
clean extract was decanted and added into a s@pped test tube containing 3
g of potassium hydroxide (KOH). The mixture wasrthughly agitated on a
vortex mixer to dissolve KOH. 10 ml ofHexane was added and the mixture
was incubated at 75 °C in a water bath for 30 neimaind then allowed to cool to
room temperature. 5ml of distilled water was theldesd, and after mixing
thoroughly, the solution was allowed to cool downdom temperature. The top
hexane layer was removed with a syringe and tremesféo a test tube. To the
remaining aliquot in the screw capped test tubeml0f hexane was added and
mixed thoroughly and the top hexane layer was redaand pooled with the
earlier aliquot. The procedure was repeated oneertiore. The three pooled
hexane extracts in the test tube were evaporatedytess in a hot water bath.
The residue was re-dissolved in 5 ml of methandPl(8 grade) and filtered
through a 0.4mum filter (Millex-HV, Millipore Corp., Bedford, MA),and 2 ml of
the filtrate was kept in a -80 °C freezer beforg@osterol determination.
Ergosterol content in the filtrate was determinsthg a Shimadzu DGU-2CGA
Prominence Degasser high performance liquid chrognaph (HPLC) machine
with auto injector SIL-20A. The extract was loadenl a silica based reverse-
phase column (C18 110ABn particle size, 150 x 4.6 mm with two Securiguard
cartridges). The mobile phase was methanol-wat&d(@v) at a flow rate of 1.2
ml min. The column temperature was maintained at 50 Ctla@ absorbance
of eluted ergosterol was detected with an SPD-M20@minence diode array

detector at 282 nm. The standard ergosterol (Sidgrad)a retention time of 8.2
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minutes. The standard ergosterol was loaded in215),5.0, 7.5, 10.0, 15.0, and
25.0 ug ml* to standardize measurement of samples and aldetésmine the
correct peak position on the chromatograph. Tha areder the graph for all
sample chromatograms was converted to ergosteruteadration inug/g of

grain using the following best fit formula:

Y = 0.1008& 0AREA

WhereY = ergosterol concentration jig/g of grain.
AREA= area under the chromatogram graph of micro-#lasme units (mAU)
versus time (minutes).
3.2.Plant yield (yield). Plant yield was recorded in grams as an averag&0of
representative plants per plot.
3.3.Plant height (height). Plant height was measured in cm as an average of 1
representative plants from the ground to the tojhefpanicle.
3.4.Kernel hardness (hardness). A Tangential Abrasive Dehulling Device
(TADD) was used for abrasive decortication milliogsamples as described by
(Reichertet al, 1982). The device consists of eight sample cusn{eter =
5cm; depth = 5 cm) set at a distance of 1 mm alboeeabrasive surface. The
abrasive surface consists of a horizontally rotatisk (1725 rpm) on which
sand paper (P60, 3M, 454HL) had been glued. Eadplsavas abraded for 1, 2,
and 3 minutes respectively. The weight of the addashmple, at the mentioned

time intervals, was measured and the percent afbrackgerial recorded. A
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regression of % abraded material versus time wag.dbhe Abrasive Hardness
Index (AHI) was calculated by multiplying the inger of the slope of the
regression line by 60 seconds. AHI was expressethasime, in seconds,
required to remove 1% of the grain mass by abradibe higher the AHI, the
harder the grain.

3.5.Field grade score (fgs). The 10 selected panicles from each replicatiosach
genotype were scored visually for grain mould siéyet harvest usinga 1 to 5
scale as described by (Bandyopadhyay and Mughd@&8)whereR = resistant
(fgs< 2); | = intermediate resistant (2 < fg8); S = susceptible to grain mould 3
< fgs<5.

3.6.Number of days to flowering (dma). Number of days from germination to
the day when 50% of the plants within a plot wdoavéring was noted. This
data was not collected from Potchefstroom for liocas reasons.

3.7.Glume color (glgcl). Visual determination of either tan or brown wasdisTan
grouped all pale shades and brown grouped all glagkles i.e. red and purple
though they are genetically different.

3.8.Seed color (sdcl). Visual determination of either white or brown wased.
White grouped all shades of white and brown groupkdaolored grains (red,

lemon yellow and other).

. Statistical analysis

4.1.Factorial analysis
Analysis of variance and combining ability were fpemed per established

methods (Hallauer and Miranda, 1988) with the PRGIQ/ procedure of SAS
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(SAS Institute, 2003). Replications and environmeergnd corresponding
interactions were considered random effects andtgpas were considered fixed
effects. Genotypes were fixed so that inferencdstier different or similar,
could be made on later analysis with similar experits at the same locations.
Tests of significance for genotype, parent, fenpalieent, male parent, hybrid and
male by female effects for all traits were madetésting these mean squares
against their respective environmental interactid@rable 2). Each environmental
interaction term was tested against the pooledr enean square. Bartlett’s test
for homogeneity of error variances was used tothestalidity of combining data
from individual environments. Results indicatedtttize error variances were
homogeneous and data from each environment was atigrndistributed.
Therefore, combined analysis was conducted to medk@parisons across
environments. ANOVA for individual environments wdsne as indicated in
(Table 3). All terms were tested against pooledbremean square. Mean
comparisons were conducted using Fisher’s leastifeignt difference (LSD)
procedure, with a probability level of 0.05.

A factorial analysis with a mathematical model whdeg the analysis of
variance was as follows:

Yoo =4+ F M +(FM), + RE), + (ME),, + (FE), + (FME),, +,.
where,

Yike = the observed trait value on the hybrid betwéen't female and thé"jmale
in the K" replication at environment e of the experiment.

1 = mean effect.
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Fi= the effect of the"l female parent, i = 1 to 4. Attributable to diffeces in
general combining ability among female parents.

M; = the effect of the'male parent, j = 1 to 10. Attributable to diffeces in
general combining ability among male parents.

(FM); = the interaction effect of th¥ female and thé"jmale. Attributable to
differences in specific combining ability.

R(E)e = the effect of the kreplication within environment e, k and e = 1 to 3
(ME), = the interaction effect of th# male and the"genvironment.

(FE). = the interaction effect of th& female and the"environment.

gike = the effect of the subplot which had the hybrdveen the' female and the
j™ male in the R replication of the B environment of the experiment

(experimental error).

4.2. Calculation of variance components and heritabilities (Becker, 1975)

Variance components were calculated using theviatig formulae:

o2 =MS,
MS . - MS
Jrif — mf e
r
, _MS -Ms,
g, =—
fr
MS; - MS
a_fz — f mf
mr

Heritabilities were calculated using the followifggmulae:
oi=40 =402  and O =407,
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V, =402 +40? +40’, +0° - Where Vis total phenotypic variance

h2 - 40—m
m VP
e = 41
Ve
o 2o +ai)
m+ f VP

The standard errors for variance components andiab#ities were calculated

using the following formulae:

MS?
S.E.(02)= iz % | - Same for all variance components
k? G\ fa+2

Where k = coefficient of variance denominator congrd, M3 = d" mean

square, § = degrees of freedom of th® gean square.

S.E.(h2 ) - 4{S.E.(J§] )}

- v - Same for all heritabilities
P

4.3. Calculation of high parent heterosis

High-parent heterosis[%}* 100

Where i = Mean of the Foffspring/hybrid
HP = Mean of highest performing parent or bestare

High parent heterosis is of more practical and iapple use to make fast

significant gains in the trait of interest.
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4.4 Estimates of the general combining ability (GCA)
GCA of each parental line was calculated as thierdiice between the grand
mean and the marginal hybrid mean of each linenifséignce of the GCA effect
for each line was tested using a two-taitet@st procedure in SAS. Standard
errors for GCA effects for both males and femalesencalculated following
procedures described by Cox and Frey, (1984). $paemmbining ability was
obtained as deviation of individual crosses from plerformance expected from

the average of the parents. The formulas are sl

GCA = A% - Y**

SCA = AB — (A*+B¥*)/2

where

A* = mean performance of line A.
Y** = general mean.

AB = mean performance of the hybrid between linesnéd B.

SEges = (MSyl(m — 1)/mflyrl}"2 or SEgeq = {MSuI(F — 1)/mflyr]} 2
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RESULTS AND DISCUSSION

1. ANOVA

1.1.Combined ANOVA

Growth environment significantly affected all fouraits between
experiments (Table 4). This may be because ofréiffiees in weather conditions
among test environments. All the four traits argngicantly affected by
variations in total rainfall received and its distition, humidity, and variations
in temperature and soil types. The R-squares farails were above 0.50 hence
acceptable.

For ergosterol concentration, there were signifiadifferences between
the parental lines and hybrid groups as shown bystgnificance of the Parent
vs. Hybrid term. This indicates expression of hetexy for grain mould
resistance. Use of hybrids should therefore bemewended hence choice of
parents becomes even more critical. However, i éXxperiment, no significant
differences were observed among all genotypesnoesignificant differences
between parental lines used and between hybriderggn. The reason for
failure to detect genotypic variation in this cassuld be poor selection of
parental lines used in making the crosses. Singenpdines used in this
experiment were not significantly different genalig for grain mould resistance
(Genotypes not significant) according to ergoster@mhcentration measure, it

becomes almost impossible for the F1 to expressta@se as expected.
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Correlation analysis in this research shows thateths no correlation
between visual field scoring and ergosterol conegion (-0.01% (Table 16).
The genetic material used for this research wasdbas selections made after
visual scoring for grain mould severity hence ipassible that the classification
into the three categories of resistant, intermediad susceptible could be
wrong. Previous research has proven that ergostesaly is the most sensitive,
rapid and convenient method of measuring fungatraSeitzet al, 1977).
This discrepancy could lead to failure for the FA eéxhibit expected
genotypic/phenotypic ratios according to wronglggumed parental genotypes
hence failure to detect genotypic variation.

Most of the variation observed for ergosterol conmicgion was due to
environmental effects. Gen*Env was highly signifitand this was mainly from
the female parents’ variable response to enviromahehanges. This means that
the significant differences observed among femadesl were largely due to
environmental effects. There is need thereforeelecs female lines based on
their performance in each environment. This findic@ncurs with previous
research (Indir@t al, 1991;Rodriguez-Herrerat al, 2000) which indicated that
grain mould resistance is highly sensitive to emwnental effects. This could be
because grain mould resistance is multigenic wileast 4 to 10 genes estimated
to be involved (Rodriguez-Herreeet al, 2000) with additive, dominance and
higher order epistatic interactions. As a restibais been generally accepted that
selection in specific environments is a useful toolenhancing grain mould

resistance build up.

92



However, (Chapter 2) indicates presence of sigamficpathogen*host
genotypic interaction in the nature of grain morddistance. This interaction has
not been thoroughly investigated in most previoesearch efforts. A detailed
investigation in the genetic nature of the hosistaace genes versus pathogen
virulence genes could stop confounding genotypitanae into environmental
variance or unexplained variance. The current failto detect genotypic
variance could then be due to similar host respémsall genotypes previously
classified wrongfully as resistant (R), intermedidk) or susceptible (S) to the
predominant fungal pathogenesis in each of theetern&ironments. For example,
all three classes (R, | and S) could actually heessstance genes agairGt
lunata hence react similarly in an environment whérelunatais predominant.

In an environment wherBhomais predominant the same group of genotypes
may fall into different categories according to wiex they have resistance genes
againstPhoma This explanation once again brings about the teethtegorize
host genotypes according to their response to fspdangi (using ergosterol
concentration analysis as an indicator of mouldesgy) instead of their visual
scoring response to a complex of fungi as it hanlbe norm in most previous
research.

One way of improving the ability to detect genotypiariation for
resistance is the use of artificial inoculation tbé trials in the field with a
concoction of various conidia of selected importamigi combined with the use
of overhead sprinkler irrigation during dry periodsorder to increase disease

pressure and reduce the effect of erroneous oremneecurrence of natural
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inoculum under natural infestation i.e. reduce emunental effects
(Bandyopadhyay and Mughogho, 1988). However, thethod was not followed
here for logistical reasons.

The ANOVA for yield indicates existence of signditt heterosis i.e.
significant Parent vs. Hybrid effect. This also mease of hybrids over inbreds
should be recommended. Also there were significdifterences between
genotypes. This difference is observed betweennpardines and between
hybrids. Within parental lines both male and feneffects were significant and
there were significant differences between malefanthle group effects. Within
hybrids male GCA effects accounted for most of thdrid effects. This
indicates that yield is regulated by additive gaw&on from the male parental
lines and no dominance effects as seen by the igoifisance of the M x F (sca)
term. This means when breeding for yield one shaigld a lot of male tester
lines with a few good female lines. Gen x Env iat#éion was very significant
and was expressed at both parental and hybridtééeels. In the parental effect
only males were significant. This means that madeeptal lines performed
differently at each location. Within hybrids botiretmale and female effects had
significant interaction with the environment. (Mamet. al, 2004)indicated how
location, year, and water regime influences nunabgranicles per square meter,
kernel weight, potential kernel and kernels perigdarnin determining grain yield
in sorghum.

The ANOVA for plant height indicates presence ofehesis. Table 16

indicates a correlation of 0.55** between plantlgi@nd plant height. This
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means that taller plants tend to have more yiedoh tthorter plants. There were
significant differences between genotypes and tlease be seen among both
parental lines and hybrids. In parental lines, ¢helfferences are more
significant among male lines only. However, diffetes between male and
female line groups were not significant. Differem@nong hybrid lines were due
to Male GCA, Female GCA and M x F SCA effects imadiicg the presence of
male and female additive gene effects and dominaeffects. Growth
environment did not have any significant effect plant height except for
significant effect on the male effect within hylsid

All observed variation for grain hardness was myagénetic. There were
no environmental effects except for the female atéfewithin hybrids. This
impresses the importance of choosing female liresedb on their performance
within an environment. The significance of genos/paeans that there were
significant genotypic differences among the genesypcross all environments.
Genotypic differences were significant for both graal lines and hybrids. In
parental lines, these differences were signifidantboth male and female lines
and there were significant differences between naamlé female lines. These
parental differences were passed on to the F1 gémerin the form of additive
male and female gene effects (Male GCA and Fem&®&)GThere were no
dominance gene effects for grain hardness. Fenaletig effects were higher
than male genetic effects within both parents ayfatidls. This could be due to
maternal effects that come about due to3henature of the kernel endosperm

with 2n coming from the mother plant.
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1.2.Cedara-1 ANOVA

There were no significant differences among geredyfor ergosterol
concentration (Table 5). This translated to noedéhces between parental lines
and within hybrids. All of these effects had smalleean squares than error
mean square (M¥ This is an indication of very high environmengdfects
since MS represents environmental variance in this case.\Wdather in Cedara
tended to be highly humid with higher average @inbut average daily
temperature was low during the grain filling peridgdbwever, some heterosis
was observed in the form of the significant PaxentHybrid term.

The ANOVA for plant yield indicates that there wesggnificant
differences between genotypes. These differences wieserved among both
parental lines and hybrids. Among parental lines,males were responsible for
the observed differences and the females did nat Aaignificant effect. Among
the hybrids, both male and female additive genmm@etwere significant (Mgca
and Fgca respectively) whereas dominance genenafitlox F sca) was not
significant. However, heterosis was very significamd was observed in the
form of the significant Parent vs. Hybrid term.

The ANOVA for plant height indicates that there wesignificant
differences between genotypes. These differences wieserved among both
parental lines and hybrids. Among parental lines,mhales were responsible for
the observed differences and the females did na¢ hasignificant effect. There
were no significant differences between male amdafe lines among parental

lines. Among the hybrids, only male additive gengom was significant (Mgca)
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whereas female additive gene action (Fgca) and mamoe gene action (M x F
sca) were not significant. Heterosis was signifidadicating that hybrids were
significantly taller than their parental lines histlocation.

The ANOVA for kernel hardness indicates that thesmre significant
differences between genotypes. These differences eleserved among parental
lines and not among hybrids. Among parental libesh males and females were
responsible for the observed differences with fesalontributing significantly
higher variance than males as seen by the signdeaf the Male vs. Female
term. Among the hybrids, there were no significdifterences but significant
male additive gene action (Mgca) was observed. rdgie was not significant
indicating that hybrids were not significantly hardhan their parental lines at

this location.
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1.3.Cedara-2 ANOVA

The non-significance of males, females and thearaction for ergosterol
concentration was once again due to high enviroteheffects (MY (Table 6).
This location was a difficult one with lots of naignificant terms. Replications
were not effective in reducing experimental error érgosterol concentration,
yield and plant height. The only significant di#ace observed for ergosterol
concentration was between male and female pardimas. However, this
difference was not passed onto the hybrids. Thisgignificance of terms could
also be attributed to lower average temperaturas were experienced during
grain filling period for the late planted experimehe lower temperatures
caused a reduction of grain mould severity hencanmexgosterol concentration
for both Cedara-1 and Cedara-2 are lower than dtcHefstroom (Tables 13, 14
and 15).

The ANOVA for plant yield indicates that there wemggnificant
differences between genotypes. These differences dee to both male and
female parental effects. Male parental lines aledopmed significantly higher
than female parental lines. Hybrids performed d$igamtly better than the
parental lines as indicated by the significancéhef Parent vs. Hybrid term. The
significance of the hybrid term was due to Male Géffects only. No dominance
gene action was detected.

There were significant differences among genotyfugsplant height.
These differences were due to significant hybrid garental line differences.

Among the parental lines only male lines were digant. Among hybrids only
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the males once again were significant. There wgsifgiant heterosis for height
as seen by the significant Parent vs. Hybrid term.

The significance of genotypic differences for graerdness was due to
the effect of parental lines only. There were ngniicant differences among
hybrid lines. There were no heterotic effects einen though male and female

parental lines were significantly different.
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1.4.Potchefstroom ANOVA

The CV for ergosterol concentration at this locativas very high
(64.49%) as indicated in Table 7. This location hhd higher ergosterol
concentration than the other two (18.68/g compared to 5.3kg/g and 4.75
ug/g for Cedara-1 and Cedara-2 respectively). Thmuldc be because
Potchefstroom had warmer temperatures during thie ¢jtling period compared
to Cedara-1 and Cedara-2. Therefore genotypic rdiffees among genotypes
could be detected at this location however paremd hybrids were not
significant. Some level of heterosis was also preatthis location.

The ANOVA for grain yield indicates that signifidangenotypic
differences among all genotypes existed and wengroth parental lines and
hybrids. However among parental lines the male fandale groups were not
significant even though the two groups were sigaiftly different. Among
hybrids male additive gene action (Mgca) and domieagene action (M x F
sca) were significant. There was also significaetelosis for yield.

There were significant genotypic differences amgegotypes for plant
height and these were observed among both patergaland hybrids. The male
lines effect within parental lines was solely resgible for all variation observed
among parental lines. Among hybrids both male aechale GCAs were
significant indicating an additive gene action effeithout dominance since M x
F sca was not significant. Heterosis for height wety significant indicating that

hybrids were generally taller than their pareriteds.
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The ANOVA for kernel hardness indicates that themere significant
differences among genotypes and these were amotig gawental lines and
hybrids. Among parental lines the males had a Bagmit effect over the females.
Among the hybrids both male and female additivectff (Mgca and Fgca) were
significant though the female GCA was stronger ttl@male GCA indicating
once again maternal effects on this trait. Thereewa® dominance effects (M x F
sca) for kernel hardness. Heterosis was not sagmifiat this location just like at

the other two locations.
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2. Means

2.1.Combined means

Even though there were no significant difference®mrg genotypes for
ergosterol concentration analysis in the ANOVA ([Ea#), some inference can
be made about some observed trends. Only three greapings were observed
with group (ab) having 36 out of 39 genotypes (€aB). Individual entry
observations ranged from a minimum of 1;8fg to a maximum of 71.38g/g.
This led to a very high CV of 93.20%. However agerargosterol levels across
locations ranged from the highest of 17,28g (LM109) to the minimum of 3.52
ug/g (LM122). From this range, any ergosterol con@ion above 12:g9/g is
considered susceptible. A concentration betweenpu@®) and 8 ug/g is
considered intermediate and any concentration beowg/g is considered
resistant.

LM109 was the most susceptible genotype with thghdst mean
ergosterol concentration of 17.25g/g. LM109 was initially classified as
intermediate resistant (Table 1) with brown glunvelsite seeds and with a semi-
loose panicle shape according to visual scoring.itdltraits point towards a
genotype with good grain mould resistance traits drngosterol concentration
analysis classifies it as the most susceptible typeoacross locations. This
highlights the need to rely on ergosterol conceioinaanalysis as a means of
scoring for level of resistance.

LM122 was the most resistant genotype with thetleasan ergosterol

concentration of 3.58g/g. LM122 is a tan plant with tan glumes, a séose
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with erect primary branches panicle shape, femake Wwith resistance to grain
mould. It can therefore be considered a sourcaahgnould resistance in non-
pigmented sorghums. Its ability though to combianeofably with selected male
lines is tested as indicated below.

LM122 hybrids had the highest positive averageetosis of 159.98%
(Table 9) for ergosterol concentration analysis agnibe three female lines used.
This means that despite LM122 being the most i@#idine among both parental
and hybrid lines, this line produced hybrids tha more susceptible than itself
i.e. failed to pass the resistance to its offsprinhis is evident from LM122
hybrids having a mean of 9.1iy/g compared to 8.3(g/g and 8.6Qug/g for
LM124 and LM130 hybrids respectively (Table 8). lflea 10) indicates that
LM122 had a positive GCA value of 0.466 and moghefpositive GCA for this
line was observed at Potchefstroom (Table 11). Tahiservation can be
explained by the fact that LM122 hybrids also haftes endosperms compared
to their parental lines as indicated by their mbaterosis and GCA at -11.91%
and -1.065 respectively for kernel hardness. LMaR® had no interesting SCA
combinations with any of the male lines used (Taldg

(Table 9) also indicates an average heterosis 0%-2or ergosterol
concentration meaning that use of hybrid seed ctadd to a significant 20%
gain in grain mould resistance. This level of hetses was observed despite the
fact that genotypes were not significantly diffaréor ergosterol concentration
analysis (ANOVA Table 4). This means that if a eliéfint set of parental lines

with a different set of properly identified resiste genes, in both male and
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female lines were used, then more gain and or rdifteation among the F1
generation would have been observed. This findurthér proves the need to
identify good parental lines i.e. parental lineshwgene combinations that lead to
an increase in genetic resistance to grain moGldagter 2) provides evidence of
the need to play around with host genotype to a@upéthological virulence.
There is need therefore to use advanced technalogpproaches like marker
assisted selection (MAS) and quantitative traiti i&TL) analysis to identify
useful genetic markers and quantitative loci onosfosomes associated with
specific resistance genes in order to select gavdnpal lines. There were very
small gains from heterosis for plant height andnkémardness (11.39% and
6.6% respectively). Plant yield had the highestelesf heterosis (57.45%)
emphasizing the already proven advantages of ulsytgid seed over open
pollinated varieties.

LM130 was the best female line for grain mould stsice. Despite the
fact that LM130 was the most susceptible female Vuith a mean of 13.2dg/g
for ergosterol concentration, this line is the omégmale line that produced
hybrids with a mean lower than the best parentlat89% mean high parent
heterosis (Table 9). This also shows involvementowdr-dominance effects or
gene action for grain mould resistance. This lils® &dad a negative GCA value
of -0.083 (Table 10). Some of LM130 hybrids werscaptible like the cross to
LM108 (Table 8). The top four most resistant hybridame from crosses
between LM130 to LM103, LM109, LM114 and LM101 resfively (Table 11).

These are crosses between the least resistantefemdlthe least resistant male
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lines as indicated in Table 8. This observationliegpthat best combiners for
grain mould resistance are not always the besbpeifig individual lines. It is
safe to assume that good grain mould resistancesgexist in both maternal and
paternal lines even though they may not be exptdefssesome reason but when
combined in good combinations, they get expres3éxbrefore selection of
parental lines for use in crosses for grain moekistance research should be
based on testing for combining ability based oreoletion of line performance
in hybrid crosses.

LM130 has brown glumes and brown seeds with a semipact elliptic
panicle shape (Table 1). All its hybrids had broglumes and brown seeds i.e.
had a high content of phenols, and their paniclepeb ranged from semi-
compact elliptic to semi-loose drooping primaryrmiaes panicle shapes (7 and 8
classes only). Pigmented plants with pigmenteddlernave been shown to have
more grain mould resistance than their non-pignterteunterparts. Phenol
content especially tannin and flavan-4-ol conteatehbeen associated with grain
mould resistance (Bandyopadhyatyal.,1988: Audilakshmet al.,1999). Phenol
content therefore could have a significant roléhm observed LM130 effect.

However on the other hand, LM124 (white seeded fenshowed a high
level of resistance with an ergosterol concentratb 6.7 ug/g (Table 8). This
line passed its resistance to its offspring and $exkral crosses that showed
good resistance. LM124 had the best GCA value @83 (Table 10) indicating
that its hybrids were the most resistant in gendgtabsses with LM109 and

LM114 performed better than parental lines with S@#ues of -5.03 and -4
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(Table 11). This shows that not only seed coltve(| content) accounts for the
resistance. Since LM122 had white kernels like LMII2ut failed to pass
resistance traits to the offspring, it therefoream® white seeded genotypes
possess resistance genes that are more compleeaddnore investigation.

LM117 was the most stable male line with a GCA eatfi -1.266 and its
pedigree is R.9645 (RTx430*Surefio)-B12. This lims Burefio genes in it and
Surefio is a popular dual-purpose grain and foragety with good resistance to
grain mould (Meckenstoclket al, 1993). Even though LM117 had a high
concentration of ergosterol, its hybrids were nmasastant especially the cross to
LM130 (Table 12).

Grain yield ranged from a mean of 831.44 g/plotb(id/ 7) to 137.11
g/plot (LM122). Means for grain yield indicate tHa¥1101 and LM109 were the
best performing parent lines with a mean yield 80.3 g/plot and 501.9 g/plot
(Table 8) respectively. However in hybrid perforrcenLM101 had a positive
GCA whereas LM109 had a negative GCA (Table 10).oAmfemale parents
LM130 had the highest yield but in hybrid perforrmarbM122 had the highest
and most significant GCA and heterosis (Tables &\@ 10). Therefore LM122
may not be useful in transferring grain mould rsise but it can be useful when
selecting for yield. Among male lines LM116 was theost stable with a
significant GCA value of 178.73. The cross betwddévil22 and LM116
produced the highest heterosis at 122.72 %. A fstgnit 57.45% heterosis for

yield was observed (Table 9) indicating the impoetaof using hybrid seed.
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Individual plant height ranged from 120 cm to 2056 above ground. A
significant heterosis of 11.39 % was observed @&)! According to the range
for plant height, a height above 180cm is tall, 35080 cm is intermediate and
anything less than 150 cm is dwarf. All parentak$ were in the intermediate
height range. Among female parents only LM122 hddhad a few tall hybrids
with the highest mean heterosis of 11.46 % andottig significant positive
GCA of 2.84 (Tables 9 and 10). LM130 had the leasrage heterosis of 8.35 %
indicating that its hybrids did not grow too tallable 9). Plant height is not
significantly correlated to ergosterol concentnatiience grain mould resistance
(Table 19). In this case plant height would be ingmat for management
purposes like weeding, spraying and hand versudbic@rharvesting. Preferable
height would therefore vary from one place to aaothut intermediate height
would suit most situations.

Individual hardness index values ranged from a mara of 20.91 sec/g
to a minimum of 1.88 sec/g. According to the obsdrvange any timing above
14 sec/g is hard, 7 — 14 sec/g is intermediateaaydiming below 7 sec/q is soft.
All parental lines were therefore in the interméglisange except for LM122
which was soft at 4 sec/g (Table 8). None of theogygpes could be classified as
hard across all locations. LM122 hybrids were sdttean an average hybrid with
an average heterosis of -11.91% and a signific2A @alue of -1.065 (Tables 9
and 10). LM124 had the best heterosis among fetimae at 5.06 % (Table 9)
and the best significant GCA value at 0.698 (Talf LM130 had a positive

heterosis and a significant GCA value at 2.01 % @366 respectively coming
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second to LM124 for use in selection for kerneldmass. Among male lines,
LM109 and LM104 were the most stable in produciagder endosperm hybrids
with significant GCA values of 1.525 and 0.745 exgjvely (Table 10).

The ratio of GCA/SCA is the same as the ratio dafitace to dominance
variance or gene action. A ratio greater than Icatds additive gene action
prevalence whereas a ratio less than 1 indicatesindmce gene action. As
indicated in (Table 13), grain mould resistance i@t mainly dominance
whereas yield, height and kernel hardness exhithilitize variance or gene
action. The dominance action for grain mould resisé is equally from both
male and female parents. The dominance observesl ¢wrld be complete,
partial and over-dominance since high parent hsierwas calculated. Plant
yield and plant height exhibited additive variameainly due to the male parent
effect whereas for grain hardness this variance das to the female parent
effect. This observation for grain hardness is ¢oelspected since hardness is
dominated by maternal effects due to tlenature of the endosperm witm 2

coming from the female parent.
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2.2.Cedara 1 means

Since genotypes were not significant for ergosteooicentration analysis,
all means were in one group (Table 14). Howeveamyeerformance of hybrids
was significantly different from that of the parelntes (Table 5) and was
calculated to be 24 % heterosis. This means hylvete more susceptible than
their parental lines and this applies to all tHexaale lines at this location. GCA
values were not significant for any of the linesalfle 11). Individual plot
observations ranged from a minimum of g to a maximum of 11.08g/g.
Mean ergosterol concentration for the location Veas at 5.05ug/g and ranged
from 3.35pg/g for hybrid 15 to 7.0ug/g for hybrid 17. This could have been
caused by low temperatures experienced during tam dilling period hence
grain mould severity was low leading to failuredtetect genotypic differences.

Significant differences were detected among gerestyfor plant yield
(Table 5). The significant heterosis was calculdatebe 59%. Hybrid 2 was the
highest yielding genotype at 1054.7 g/plot and LB®Iias the lowest at 208.7
g/plot (Table 14). LM122 was the lowest yieldingnf@e line but its hybrids had
the highest mean yield at 752.1 g/plot. This lisetherefore good for use in
selection for plant yield at this location.

Significant differences were detected among geresgtyfor plant height
(Table 5). The significant heterosis was calcalatebe 14%. Hybrid 2 was the
tallest genotype at 191.7 cm and LM117 was thetebbat 140 cm (Table 14).
LM130 hybrids had the desirable intermediate heaght76.5 cm and the other

two female lines produced tall hybrids.
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Significant differences were detected among gerestyfor kernel
hardness (Table 5). The heterosis was calculaiedet 11% but it was not
significant. LM109 was the hardest genotype at H&d/g and LM122 was the
softest at 3.6 sec/g (Table 14). LM130 hybrids wine hardest with a mean

hardness of intermediate 7.7 sec/g.
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2.3.Cedara-2 means

Since genotypes were not significant for ergostemicentration (Table
6) all means were in one group except for hybridwgiich had the highest
concentration at 23.08g/g (Table 15). This location had the lowest mean
ergosterol concentration compared to other locatian4.41ug/g. This could
also be due to the fact that mean temperatures lvereluring the grain filling
period. Grain mould severity was significantly redd to the extent that
genotypic responses could not be detected. A vagly BV of 129.48% and
small R-square of 0.33 were also observed.

Analysis for plant yield revealed significant diffeces among genotypes
(Table 6). The significant heterosis was calculdtethe 97.8%. Individual plot
observations reveal that Hybrid 7 was the besopeihg entry at 851 g/plot and
LM122 was the lowest at 10 g/plot (Table 15). LMIX&#fte again had the lowest
yield but its hybrids performed the best. This lcentinues to outperform the
other two female lines in hybrid performance.

There were significant differences among genotyfmesplant height
(Table 6). The observed significant heterosis vedsutated to be 11.3%. LM117
was the shortest at 138.3 cm and hybrid 3 wasatlest at 188.3 cm (Table 15).
Only LM122 had a couple of tall hybrids whereas L3@Xontinues to have good
height in its hybrids.

There were significant differences among genotyfpeskernel hardness
(Table 6). Heterosis was not significant at thisalion. Hybrid 9 was the softest

genotype at 3.9 sec/g and hybrid 27 was the haate$0.7 sec/g (Table 15).
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LM122 resulted in the highest number of hybridshwsbft endosperms whilst

LM130 hybrids were the hardest with a mean of é89g
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2.4.Potchefstroom means

This was the only location where there were sigaiit differences among
genotypes for ergosterol concentration analysiblelr&). This could be because
mean temperatures during the grain filling peribthe location were higher than
at the other two locations. Grain mould pressurs weerefore higher here as
indicated by a high mean ergosterol concentratibri®61 ug/g (Table 16),
bringing out significant genotypic responses tlmtld be detected. The observed
heterosis was calculated at -27.2 % indicating thdirids were more resistant
than the parental lines. LM109 was the most sugsdeptwith a mean
concentration of 42.8Li,g/g and LM122 was the most resistant at 5p22g.
However, LM122 resistance was not passed ontoylisds since LM122 hybrids
had the highest concentration at 188#)g compared to the other two female
lines. On the other hand LM130 was the most susgdtepiemale line at 33.77
ug/g but its hybrids had the lowest concentratiomgared to the other female
lines at 14.37ug/g. LM130 is therefore more useful at this locat@s a good
parent for grain mould resistance.

There were significant differences among genotypegplant yield (Table
7). The significant heterosis was calculated to 3% %. Individual plot
observations reveal that Hybrid 14 was the bedbpaing entry at 705 g/plot
and LM122 was the lowest at 167 g/plot (Table 16J122 once again had the
lowest yield but its hybrids performed the bestisTime continues to outperform

the other two female lines in hybrid performance.
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There were significant differences among genotyfmsplant height
(Table 7). The observed significant heterosis wasutated to be 10%. LM117
was the shortest at 145 cm and hybrid 6 was thestadt 186.7 cm (Table 16).
Only LM122 had a couple of tall hybrids whereas L3@Xontinues to have good
height in its hybrids.

There were significant differences among genotyfpeskernel hardness
(Table 7). Heterosis was not significant at thisakion. LM122 was the softest
genotype at 4.5 sec/g and hybrid 14 was the haate$6.6 sec/g (Table 16).
LM122 resulted in the highest number of hybridshwsbft endosperms whilst

LM124 hybrids were the hardest with a mean of Bedlg.
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3. Variance components and heritability

3.1.Cedara-1

For ergosterol concentration analysis, only envimental variance was
observed (Tables 5 and 17). This therefore led ttack of estimates for
heritability (Table 18). The total phenotypic varta of 2.86 in Table 18 is all
due to environmental effects. As explained earl@v, mean temperatures during
the grain filling period led to low grain mould sty hence failure to bring out
genotypic responses to grain mould. Spraying @flgriwith a concoction of
conidia of important grain mould fungi could hawvecreased grain mould
severity and brought about more significant geniotypsponses that could have
been detected.

For plant yield analysis, only the male variancenponent was significant
implying that male lines were responsible for mafsthe variation observed for

plant yield at this location (Tables 5 and 17). rage heritability for plant yield

(h2,,) across all three locations was highest at thgation at 0.41 and it was the

highest heritability across all four measured kbilities even though all
heritabilities were less than 50%. This can alscddirmed from the fact that
Cedara-1 had the highest mean yield across ak tlu@ations at 585.21 g/plot
compared to 443.62 g/plot and 463.62 g/plot for &a¢ and Potchefstroom
respectively (Tables 14, 15, and 16). This alsolisespghat Cedara-1 is the best

environment where all genotypes performed at thest for plant yield hence
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3.2

will be best suited for selection for plant yieldals. Use of more male lines
crossed to a few good female lines will be the bpgroach.

Analysis for plant height indicates a significanalenvariance component
at 44.97 (Table 17). This indicates that male lioese again had more effect on
this trait than the female lines. Average heriigof this trait was at 0.37 (Table
18).

Analysis for kernel hardness indicates that theenvalriance component
was higher than the female one even though it vaassignificant (Table 17).

Average heritability at this location was at 0.24b({e 18)

Cedara-2

Similarly to Cedara-1 ergosterol concentration wsial at this locality,
only environmental variance was observed (Tablaad17). This therefore led
to a lack of estimates for heritability (Table 18he total phenotypic variance,
the lowest across all environments, of 0.58 in &alil8 is all due to
environmental effects. This environment was the tmo¥avorable for grain
mould development. Once again low mean temperatiwgag the grain filling
period led to low grain mould severity hence faluo bring out genotypic
responses to grain mould. Spraying of trials witltoacoction of conidia of
important grain mould fungi could have increasedirgrmould severity and
brought about more significant genotypic respontest could have been

detected.
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3.3.

For plant yield analysis, only the male variancenponent was significant
implying that male lines were responsible for mafsthe variation observed for

plant yield at this location (Tables 6 and 17). rage heritability for plant yield

(h2,,) across all three location was 0.37.

Analysis for plant height indicates a significandlenvariance component
at 55.48 (Table 17). This indicates that male lioese again had more effect on
this trait than the female lines. Average heriigpof this trait was at 0.39 (Table
18).

Analysis for kernel hardness indicates only the dem variance
component at 0.12 even though it was not signifiq@able 17). The male
component was negative. Only female heritabilitthé location was recorded at
a very low level of 0.07 (Table 18) implying thatd location is not good for use

to select for kernel hardness.

Potchefstroom

Unlike Cedara-1 and Cedara-2 for ergosterol comagoh analysis at this
environment some genotypic variance was observethl€s 7 and 17). This
variance was in the M x F SCA effect at 5.14 (Tabi¢ causing the significant
heterosis observed in the ANOVA (Table 7). Thisaloen had the highest total
phenotypic variance at 126.96 compared to the dtkerenvironments (Table
18). This environment was the most favorable faxirgmmould development.

Higher mean temperatures during the grain fillirgrigd led to a significant
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increase in grain mould severity hence ability timdp out genotypic responses to
grain mould.

For plant yield analysis, the male variance componeas significant
implying that male lines were responsible for mafsthe variation observed for
plant yield at this location (Table 17). The sigrahce of the M x F SCA effect

means there was some dominance effects on yielthi@tlocation. Average
heritability for plant yield f’, ) across all three locations could not be measured

due to negative female components. This locati@htha lowest total phenotypic
variance compared to the other two environments.

Analysis for plant height indicates presence of #dlee variance
components (Table 17). The male effect was moreirkm and this indicates
that male lines once again had more effect on ttiais than the female lines.
Average heritability of this trait was at 0.38 (Tad8). This location had the
lowest total phenotypic variance for this trait.

Analysis for kernel hardness indicates both mald temale variance
components at 1.52 and 3.53 respectively (Table The larger female
component implies that the female lines had mole t@play in this trait. Total
phenotypic variance and average heritability fordhass were highest at this
location at 26.49 and 0.38 respectively (Table irf@)lying that this location is

the best for use to select for kernel hardness.
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4. Correlations

A lack of correlation (-0.01ns) between visual digirade scoring and ergosterol
concentration analysis as a measure of grain meeNerity has important implications
(Table 19). Simply put, individual observation ofia is happening on the outside of the
kernel does not necessarily reflect what is happgemside the kernel. Due to some
resistance mechanisms possessed by the host, smoy/es seem to be able to prevent
deep penetration and colonization of the endosgeymestricting colonization to the
periphery of the kernel hence leading to high Midigdd scores whilst total ergosterol
concentration analysis indicates low levels of stgml. Ergosterol concentration
analysis should therefore be recommended especiblylvanced levels of selection in
the breeding process since this analysis tendskerhore time and money to carry out.

Plant yield is significantly correlated to plantidie. This implies that taller plants
tend to give more grain than shorter ones. Howep&ant height preferences are
dependent on management mechanisms and other gepeferences hence they vary
from place to place. Other correlation values thed significant are lower than 0.5

implying that more than half the time they do noldheven if they are significant.
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CONCLUSION

It is evident therefore that use of visual scomsga measure of grain mould severity can
be misleading as observed from the wrongful clasdibn of some of the parental lines
into the three classes mentioned above. This wubrgdissification can lead to selecting
wrong parental lines to use in hybrid crosses amiwill in turn lead to very little or no
genetic gain in overall grain mould resistance Iewas has been the case over the years.
A very important observation here is the fact thatmost resistant lines observed are not
always the best parental lines to use in hybridl@oation. The best parental lines should
be selected based on performance in test crossesdoted good combiners. The best
parental lines must be able to pass the resistartbeir offspring and they achieve that if
they are crossed to lines with complementary gesrebinations. Dominance effects
seem to be more prevalent for grain mould resigtamcther indicating the need to
identify the responsible genes in order to be &blgyramid them in genotypes with good

agronomic traits.
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Genotype Sex Code  Pedigree PanicleGlume Seed FGS Mould

number shapet Color Color reaction}
1 Male 1 LM101 (87EO366 * WSV387)-HF14 8 tan white  1.25 R
2 Male 2 LM103 (ISCV 1089BF * MACIA)-HF2-CA2-AE 9 brown white 150 R
3 Male 3 LM104 (MACIA * DORADO)-HD2----CA3 7 brown white 1.75 R
4 Male 4 LM108 (Segaolane*WM#322)-CG1-BGBK-CCBK 7 brown white 250 |
5 Male 5 LM109 (SV1*Sima/IS23250)-LG15-CG1-BG2-BGBK 7 brown white 2.50 I
6 Male 6 LM114 (90EO328 * CE151)-LA37 1 tan white  1.25 R
7 Male 7 LM116 Kuyuma 8 tan white  4.25 S
8 Male 8 LM117 R.9645 (RTx430*Sureno)-B12 9 tan white  4.50 S
9 Male 9 LM120 SRN39_Striga Res. 9 tan white  3.00 I
10 Female 1 LM122 ATx631 6 tan white - -
11 Female 2 LM124 ATx623 8 brown  white - -

12 Female 3 LM130 A02059 8 brown brown - -

T Panicle shape codes as described in the descriptasrghum hand book IBPGR and ICRISAT, 1993.
¥ Mould reaction as described by (BandyopadhyayMuaodhogho, 1988R = resistant (FGS 2); | = intermediate resistant (2 < F&S3); S = susceptible to
grain mould 3<FGS 5

Table 1. Pedigrees, codes, plant and grain characterigticsale and female parental lines used to gendrgteds in a design |l
mating scheme planted at Cedara and Potchefstraamgdhe 2007 — 2008 season.
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Table 2. Analysis of variance model used across the thngg@ments for all hybrids

and parents.

Source F Test Expected Mean Square (EMS)
Env MS. /MSe o? + grphfmo?
Rep(Env) MSg, /MSe o’ +gphmbe,
Genotype MS; /MS,,¢ o’ +rphmfo? . + rphmfeo?
Parent MS,/MS, . o? + grhfmo?, . + grhfmeo?
Male MS,, /MS,, o’ + grphfo . + grphfed?,
Female MS; /MS, . o’ + grphmo . + grphmeo?
Male vs. Female
Parent vs. Hybrid
Hybrid MS, /MS,, . o’ + grpfmao?, . + grpfmed?,
Male (Mgca) MSy)/MSye 07 +grphfo},e + grphfec?,
Female (Fgca) MS ) /MSg, o? + grphmo?, . + grphmes?
M x F (sca) MS.,,, /MS, o’ +grpheg?
Gen x Env MS,e/MS, o’ +rphmfo .
Parent x Env MS,,./MS, o’ +grhfmo?
Male x Env MS,,e/MS, o’ +grphfo},
Female x Env MS.,./MS, o’ +grphmo? .
Hybrid x Env MS,./MS, o2 +grpfma?,
Male x Env MS,,c/MS, o’ +grphfo},
Female x Env MS.,./MS, o’ +grphmo? .
Male x Fem x Env. MS,, .. /MS, 02+ grphol e

Error

qI\.)

[v]

127



Table 3. Analysis of variance model used for single envments for all hybrids.

Source F Test Expected Mean Squares (EMS)
Rep MS,/MS, o? + ghpmiz?
Genotype MS,/MS, o’ +rpmfho?
Parent MS,/MS, o’ +grhmfo}
Male MS,, /MS, o? + grphfa?,
Female MS. /MS, o’ + grphfa?
Male vs. Female
Parent vs. Hybrid
Hybrid MS,, /MS, o’ + grpmfo?
Male (Mgca) MS,, /MS, o’ + grphfo?},
Female (Fgca) MS. /MS, o’ + grphfa?
M x F (sca) MS.,., /MS, o’ +grpho? .
Error o’

@
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Table 4. Mean squares from the analysis of variance foostggol concentrationug/qg),
plant yield (g), plant height (cm), and seed hasdn€Sec/g) across the three
environments during the 2007-2008 season.

Mean Squares

Source DF Ergosterol Yield Height Hardness
Env 2 7533.28 689285.39 1613.75 232.91
Rep(Env) 6 2041.90  67045.786  125.4% 20.21
Gen 38 88.95 238661.81 1065.76 19.85
Parent 11 163.39 131304.02  432.24 32.73
Male 8 127.8% 113599.34  581.10 25.74°
Female 2 220.9%6 183268.59 8.3% 28.64°
Male vs. Femalel 335.1%  169012.35 89.20° 96.91
Parent vs. Hybrid 1 357.85 3124414.41 23877.56 20.29
Hybrid 26 47.1%  173091.93  456.41 14.38
Male (Mgca) 8 19.97 465876.97 1156.94 18.36°
Female (Fgca) 2 153 143604.31F  527.16  71.37
M x F (sca) 16 65.056  30385.3% 97.30 5.26"
Gen x Env 76 102.12  41591.16 53.00° 4.68
Parent x Env 22 16457  24319.80 50.23° 1.98°
M x Env 16 145.21  31884.60 61.07 2.05°
F x Env 4 228.52 394970 15.28° 1.01¢
Hybrid x Env 52 50.79  49498.37 48.36° 5.95¢
M x Env 16 4489  83420.70 68.29° 5.32¢
F x Env 4 69.79  105770.21 48.9% 22.09
MxFxE 32 51.37  25503.1% 38.3% 4.25¢
Error 342 77.51 50958.95 160.55 5.87
R-Square - 0.57 0.56 0.76 0.52
Mean - 9.36 497.30 169.50 8.07

" Indicates significance & = 0.05 and® = 0.01 respectively.
" Indicates non- significance Bt< 0.05.
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Table 5. Mean squares from the analysis of variance foostggol concentrationug/qg),
plant yield (g), plant height (cm) and seed hardr{&ec/g) for Cedara-1 during the 2007-
2008 season.

Mean Squares

Source DF Ergosterol Yield Height Hardness
Rep 2 217.33 44246.83 163.0% 20.73
Gen 38 2.27 157889.25 481.27° 5.76
Parent 11 1.70 65689.26 166.67° 10.40°
Male 8 1.48 69508.58 216.67 8.46
Female 2 1.39 64552.4% 33.3% 10.20
Male vs. Female 1 42 37408.3% 33.3% 26.30°
Parent vs. Hybrid 1 17.31 1242901.55 11172.74 5.7%
Hybrid 26 1.9%8 155165.70 203.09° 3.96°
Male (Mgca) 8 1.85  392866.00 473.97° 6.26
Female (Fgca) 2 0"81  280148.04 191.05 578
M x F (sca) 16 218 20692.76 69.17 2.55°
Error 114 2.75 75081.09 205.94  3.73
R-Square - 0.70 0.70 0.78 0.56
Mean - 5.05 585.21 17299  7.31

“ 7 Indicates significance & = 0.05 and® = 0.01 respectively.
" Indicates non- significance Bt< 0.05.
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Table 6. Mean squares from the analysis of variance foostggol concentrationug/qg),
plant yield (g), plant height (cm), and seed hasdr(gsec/qg) for Cedara-2 during the 2007-
2008 season.

Mean Squares

Source DF Ergosterol Yield Height  Hardness
Rep 2 18.07 92229.31°  154.06° 19.00
Gen 38 31.5% 111154.89  400.65 6.30
Parent 11 447  93847.66  246.15 8.04
Male 8 3.98 04664.58  322.45 7.39
Female 2 3.74  87908.78 2.78 5.86
Male vs. Female 1 986 99190.08 122.45° 17.60°
Parent vs. Hybrid 1 31.39 1237307.81 6631.34 12.17
Hybrid 26 42.9% 75163.60  226.38 5.34¢
Male (Mgca) 8 4275 185482.73  560.03 3.69°
Female (Fgca) 2 377%8 58576.9%  216.98 8.94°
M x F (sca) 16 43.7%6  22077.3F 60.75 5.71¢
Error 114 32.21 52685.40 162.28 4.60
R-Square - 0.33 0.71 0.83 490.
Mean - 4.41 443.62 165.60 7.20

“ 7 Indicates significance & = 0.05 and® = 0.01 respectively.
" Indicates non- significance Bt< 0.05.
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Table 7. Mean squares from the analysis of variance foostggol concentrationug/qg),
plant yield (g), plant height (cm), and seed hasdrgec/qg) for Potchefstroom during the

2007-2008 season.

Mean Squares

Source DF Ergosterol Yield Height Hardness
Rep 2 5890.30  64661.1%4 59.19° 20.91¢
Gen 38 259.38  52799.99  289.89 17.16°
Parent 11 486.35 20406.69  119.89 18.25
Male 8 41249  13195.3F  164.17 13.99
Female 2 672.88 38706.78 2.78 14.59°
Male vs. Female 1 704721 41497.12 0.28  59.70°
Parent vs. Hybrid 1 180857 696184.90 6481.63 9.54¢
Hybrid 26 103.77  41759.27  123.67 16.98
Male (Mgca) 8 64.45 54369.59  259.57 19.06
Female (Fgca) 2 116"%4 16419.7% 216.98  100.84
M x F (sca) 16 121.84 38621.54 44.06° 5.46°
Error 114  197.56 25110.38 113.43 9.24
R-Square - 0.63 0.71 0.85 0.63
Mean - 18.62 463.07 169.91 9.71

“ 7 Indicates significance & = 0.05 and® = 0.01 respectively.
" Indicates non- significance Bt< 0.05.
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Table 8. Genotype means for ergosterol concentratiggg), plant yield (g), plant height
(cm), and seed hardness (sec/g) across the tloatolos during the 2007-2008 season.

entry code genotype ergo yield height hardness
Male 1 LM101 1 13.66° 510.7°9™ 166.7" 9. 3P
Male 2 LM103 2 13.08"  440.¢"™ 156.1¢ g, Fcdetar
Male 3 LM104 3 8.48"  463.00"~ 159.4 8.cdetn
Male 4 LM108 4 6.86° 35524 159.4 g, peaeion
Male 5 LM109 5 17.28  501.g""k 168.9" 10.6*
Male 6 LM114 6 16.06  310.1™ 158.3 g, Fbece
Male 7 LM116 7 6.88" 373.3™" 156.1¢ 7.0M
Male 8 LM117 8 12.87%"  280.1™ 141.1 7.goetan
Male 9 LM120 9 11.97  172.7° 152.8 4.6
Male means 11.9 378.6 157.6 8.3
Female 1 LM122 10 355 137.F 156.1¢ 4.0
Female 2 LM124 11 6.76°  303.4™ 154.4 7.3
Female 3 LM130 12 13.28"  421.1%m 156.1 7.0M
Female means 7.8 287.3 155.5 6.1
Hybrid 1 LM122xLM101 13 7.3%°  702.9" 174.4°%" 7.5tetn
Hybrid 2 LM122xLM103 14 13.36°  691.3™ 183.3" g.peaeion
Hybrid 3 LM122xLM104 15 12.92°  625.3% 184.4 7 4%
Hybrid 4 LM122xLM108 16 6.8%* 566.6°¢ 180.6" 7.09"
Hybrid 5 LM122xLM109 17 9.28°  556.8%" 175.6°" 8. 3detan
Hybrid 6 LM122xLM114 18 10.948°  632.9° 179.4° 6.9
Hybrid 7 LM122xLM116 19 10.1%* 8314 181.F> 6.9"
Hybrid 8 LM122xLM117 20 5.62°  464.0°"~ 158.9¢ 7.5ketn
Hybrid 9 LM122xLM120 21 6.1% 3417 183.3" 4.6
LM122 hybrid means 9.11 601.4 177.8 7.2
Hybrid 10 LM124xLM101 22 11.17 543,000 178.g°c% 8. gweaetor
Hybrid 11 LM124xLM103 23 10.78*  710.f 175.5%" g, et
Hybrid 12 LM124xLM104 24 8.2&4  633.0° 178.g°c 10.0"
Hybrid 13 LM124xLM108 25 5.84  657.9° 176.1°% 8. gedeton
Hybrid 14 LM124xLM109 26 6.98" 5833kl 176.1% 11.G
Hybrid 15 LM124xLM114 27 7.38° 514 3¢9 176.1°% g, pdetan
Hybrid 16 LM124xLM116 28 8.78  709.3" 176. 7% 9.4Pe
Hybrid 17 LM124xLM117 29 7.8%8° 326.9™ 153.9 7.gdetan
Hybrid 18 LM124xLM120 30 7.84  379.4%M 176. 7 7.6°n
LM124 hybrid means 8.30 561.9 174.3 8.9
Hybrid 19 LM130xLM101 31 7.18°  540.g%"%" 175.6%" g, pedetan
Hybrid 20 LM130xLM103 32 6.18"  637.8° 179.4 7.getan
Hybrid 21 LM130xLM104 33 6.97  668.4" 177.80cde 9.6"
Hybrid 22 LM130xLM108 34 14.2%  607.2°0°" 171.7" 8. gieaefor
Hybrid 23 LM130xLM109 35 8.56°  430.3™m 173.9°"¢ 10.G"
Hybrid 24 LM130xLM114 36 8.18"  429.3Wm 172.2'" 7.gdetn
Hybrid 25 LM130xLM116 37 8.58"  676.0° 175.5%" 8. 4edefan
Hybrid 26 LM130xLM117 38 8.78"  359.1" 161.7 7.3
Hybrid 27 LM130xLM120 39 8.86°  306.3™ 168.9" 8. gibedef
LM130 hybrid means 8.60 517.3 172.9 8.6
Overall Mean - - 9.36 497.30 169.50 8.07
CV (%) - - 93.20 33.34 4.06 25.15
LSD (0.05) - - 11.79 167.21 7.12 2.26

Means followed by the same letters are not sigauifily different according to Fisher's LSD method.
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Table 9. High parent heterosis for ergosterol concentrafiayig), plant yield (g), plant
height (cm), and seed hardness (sec/g) acrossitbe focations during the 2007-2008
season.

ergo yield height hardness
Entry Code % % % %
Hybrid 1 LM122xLM101 107.95 37.63 4.62 -19.35
Hybrid 2 LM122xLM103 277.84 56.90 17.42 0.00
Hybrid 3 LM122xLM104 267.05 35.05 15.68 -11.90
Hybrid 4 LM122xLM108 93.47 59.52 12.92 -18.39
Hybrid 5 LM122xLM109 162.22 10.94 3.97 -21.70
Hybrid 6 LM122xLM114 210.80 104.10 13.33 -29.35
Hybrid 7 LM122xLM116 187.22 122.72 16.02 -1.43
Hybrid 8 LM122xLM117 59.66 65.66 1.79 -5.06
Hybrid 9 LM122xLM120 73.58 97.86 17.42 0.00
LM122 mean heterosis 159.98 65.60 11.46 -11.9
Hybrid 10 LM124xLM101 66.72 6.32 7.32 -5.38
Hybrid 11 LM124xLM103 60.30 61.17 9.79 9.52
Hybrid 12 LM124xLM104 22.99 36.72 12.23 19.05
Hybrid 13 LM124xLM108 -12.84 85.22 10.48 -2.30
Hybrid 14 LM124xLM109 3.73 16.22 4.26 3.77
Hybrid 15 LM124xLM114 9.70 65.85 11.24 -11.96
Hybrid 16 LM124xLM116 30.30 90.01 13.20 28.77
Hybrid 17 LM124xLM117 17.16 7.67 -0.32 0.00
Hybrid 18 LM124xLM120 17.01 24.87 14.44 411
LM124 mean heterosis 23.90 43.78 9.18 5.06
Hybrid 19 LM130xLM101 -46.00 5.91 5.34 -6.45
Hybrid 20 LM130xLM103 -52.75 51.46 14.93 -9.20
Hybrid 21 LM130xLM104 -17.51 44.36 11.54 14.29
Hybrid 22 LM130xLM108 108.02 44.19 7.72 1.15
Hybrid 23 LM130xLM109 -35.80 -14.27 2.96 -5.66
Hybrid 24 LM130xLM114 -38.44 1.95 8.78 -14.13
Hybrid 25 LM130xLM116 24.27 60.53 12.11 20.00
Hybrid 26 LM130xLM117 -31.78 -14.72 3.59 -7.59
Hybrid 27 LM130xLM120 -25.98 -27.26 8.20 25.71
LM130 mean heterosis -12.89 16.91 8.35 2.01
Mean of Parents - 10.87 355.78 157.12 7.73
Mean of Hybrids - 8.68 560.19 175.00 8.24
Heterosis (Parents vs Hybrids) - -20.15 57.45 11.39 6.60

134



Table 10.General combining ability estimates for ergostemhcentration(g/g), plant
yield (g), plant height (cm), and seed hardness/@g¥ecross the three locations during

the 2007-2008 season.

Entry Code ergo yield height hardness
Male Parent LM101 -0.139 35.395 1.296 0.093
LM103 1.389 119.543 4.259 0.341
LM104 0.691 82.062 5.370° 0.745
LM108 0.289 50.358 0.926 -0.122
LM109 -0.457 -36.716 0.185 1.525
LM114 0.129 -34.679 0.926 -0.733
LM116 0.446 178.728 2.593 0.014
LM117 -1.266 -176.864  -16.852 -0.647
LM120 -1.083 -217.827 1.296 -1.216
SE 2.19 32.40 1.42 0.26
Female Parent Lm122 0.466 41.235 2.840 -1.065
LM124 -0.383 1.691 -0.741 0.698
LM130 -0.083 -42.926 -2.099 0.366
SE 1.37 5.70 0.35 0.09
Hybrid means 8.69 560.20 175.00 8.23

" Significant GCA effects determined by two-taiketbst @ = 0.05 and® = 0.01 respectively).
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Table 11.Estimates of general combining ability for ergosteoncentration in Cedara-
1, Cedara-2 and Potchefstroom during the 2007-3@@8on.

Ergosterol concentration

Entry Code Cedara-1 Cedara-2 Potch
Male Parent LM101 0.497 -0.984 0.069
LM103 -0.101 -0.344 4.613
LM104 0.025 0.061 1.986
LM108 -0.818 5.595 -3.909
LM109 -0.285 -0.002 -1.083
LM114 -0.322 -1.157 1.867
LM116 0.620 -0.401 1.118
LM117 0.377 -1.749 -2.426
LM120 0.006 -1.018 -2.236
SE 0.45 2.18 2.68
Female Parent LM122 -0.116 -0.825 2.340
LM124 0.096 -0.530 -0.715
LM130 0.020 1.355 -1.625
SE 0.09 1.02 1.80
Hybrid means - 5.31 4.75 16.00
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Table 12. Specific combining ability for ergosterol concextton (1g/g) across the three
locations during the 2007-2008 season.

Entry LM122 LM124 LM130 Avg SCA
LM101 -1.27 0.99 -6.30 -2.19
LM103 5.00 0.85 -6.98 -0.38
LM104 6.94 0.67 -3.88 1.24
LM108 1.62 -0.94 4.22 1.63
LM109 -1.16 -5.03 -6.75 -4.31
LM114 1.18 -4.00 -6.47 -3.10
LM116 491 1.94 -1.51 1.78
LM117 -2.58 -1.94 -4.28 -2.93
LM120 -1.64 -1.50 -3.75 -2.29
Avg SCA 1.45 -0.99 -3.96 -1.17
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Table 13.Ratio of general combining ability (GCA) for maad female effects to
specific combining ability (SCA) (GCA/SCA) for agromic traits among hybrids across
the three locations during the 2007-2008 season.

Character GCAvm GCAr SCA GCAu/SCA  GCAF/SCA
Ergosterol 19.27 15.03 65.05 300. 0.23
Yield 465876.92  143604.31 30385.38 15.33 4.73
Height 1156.94 527.16 97.30 11.89 5.42
Hardness 18.36 71.37 5.26 3.49 13.57
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Table 14. Genotype means for ergosterol concentratiog'), plant yield (g), plant
height (cm), and seed hardness (sec/g) at Cedduarig the 2007-2008 season.

entry code genotype ergo yield height hardness
Male 1 LM101 1 348 6645 170.0°"  8.5™
Male 2 LM103 2 471 60339 161 2M 8.2
Male 3 LM104 3 481 420.3%m° 1583 8.7
Male 4 LM108 4 412  3414™ 158.9 7.8
Male 5 LM109 5 5.46  537.%9"K™  1g5(¢9"  10.F
Male 6 LM114 6 457  4458Wwmne 16330 8.7
Male 7 LM116 7 5.37 541%9MKT 153 % 5.get
Male 8 LM117 8 4.03 2803 140.¢ 6.10et
Male 9 LM120 9 549 208% 160.0" 4.9"
Male means 4,67 449.2 158.9 7.6
Female 1 LM122 10 3.58 2347% 156.7 3.6
Female 2 LM124 11 467 3634™° 153.% 7 .3bea
Female 3 LM130 12 3.41  5273F"N™  160.0" 6.0t
Female means 3.89 37438 156.7 5.7
Hybrid 1 LM122xLM101 13 5.82 7481 173.30¢10" 7 poea
Hybrid 2 LM122xLM103 14 490 10547 191.7 7.9
Hybrid 3 LM122xLM104 15 5.44 7953 188.3" 7 .50
Hybrid 4 LM122xLM108 16 450 7803 188.3" 7.3ocd
Hybrid 5 LM122xLM109 17 5.38 6290k 178 30 7.0
Hybrid 6 LM122xLM114 18 532 869% 176.7°° 7.6
Hybrid 7 LM122xLM116 19 5.38 1037% 186.7" 7.0
Hybrid 8 LM122xLM117 20 438  48g/g"me 163,30 6.3
Hybrid 9 LM122xLM120 21 5.61 366M™°  186.7" 3.g
LM122 hybrids means 519 7521 181.5 6.9
Hybrid 10 LM124xLM101 22 5.85 63509 186.7" 9.3"
Hybrid 11 LM124xLM103 23 547 883% 181.7° 6.9
Hybrid 12 LM124xLM104 24 490 6561  183.3° 8.7
Hybrid 13 LM124xLM108 25 486 835 183.3° .10k
Hybrid 14 LM124xLM109 26 5.58 7181 183.3° 7.7
Hybrid 15 LM124xLM114 27 3.35 6010 180.6° 7.60c
Hybrid 16 LM124xLM116 28 6.83 890 183.3° 8.6™
Hybrid 17 LM124xLM117 29 7.06  382fme 158.3 7.0
Hybrid 18 LM124xLM120 30 475 3461 185.6" 5.3t
LM124 hybrid means 5.40 660.9 180.6 7.6
Hybrid 19 LM130xLM101 31 575 611%8°9"K 1767 8.4"
Hybrid 20 LM130xLM103 32 5.26 818%™ 185.6" 6.6
Hybrid 21 LM130xLM104 33 566 7733 185.6™ 8.3
Hybrid 22 LM130xLM108 34 411 64938 1750 7.g°«
Hybrid 23 LM130xLM109 35 411 3303 178.30c 9.2"
Hybrid 24 LM130xLM114 36 6.29  53pfNKM 176, Pece 7.0
Hybrid 25 LM130xLM116 37 5.58  74415%" 178.30c 7.9
Hybrid 26 LM130xLM117 38 562 2643° 163.3M 6.7
Hybrid 27 LM130xLM120 39 558 2113 170.0°%" 7.6
LM130 hybrid means 5.33 548.8 176.5 7.7
Mean - - 5.05 585.21 172.99 7.31
CV (%) - - 34.27 31.36 4.78 22.51
LSD (0.05) - - 4.74  299.50 13.67 2.895

Means followed by the same letters are not sigauifily different according to Fisher's LSD method.
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Table 15. Genotype means for ergosterol concentratiog'), plant yield (g), plant
height (cm), and seed hardness (sec/g) at Cedduary the 2007-2008 season.

entry code genotype ergo yield height hardness
Male 1 LM101 1 4.02 529.6°%0" 166,750 8.
Male 2 LM103 2 429 391.¢°"<m 1533 7.6°
Male 3 LM104 3 498 52g.F°%"  161.79" 7.50¢
Male 4 LM108 4 3.08 28234 158.3" 7.9%
Male 5 LM109 5 3.47 501.0%9"  170.0° 9.0™
Male 6 LM114 6 2.73 147.0™ 150.0¢ 8.3
Male 7 LM116 7 4.43 248.0™° 156.7" 5.5
Male 8 LM117 8 2.4F 213.0™° 138.3 6.3
Male 9 LM120 9 6.04 37.7° 143.%' 4.¢"
Male means 3.93 319.7 155.4 7.1
Female 1 LM122 10 1.7¢ 10.0 151.7% 3.9
Female 2 LM124 11 3.92 241.¢™ 151.7* 6.2
Female 3 LM130 12 2.54 344.3"K™  150.0¢ 6.4
Female means 2.72 198.4 151.1 55
Hybrid 1 LM122xLM101 13 3.13 686.7° 171,77 g.@o
Hybrid 2 LM122xLM103 14 3.84 43839k 1733 7.6°
Hybrid 3 LM122xLM104 15 5.2f 763.3" 188.3 7.2
Hybrid 4 LM122xLM108 16 5.34 518.3%€" 176 P 6.9
Hybrid 5 LM122xLM109 17 5.36 568.7°%%  170.6% 8.2
Hybrid 6 LM122xLM114 18 3.0 515.7%%" 175 .F° 6.3
Hybrid 7 LM122xLM116 19 2.76 851.0 178.3> 6.0
Hybrid 8 LM122xLM117 20 2.6% 316.3™™ 150.0¢ 8.2
Hybrid 9 LM122xLM120 21 416 291.74™" 181.7* 3.9
LM122 hybrid means 3.93 550.0 173.9 6.8
Hybrid 10 LM124xLM101 22 492 617.7° 176.7% 8.3
Hybrid 11 LM124xLM103 23 478 619.7°° 170.6% 8.1
Hybrid 12 LM124xLM104 24 4.02 728.3" 175.0°* 8.4
Hybrid 13 LM124xLM108 25 2.62 593.30ccet 179 peoet g P
Hybrid 14 LM124xLM109 26 5.22 327.¢0"m 170.6% 8.6
Hybrid 15 LM124xLM114 27 4.47 461.0°9MK 171 Pt g Fece!
Hybrid 16 LM124xLM116 28 484 708.7° 170.6°¢' 8.2
Hybrid 17 LM124xLM117 29 3.08 306.0"™ 145.¢" 5.g%
Hybrid 18 LM124xLM120 30 418 375.78MKm™ 171 P g o
LM124 hybrid means 422 526.4 169.1 7.6
Hybrid 19 LM130xLM101 31 3.26 465.3°9" 173 3o 8.3
Hybrid 20 LM130xLM103 32 4.66 480.7%""M 175 ¢ 8.1
Hybrid 21 LM130xLM104 33 5.2f 620.3° 173.3°* 9.4*
Hybrid 22 LM130xLM108 34 23.08 5223 1667 6.
Hybrid 23 LM130xLM109 35 3.67 444.6""M  165.6"" 7.7
Hybrid 24 LM130xLM114 36 3.32 274.3™ 166. 7" 7 oo
Hybrid 25 LM130xLM116 37 5.48 608.7°° 168.3% 7 pode
Hybrid 26 LM130xLM117 38 3.34 314.7M™ 158.3" 6.0
Hybrid 27 LM130xLM120 39 2.97 411.¢"“ 173.3°¢  10.7
LM130 hybrid means 6.11 460.1 168.9 7.9
Mean - - 441 443.62 165.60 7.20
CV (%) - - 129.48  34.52 3.96 26.89
LSD (0.05) - - 9.22 258.12 11.02 3.31

Means followed by the same letters are not sigauifily different according to Fisher's LSD method.
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Table 16. Genotype means for ergosterol concentratiog'), plant yield (g), plant
height (cm), and seed hardness (sec/g) at Potobafstduring the 2007-2008 season.

entry code genotype ergo yield height hardness
Male 1 LM101 1 33.48" 3383 163.3 11,20
Male 2 LM103 2 30.24"  327.3m° 153.3 10.4cdeton
Male 3 LM104 3 15.58" 440, FetonuKimr 158.3" 9. feaetonk
Male 4 LM108 4 13.40° 442, @9k 161,70 10.3c0€ln
Male 5 LM109 5 42871 467 30etomkm 171.7 12.7%°
Male 6 LM114 6 40.76"  338.¢™ 161.7' 10.7edeton
Male 7 LM116 7 10.84 330.3M™° 158.3" 9. gedeton!
Male 8 LM117 8 32.17  347.@%mne 145.00 11.3cdetdt
Male 9 LM120 9 2437 271.7° 155.¢° 5.0"
Male means 27.07 366.9 158.7 10.0
Female 1 LM122 10 5.29 167.0 160.6" 4.8"
Female 2 LM124 11 11.56 306. 7™M 158.3" g, Janukim
Female 3 LM130 12 33.77°¢ 392 @Kmn 158.3" 8.49mK
Female means 16.85 288.6 158.9 7.1
Hybrid 1 LM122xLM101 13 13.05°  674.6" 178.3 g.gretaniki
Hybrid 2 LM122xLM103 14 31.18"  581.¢° 185.6°  10.4c0etn
Hybrid 3 LM122xLM104 15 28.11*  317.3m° 176.7° 7.gkim
Hybrid 4 LM122xLM108 16 10.58 4071.¢p"kmn 175.0° 7.Km
Hybrid 5 LM122xLM109 17 16.96° 472 petanikir 178.3 9.@caeton
Hybrid 6 LM122xLM114 18 24,59 513 pedelan 186.7 5.5
Hybrid 7 LM122xLM116 19 22.18™  605.7° 178.3 7. Rnkm
Hybrid 8 LM122xLM117 20 9.89 587.30c 163.3 7.gonukm
Hybrid 9 LM122xLM120 21 8.62 366. MmN 181.7" 6.2¢m
LM 122 hybrid means 18.34 502.1 178.1 7.9
Hybrid 10 LM124xLM101 22 22.78*  376.3"m" 173.3 8. Nk
Hybrid 11 LM124xLM103 23 22.08"  627.3" 173.3 12.8°%
Hybrid 12 LM124xLM104 24 15.79 514, peoedn 178.3°  12.8™
Hybrid 13 LM124xLM108 25 10.08 544, oot 173.3 11.pederdt
Hybrid 14 LM124xLM109 26 10.08 705.0 175.6°  16.6
Hybrid 15 LM124xLM114 27 14.28° 481 %tk 176.7¢  10.2cdetn
Hybrid 16 LM124xLM116 28 14,58 528 70cced 176.7°  11.8°0
Hybrid 17 LM124xLM117 29 13.44° 292.7" 158.3'9  10.2cdelon
Hybrid 18 LM124xLM120 30 14.68™ 415 Fonikimn 173.3 11.6°0"
LM124 hybrid means 15.28 498.4 173.1 11.7
Hybrid 19 LM130xLM101 31 12.48° 546.G " 176.7° 9. fedetanit
Hybrid 20 LM130xLM103 32 8.63 614.6° 178.3 9. (feetonk
Hybrid 21 LM130xLM104 33 10.08 612.6° 175.0°  11.pcved
Hybrid 22 LM130xLM108 34 15.68*  650.6™ 173.3 11.6°%
Hybrid 23 LM130xLM109 35 17.78"  516.7°" 178.3° 13"
Hybrid 24 LM130xLM114 36 14.88°  477.@§tnK 173.3 9. gedetan
Hybrid 25 LM130xLM116 37 14.68"  675.3" 178.3%  10.2cdetn
Hybrid 26 LM130xLM117 38 17.38™ 498 3cdeton 163.3 g, poetanik
Hybrid 27 LM130xLM120 39 18.0f*  296.7™° 163.3 g fonukim
LM130 hybrid means 14.37 542.9 173.3 10.1
Mean - - 18.61 463.06 169.91 9.71
CV (%) - - 69.34 22.92 2.95 23.84
LSD (0.05) - - 28.78 182.72 8.30 3.895

Means followed by the same letters are not sigauifily different according to Fisher's LSD method.
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Table 17. Estimates of variance components for ergosterateotration (ergo), plant
yield (yield), plant height (height), and seed Immsk (hardness) across the three

locations during the 2007-2008 season.

Characters
Variance components ergo yield height hardness
Cedara-1
Uez 2.86** 45098.86** 68.65** 2.73*
(0.39)f (6137.18) (9.34) (0.37)
a—if -1 - 0.17 -
(8.86)
o-ri - 41352.58* 44.97* 0.41
(19536.71) (23.69) (0.33)
U? - 9609.45 451 0.12
(7341.28) (5.08) (0.15)
Cedara-2
Uez 0.58** 27286.89** 46.68** 4.87**
(0.08) (3713.28) (6.35) (0.66)
a-rif - - 4.68 0.28
(7.38) (0.71)
o-ri - 18156.15* 55.48* -
(9252.91) (27.92)
0-? - 1351.84 5.79 0.12
(1558.10) (5.73) (0.25)
Potchefstroom
Jez 106.40** 12232.61* 31.75** 6.29**
(14.48) (1664.65) (4.32) (0.86
a-rif 5.14 8796.31* 4.10 -
(15.16) (4362.44) (5.30)
Jri - 1749.78 23.95 1.52
(1018.99) (13.00) (0.97)
J$ - - 6.40 3.53
(5.71) (2.64)

tNegative variance components were zeroed anchavensas -.
FNumbers in parentheses are standard errors.
* **|Indicates significance at P = 0.05 and 0.01dksy respectively.
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Table 18. Heritability estimates for ergosterol concentmati@rgo), plant yield (yield),

plant height (height), and seed hardness (hardmess$s the three locations during the

2007-2008 season.

Characters
Heritabilities ergo yield height hardness
Cedara-1
hZ - 0.66** 0.67 0.34
(0.31)% (0.35) (0.27)
h? - 0.15 0.07 0.098
(0.12) (0.08) (0.12)
h?, - 0.41 0.37 0.22
Vv, 2.86 248947.00 267.25 4.85
Cedara-2
h? - 0.69* 0.71* -
(0.35) (0.36)
h? - 0.05 0.07 0.07
(0.06) (0.07) (0.15)
h. - 0.37 0.39 -
Vv, 0.58 105318.90 310.48 6.47
Potchefstroom
h? - 0.13* 0.57 0.23
(0.07) (0.32) (0.15)
h? - - 0.15 0.53
(0.13) (0.40)
h?,. - - 0.36 0.38
Vv, 126.96 54416.97 169.55 26.49

¥Numbers in parentheses are standard errors.
* **|ndicates significance at P = 0.05 and 0.01dksy respectively.
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Table 19. Pearson correlation coefficients for seven seletrigitc measured across the
three locations during the 2007-2008 season.

ergo field score panshape height yield hardness

field score -0.01ns

panshape -0.03ns -0.06ns

height -0.03ns -0.38** -0.14**

yield -0.11* -0.44** -0.01ns 0.55**

hardness 0.22** -0.19** -0.17** 0.11* 0.25**

genotype -0.08ns -0.42** -0.03ns 0.34** 0.16** 011

*-Significant at F0.05.
**_Sjignificant at <0.01.
"S-Not significant at R0.05.
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CHAPTER 4

Genotype by environment interactions for grain mould
resistance

ABSTRACT

Variation in genotype performance for grain mouésistance in sorghunSérghum
bicolor (L.) Moench] was assessed over three environm@&his.objective of this study
was to assess the significance and nature of geadity environmental interactions in the
expression of grain mould resistance. A North GaaoExperiment |l mating design was
used to test the combining ability of 9 random @olparents with varying levels of grain
mould resistance to a different set of three randwad parents. The 27 resulting
progenies and the parental lines were evaluatedgfam mould development in a
randomized complete-block design at Cedara-1 (gdalyting), Cedara-2 (late planting)
and Potchefstroom during the 2007-2008 seasonei@iftes in ergosterol concentration
in mature grain were evaluated and used as theapyimeasure of the level of grain
colonization in genotypes. Significant G x E intd#i@an effects on ergosterol were
detected after analysis of variance across alletthoeations. Single site analysis was
conducted to better explain the nature of the G ixtEraction. Potchefstroom was the
only location that showed significant genotypicp@sses to grain mould infection with a
range of 5 to 43.1g/g in ergosterol concentration in parent lines 8ntb 31ug/g in
hybrids. Low grain mould pressure at Cedara-1 aeda@-2 resulted in very low

genotypic responses. A biplot was used to indiaitgenotypic performances across the

145



three locations in a graphical design. Fungal gseanfecting sorghum kernels were
isolated, counted and identified. Low genotypiqoaesses at the Cedara locations seems
to have been caused by prevalence of a less apgresmgal speciesMucor spp.

Weather variables did not correlate significantijhvergosterol concentration.

INTRODUCTION

Grain mould is a significant constraint to sorghy®orghum bicolor(L.)
Moench] production and improvement in many partthefworld. Grain mould has been
shown to reduce yield and quality of sorghum graamging from cosmetic deterioration
of the pericarp to substantial deterioration of émelosperm and embryo (Rooney and
Serna-Saldivar, 1991). Fungal damage may also veveoéduction in seed viability,
nutritional quality, kernel weight and market valfethe grain. Moulded grain may also
contain mycotoxins and present health hazards tio lnmans and animals (Castor and
Frederiksen, 1980). This disease is more severa \gten development coincides with
wet and warm weather conditions (Forketsal, 1992). Grain mould is caused by a
number of fungal species belonging to differentegan(Castor and Frederiksen, 1980;
Williams and Rao, 1981; Forbext al, 1992). Some of the most important species
includeFusarium graminearunschwabeFusarium thapsinurKlittich, Leslie, Nelson et
Marasas sp. nov. 199€urvularia lunata(Wakker) Boedijn,Phoma sorghingSacc.)
Boermaet al. and Alternaria alternata(Fr.) Keissl. because they are more frequently
isolated from moulded grain (Williams and Rao, 198hndyopadhyayet al., 1991;

Eseleet al, 1993; Erpelding and Prom, 2006).
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Chemical control of grain mould and avoidance magms are not economically
feasible for most resource poor sorghum farmethensemi-arid regions where sorghum
is widely grown (Bandyopadhyagt al., 1991). Biological control has not been
successful. The use of genetic resistance is tiye long term and stable means of
controlling grain mould. However, breeding for granould resistance has had limited
success to date. Numerous genetic factors with Emynderlying factors have been
reported to influence grain mould resistance. Pliaaits like panicle shape, plant height,
and glume structure have been associated with gnauld resistance. Caryopsis traits
such as grain hardness, a pigmented testa laydurayal proteins and pericarp color are
also related with grain mould resistance (Esalal, 1993). However none of these
factors solely explain the variation in grain moudgistance found in sorghum. Some of

the unexplained variation can be attributed toetffiect of the environment.

The role of environment in disease developmentsawerity has been studied on
numerous occasions but very little substantialrimftion has been gathered. It would
appear that genotype x environment interaction igh hand thus influences the
conclusions regarding the role of environment ie #pidemiology of the disease
complex. An understanding of how sorghum genotypspond to certain environmental
factors like weather variables and compositionaxfsal fungi in the environment will go
a long way in assisting sorghum breeders to chdese environments that elicit
genotypic responses during the screening procéssobbjectives of this research were to
(i) analyze and explain the nature of the obseyeubtype by environment interaction

(i) choose the best location for screening sorglgemotypes for grain mould resistance.
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MATERIALS AND METHODS

1. Genetic material.

During the 2006-2007 season, nine pollinator li(dessignated LM101, LM103,
LM104, LM108, LM109, LM114, LM116, LM117, AND LM120pedigrees indicated in
Table 1) with varying levels of resistance to gramould, were crossed to three Al
cytoplasmic-genetic male-sterile sorghum seed lidesignated LM122, LM124 and
LM130 pedigrees indicated in Table 1) without recgals at Potchefstroom using a
North Carolina Experiment Il mating design (Comg&tend Robinson, 1948). The nine
male lines were sourced from a Southern Africa lsongy regional breeding nursery
sponsored by the International Sorghum and Millétdlaborative Research Support
Program (INTSORMIL CRSP) of USA. The 3 female lingsre sourced from Texas
A&M University sorghum breeding program. The madle$ were selected to represent
different levels of resistance to grain mould resistant, intermediate and susceptible.
These classifications were based on visual scatatg collected over several years of
field evaluation within the region.

All male lines had white grains but varied in gluo@or. Presence of glumes and
their color is one of the traits known to contriubwards resistance to grain mould
(Eseleet al. 1993). There were five panicle shapes coded agilded in the descriptors
for sorghum hand book (IBPGR and ICRISAT, 1993).a¢h1 — very lax panicle
(typical of wild sorghum), 6 — semi-loose erectnmry branches, 7 — semi-loose
drooping primary branches, 8 — semi-compact efljgnd 9 — compact elliptic. Panicle

shape also contributes to grain mould resistanceléet al. 1993). One female line
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(LM122) had tan glumes and the other two (LM124 &ii130) had brown glumes.
Two females (LM122 and LM124) had white grains ang (LM130) had brown grain.

This variation was used in an effort to captureensl! effects.

2. Experimental design

During the 2007-2008 season, seeds of the 27esangkses, 12 parental lines and
the three maintainer lines (male fertile) of the #&&kters used in the experiment were
planted in a randomized complete block design (RLBIN three replications in single
5 m row plots with a 0.75 m inter-row spacing. Téxperiments were rain fed and
standard agricultural practices were the samelfgi@s. The experiment at Cedara was
planted on two dates, the first planted on th® Rvember and the second on thd'12
December 2007. The two planting dates were treagatifferent environments. The third
experiment was planted at Potchefstroom on thBécember 2007. At Cedara, 10 plants
per plot were bagged with transparent aerated kagsvoid bird damage. At
Potchefstroom, the whole experiment was plantedeuradlarge bird cage net. Grain
mould development was dependent on natural infectiden representative

plants/panicles were harvested from each plot atimtyafor further processing.

3. Fungal isolation and colony counts

Grain was threshed from panicles of 10 randomlgciet plants within each plot. One
hundred grains from each treatment replicate wemase-sterilized in 1% sodium

hypochlorite for three minutes followed by threases in sterile water. Grains were
aseptically plated onto Petri dishes (5 kernelsdigr) containing 1% Malt Extract Agar

(MEA) medium amended with 0.3 ml streptomycin saligh(Caps Pharmaceuticals SA
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(Pty) Ltd) to prevent bacterial contamination. dual fungal colonies growing from
seed onto the MEA medium were counted and morplaatlg identified to genus level.
Peptone PCNB Agar (PPA) or Nash-Snyder Medium [1pegtone, 20 g agar, 1 g
KH,POy, 0.5 g MgSQ, 750 mg PCNB (pentachloronitrobenzene) per lifevater] was
used for the isolation dfusariumspp. TheFusariumspp. from the PPA plates were
transferred to carnation leaf agar (CLA) plates srodibated at 25 °C under fluorescent
light for 12 h/day for 7 days to promote sporulatidhe CLA plates were then used for

single spore production and subsequent identibodtieslieet al, 2006).

4. Statistical analysis
Analyses were done using PROC GLM procedure of S Institute, 2003)

and Microsoft Excel. Data was subjected to analgsisariance. The combined ANOVA
was performed by considering replications and e@mirents and corresponding
interactions as random effects while genotypes werssidered as fixed effects. Biplot
analysis was used to explain the nature of theifgignt genotype by environment (G x
E) interaction observed after ANOVA. The biplot walstained using Microsoft Excel
add-in Biplot software. Biplot analysis is a muétniate method for graphing row and
column elements (genotype and pathogens) in aipahcomponent analysis of two-way
contingency tables and to detect interaction in-tvay analysis on variance tables
(Gower and Hand, 1996). Two principal componen@s(R and 2), obtained by singular
value decomposition using principal component aialgfter transforming the data with
“Columns Centered and Standardized” transformatiotine two way contingency table,
where calculated and used to graphically explax Einteraction. Interpretation of the

Biplot was done according to the methods reporteddn and Hunt (2002).
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RESULTS AND DISCUSSION

After confirming constant variance and normalitydafta, a combined ANOVA
was carried out to determine the significance oFirenments and genotype x
environment interaction effects on the expressibgrain mould in parent and hybrid
genotypes. The combined analysis indicates thatr@ments were highly significant
(Table 1). This means that all three environmergsevsignificantly different from each
other in terms of their effect on grain mould depshent. Essential environmental
factors include location, year, genotype of thedpreinant fungal species in the area and
prevailing weather conditions (Bandyopadyay and Mugho, 1988; Maloy, 1993;
McGee, 1995). Generally, wet weather immediatdtgraflowering is necessary for
grain mould development and the longer the wet ogerihe greater the mould
development (Koteswara and Poornachandrudu, 1984 ;aRd Williams, 1977; Menkir
et al.,1996; Hallet al.,2000). This is the most critical period for infiect by most grain
mould fungi. Weather variables like high relativentidity, warm temperature and high
rainfall significantly increase infection, sporutat and dispersal of grain mould fungi
(Bandyopadyayet al., 1991). Previous research has indicated that diffezs in
environments lead to differences in grain mouldspuee (Bandyopadyast al.,1991).

Table 2 indicates mean squares for ANOVA of indidt environments. No
significant differences among genotypes were olesktat Cedara-1 and Cedara-2 but at
Potchefstroom there were significant differencestcRefstroom yielded an average
ergosterol concentration of 18.68/g compared to 5.0gg/g and 4.41.g/g for Cedara-1
and Cedara-2 respectively (Table 2). It is appatieait there was very low grain mould

pressure at Cedara-1 and Cedara-2 leading to Himlitp for genotypic differences
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among sorghum genotypes to be observed. The latgiqpd at Cedara-2 was the most
ineffective in bringing out those genotypic respEamong the sorghum genotypes.

Analysis of individual environments indicated thatinimum relative humidity
(Min r.h.) was higher at Potchefstroom than at Cadiuring the first few weeks post
anthesis (Figures 2 and Figure 3). This meansthigaPotchefstroom environment was
more moist than the Cedara environment during thiscal period. Since moisture
promotes fungal infection, higher grain mould pwees was thus observed at
Potchefstroom. Figure 4 indicates that at Potcledst there was more rainfall during
the same critical period than at Cedara. Highextiket humidity and rainfall are therefore
assumed to be responsible for the observed highrain gmould pressure at
Potchefstroom.

The significance of the G x E interaction term lne ANOVA (Table 1) implies
that differences in ergosterol concentration oelewf resistance to grain mould were
influenced by environment or location. This obsé&porahas been confirmed by other
independent researchers (Indataal, 1991; Singh and Agarwal, 1993; Mansuettsil.,
1997; Tarekegmt al, 2006). In this case, the significant G x E wasniyarom the P x
E interaction as seen from the significance offheE effect. This means that the female
parental lines are more sensitive to changes iir@mwment than the male parental lines
and the hybrids.

More than 40 fungal genera are associated witmgraiuld (Williams and Rao,
1981) but only a few are regarded as importantqgehs (Singh and Bandyopadyay,
2000). Most fungi are either facultative parasitessaprophytes (Eselet al., 1993).

Efforts to isolate, count and identify fungi fromag harvested from all three locations
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indicated thatMucor spp. was the dominant fungus at Cedara-1 and @&lafrhere
were low frequencies of important grain mould fungpecies likePhoma spp., F.
graminearumand Curvularia lunata Mucor spp. has been isolated from mouldy grain
but is not considered as an important grain mouldyfis (Williams and Rao, 1981). The
predominance ofMucor spp. at Cedara-1 and Cedara-2 could be the réastw grain
mould pressure. At Potchefstroom on the other hiwetde was a high frequency of
Alternaria spp., with somd-usarium sacchariAspergillus nigerand Phomaspp. and
other minor species. The wider variety of fungPatchefstroom could be responsible for
higher levels of ergosterol concentration observed.

The biplot in Figure 1 explains how the various @fgpes performed in the
different environments. The model used in this ysialexplained 74% of the observed
variation (PC1 35% and PC2 39%). The three enviemimfall into different parts of the
plot area indicating that the three environmentsewetally different from each other in
terms of genotype performance. The biplot was eithto 3 sectors with environments
as the vertex entries and are referred to as sA@@&, sector BOC, and sector COA. A
genotype falling close to a particular environmarlicates that the genotype had high
ergosterol concentration in that particular envinent i.e. was most susceptible in that
environment. Genotype 34 is the only genotype slioseCedara-2 and referring to Table
3, genotype 34 had a grain ergosterol concentraticd8.08ug/g at Cedara-2. This was
the highest concentration for this genotype acatisthree locations and was the highest
within the Cedara-2 trial. The 39 genotypes areaprin all three sectors but most of
them are grouped towards the centre implying thatr tperformance was not totally

biased towards any of the environments. Howeveresganotypes i.e. 1, 12 8, 6 and 5
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are located towards Potchefstroom indicating thal twere more susceptible to grain
mould at Potchefstroom. Genotypes 28 and 29 temdrtts Cedara-1 indicating that they

were more susceptible at Cedara-1.

CONCLUSION

Environmental variables play an important roleha expression of genotypic characters
in living organisms. Grain mould pressure in a ipaftar environment is a function of
fungal species composition combined with weathaiabées (Tarekegret al 2006).
Environmental conditions that promote the growtld development of more aggressive
fungal species, as was the case at Potchefstrogiinresult in higher grain mould
severity making those environments grain moulddpatts. Prevalence of less aggressive
fungal species likélucor spp. will results in low grain mould severity stnsuch species
may fail to penetrate deeper into the endospermsonfe genotypes resulting in low
levels of ergosterol concentration as was the caseCedara-1 and Cedara-2.
Potchefstroom would be an ideal location to scimEghum germplasm for grain mould
resistance in South Africa since genotypic respeiseld be detected more easily at that

location than at Cedara.
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Tablel. Mean squares from the combined analysis of vasiamor ergosterol
concentration in inbred lines and their hybrids emdonditions of natural infection at
three locations during the 2007-2008 season.

Sources DF Ergosterol
Env 2 7533.28
Rep(Env) 6 2041.90
Gen 38 88.95
Parent 11 163.39
Male 8 127.82
Female 2 220.96
Male vs. Femalel 335.1%
Parent vs. Hybrid 1 357.85
Hybrid 26 47.1%
Male (Mgca) 8 19.27
Female (Fgca) 2 1593
M x F (sca) 16 65.05
Gen x Env 76 102.12
Parent x Env 22 164.57
M x Env 16 145.2%
F x Env 4 228.52
Hybrid x Env 52 50.79
M x Env 16 44.89
F x Env 4 69.79
MxFXxE 32 51.37
Error 342 77.51
R-Square - 0.57
Mean - 9.36

"™ Indicates significance & = 0.05 and® = 0.01 respectively.
" Indicates non- significance Bt< 0.05.
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Table 2. Mean squares from the analysis of variance foostagol concentration in
inbred lines and their hybrids under conditionsatural infection at Cedara-1, Cedara-2
and Potchefstroom during the 2007-2008 season.

Ergosterol concentration

Sources DF Cedara-1 Cedara-2 Potch
Rep 2 217.33 18.07" 5890.30
Gen 38 2.2 31.53" 259.38
Parent 11 1.%0 4.47" 486.35°
Male 8 1.48 3.98"* 412.49°
Female 2 1.39 3.74" 672.88°
Male vs. Female 1 4M2 9.86 704.2%
Parent vs. Hybrid 1 17.31 31.39¢ 1808.57
Hybrid 26 1.98 42 .99¢ 103.77F
Male (Mgca) 8 1.85 42.75° 64.45°
Female (Fgca) 2 0731 37.78° 116.54
M x F (sca) 16 218 43.76" 121.8%
Error 114 2.75 32.21 197.56
R-Square - 0.70 0.33 0.63
Mean - 5.05 4.41 18.62

“ 7 Indicates significance & = 0.05 and® = 0.01 respectively.
" Indicates non- significance Bt< 0.05.
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Table 3. Genotype means for ergosterol concentratjaig) at Cedara-1, Cedara-2 and

Potchefstroom during the 2007-2008 season.

entry code genotype Cedara-1 Cedara-2 Potch Mean
Male 1 LM101 1 3.48 4.02 33.48™ 13.66"
Male 2 LM103 2 4.71 4.29 30.24™ 13.08"
Male 3 LM104 3 4.81 4.95 15.56™ 8.48"
Male 4 LM108 4 4.12 3.05 13.40° 6.86"
Male 5 LM109 5 5.46 3.47 42.8F 17.28
Male 6 LM114 6 4.57 2.73 40.76" 16.00
Male 7 LM116 7 5.37 4.43 10.84 6.88"
Male 8 LM117 8 4.03 2.41 32.17" 12.87
Male 9 LM120 9 5.49 6.04 2437 11.97*
Male means 4.67 3.93 27.07 11.9
Female 1 LM122 10 3.58 1.71 5.29 3.52
Female 2 LM124 11 4.67 3.92 11.50 6.7G"
Female 3 LM130 12 3.41 2.52 33.77 13.24"
Female means 3.89 2.72 16.85 7.8
Hybrid 1 LM122xLM101 13 5.82 3.13 13.02° 7.3
Hybrid 2 LM122xLM103 14 4.90 3.82 31.16™ 13.3¢"
Hybrid 3 LM122xLM104 15 5.44 5.21 28.1F™ 12.92"
Hybrid 4 LM122xL.M108 16 4.50 5.3% 10.58 6.8F"
Hybrid 5 LM122xLM109 17 5.38 5.36 16.96™ 9.23"
Hybrid 6 LM122xLM114 18 5.32 3.00 24,53 10.94"
Hybrid 7 LM122xLM116 19 5.38 2.76 22.18™ 10.1F"
Hybrid 8 LM122xLM117 20 4.38 2.61 9.89 5.67"
Hybrid 9 LM122xLLM120 21 5.61 4.10 8.62 6.11"
LM122 hybrid means 5.19 3.93 18.34 9.11
Hybrid 10 LM124xLM101 22 5.85 4.92 22.78™ 1117
Hybrid 11 LM124xLM103 23 5.47 4.72 22.04™ 10.74"
Hybrid 12 LM124xLM104 24 4.90 4.02 15.79™ 8.24*
Hybrid 13 LM124xLM108 25 4.86 2.62 10.0% 5.84*
Hybrid 14 LM124xLM109 26 5.58 5.22 10.05 6.95"
Hybrid 15 LM124xLM114 27 3.35 4.4% 14.24" 7.35¢
Hybrid 16 LM124xLM116 28 6.83 4.8% 14.53™ 8.73"
Hybrid 17 LM124xLM117 29 7.06 3.08 13.44° 7.85*
Hybrid 18 LM124xLM120 30 4.75 4.13 14.65™ 7.84*
LM124 hybrid means 5.40 4.22 15.28 8.30
Hybrid 19 LM130xLM101 31 5.75 3.2 12.43° 7.18"
Hybrid 20 LM130xLM103 32 5.26 4.66 8.63 6.18"
Hybrid 21 LM130xLM104 33 5.66 5.24 10.0% 6.97"
Hybrid 22 LM130xLM108 34 411 23.08 15.63" 14.27"
Hybrid 23 LM130xLM109 35 4.11 3.67 17.73" 8.50"*
Hybrid 24 LM130xLM114 36 6.29 3.32 14.83™ 8.15"
Hybrid 25 LM130xLM116 37 5.58 5.4% 14.63™ 8.558"
Hybrid 26 LM130xLM117 38 5.62 3.32 17.38" 8.7g"
Hybrid 27 LM130xLM120 39 5.58 2.97 18.0F" 8.86"
LM130 hybrid means 5.33 6.11 14.37 8.60
Overall Mean - - 5.05 4.41 18.61 9.36
CV (%) - - 34.27 129.48 69.34 93.20
LSD (0.05) - - 4.74 9.22 28.78 11.79

Means followed by the same letters are not sigauifily different according to Fisher's LSD method.
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Model: PC1 = 35%, PC2 = 39% A

0.8 -
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Figure 1. Biplot analysis depicting the nature of the G xnEeraction observed across
Cedara early planting (Ced-1), Cedara late plant®ed-2) and Potchefstroom (Potch)
during the 2007-2008 season.
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CHAPTER 5

Mycotoxins and fungal biomass as they apply to sorghum
grain across several genotypes in South Africa.

ABSTRACT

Mycotoxins have been detected in many foods, fesds commodities as a result of
growth of mould on crops and food. Mycotoxins aathpgenic to animals and humans
as they may cause damage to critical body partsthik liver, central nervous system or
the reproductive system. The objective of this gtaes to quantify the levels of three
mycotoxins namely aflatoxin, deoxyvalenol (DON)gdarearalenone across 39 sorghum
genotypes grown at three diverse environments amulgtermine the extent to which G x
E interaction affects toxin production. A North Glama Experiment Il mating design was
used to test the combining ability of 9 random @olparents with varying levels of grain
mould resistance to a different set of three randwmad parents. The 27 resulting
progenies and the parental lines were evaluategyf@n mould resistance levels in a
randomized complete-block design at Cedara-1, @e2land Potchefstroom during the
2007-2008 season. The same genetic material wastagketermine concentration levels
of the three mycotoxins and ergosterol in grairvésted at maturity. Varying levels of
ergosterol and mycotoxins were observed acrosstitee locations. There was no
correlation between ergosterol concentration andadrthe mycotoxins evaluated. This
indicates that mycotoxin concentrations are naiteel to total fungal biomass. The high
concentration of mycotoxins at some localities ®sg that environment plays a major

role in toxin levels. Farmers at Potchefstroom #tholbe aware of aflatoxins and
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zearalenone while farmers at Cedara should choaseties that tend to resist the

development of DON and aflatoxins, while not igngrzearalenone.

INTRODUCTION

Mycotoxins are natural, secondary metabolites predwy fungi on agricultural
commodities in the field and during storage undevide range of climatic conditions.
About 200 different filamentous fungi species thadduce toxins have been identified
although the principal toxin producing fungi teradfall within the generaAspergillus
Penicillium and Fusarium (Husein and Brasel, 2001). Several hundred diftere
mycotoxins have been discovered to date, exhibigreat structural diversity, which
results in different chemical and physicochemicaperties (Rustom, 1997). Mycotoxins
are potent toxins and have a wide range of actmnsnimals and humans, including
cyto-, nephro- and neurotoxic, carcinogenic, mutage immunosuppressive and
estrogenic effects (Bandyopadhyatyal, 2000).

Because mycotoxins are unavoidable, naturally ectgyicompounds, regulations
provide an important means to control the qualitythe food and feed in which they
occur and prevent them from proceeding throughfaloe and feed chain to end users.
Due to prevailing global international trade théseowing pressure for international
legislation on mycotoxins in food and feed in ortteavoid trade barriers and to protect
the health of the consumer (Berg, 2003). The jdi&#O/WHO Food Standards
Programme and the Codex Alimentarius CommissionGCéaborate international food

standards and codes of practice related to foodg(B#©03). Each country has its own
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means of enforcing implementation of those starglasihg their own internal structures.
In most countries in Africa either the scientifiadis for mycotoxin regulation is non-
existent or the science has not been fully utiligegh Egmond, 1993). Three mycotoxins
were reviewed in this research because they agdemed to be important on sorghum in
South Africa. These are aflatoxin, zearalenonedsukynivalenol (DON).

Aflatoxins are considered to be the most importagitotoxins. Aflatoxicosis is
poisoning that result from ingestion of aflatoximscontaminated food or feed. Major
producers of aflatoxins aréspergillus flavusLink, and A. parasiticus Speare
(Bandyopadhyayet al, 2000). These fungi are found virtually everywhgrewing in
soils, decaying plant material and cause storethgita heat and decay. They produce
aflatoxins as a byproduct of growth on many commieslincluding sorghum before and
after harvest. Aflatoxins are differentiated into(BL and B2), M (M1 and M2), G (G1
and G2) sub-types based on structure, chromatograpia fluorescent characteristics
(Husein and Brasel, 2001). Aflatoxin B1 is the mpstent (Husein and Brasel, 2001) as
it binds to DNA, disrupting the genetic code thegr@bomoting generation of cancerous
tumors. It is also responsible for poor performaimcévestock and poultry. Legislation
regulates maximum allowable contamination level2@&ppb and commodities must be
tested to ensure that levels are below this valuédiman and animal consumption. The
LDso of aflatoxins for most species ranges from 0.590-nig/kg body weight (Rustom,
1997). However, aflatoxins in sorghum are not asose as in maize, groundnut and
other oil rich seeds because sorghum is not comglda good substrate by the

Aspergillusfungi (Bandyopadhyagt al, 2000).
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Deoxynivalenol (DON or vomitoxin) is produced Wyusarium graminearum
(Bandyopadhyat al, 2000). This toxin has been found in wheat, barseyghum and
maize (Bilgrami and Choudhary, 1998). Deoxynivaleisoclassified under the largest
group ofFusariummycotoxins named trichothecenes that are dividealtypes A, B, C,
and D according to their molecular structures (@it al, 1991). Deoxynivalenol is
classified as type B. This toxin can cause vomjtiegd refusal, immune suppression,
diarrhea, and weight loss in animals (Bandyopadleyay., 2000).

Zearalenone (ZEA) is also produced Bysarium graminearuntogether with
deoxynivalenol (Bandyopadhyagy al, 2000). This toxin is found in maize and sorghum
hence has been detected in beer and sour porndgarpd from contaminated maize and
sorghum (Sibandet al., 1997). ZEA is a macrocyclic lactone with high bimgl affinity
to oestrogen receptors and low acute toxicity (Biak and Green, 1992). It causes a
wide range of reproductive problems to livestocke3e include infertility, vulva
oedema, vaginal prolapse, mammary hypertrophynmafes and feminization in males,
pseudo pregnancy and abortion with pigs being thestmaffected species
(Bandyopadhyawt al, 2000). Zearalenone toxicity can lead to hugeds$s farmers.

The purpose of the present study was to quantifyetie and environmental

effects on mycotoxins production using 39 genotygie® locations.
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MATERIALS AND METHODS

1. Genetic material

During the 2006-2007 season, nine pollinator lidesignated LM101, LM103,
LM104, LM108, LM109, LM114, LM116, LM117, and LM12(pedigrees indicated in
Table 1), with varying levels of resistance to granould, were crossed to three Al
cytoplasmic-genetic male-sterile sorghum seed lidesignated LM122, LM124 and
LM130 (pedigrees indicated in Table 1) without peocals at Potchefstroom using a
North Carolina Experiment Il mating design (Com&tend Robinson, 1948). The nine
male lines were sourced from a Southern Africa lsong regional breeding nursery
sponsored by the International Sorghum and Milleétdlaborative Research Support
Program (INTSORMIL CRSP) of USA. The 3 female limesre sourced from the Texas
A&M University sorghum breeding program. The madle$ were selected to represent
different levels of resistance to grain mould resistant, intermediate and susceptible.
These classifications were based on visual scatatg collected over several years of
field evaluation within the Southern Africa region.

All male lines had white grains but varied for gkiroolor. Presence of glumes
and their color is one of the traits known to ciimite towards resistance to grain mould
(Glueck et al., 1977; Mansuetuet al., 1990). The structure of the sorghum panicle
influences the micro-climate inside the head thefecting grain mould development.
Compact heads favour development of grain moultieis closely packed panicles retain
moisture that creates a suitable environment faingmould development (Reddy and
Nasrath, 1985). There were five panicle shapesdcadelescribed in the descriptors for
sorghum hand book (IBPGR and ICRISAT, 1993). 1 pMax panicle (typical of wild
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sorghum), 6 — Semi-loose erect primary branches, Semi-loose drooping primary
branches, 8 — Semi-compact elliptic, and 9 — Comekliptic. One female line (LM122)

had tan glumes and the other two (LM124 and LM184) brown glumes. Two females
(LM122 and LM124) had white grains and one (LM18B&y brown grain. This variation

was used in an effort to capture maternal effects.

2. Experimental design

During the 2007-2008 season, seeds of the 27esorgkses and the 12 parental
lines as well as the three maintainer lines (mal¢ilé¢) of the Al testers used in the
experiment were sown at Cedara and Potchefstroom riandomized complete block
design (RCBD) with three replications in 5 m rowtglwith a 0.75 m inter-row spacing.
The experiment at Cedara was planted on two dates.first was planted on the B7
November and the second on thd" T2ecember 2007 and the two planting dates were
treated as different environments. The third expent was planted at Potchefstroom on
the 6" December 2007. The experiments were rain fed tamtlard agricultural practices
were the same for all plots. At Cedara, 10 plastsgdot were bagged with transparent
aerated bags to avoid bird damage. At Potchefstrdoenwhole experiment was planted
under a large bird cage net. Grain mould was dep®ndn natural infection. Ten
representative plants/panicles were harvested &ach plot at maturity (at 13% moisture

content) for further processing.

3. Ergosterol measurement
Ergosterol concentration with grain samples wasrddahed according to the

method of Seitzt al. (1977) as modified by Jambunathetral. (1991). A 10 g sorghum
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grain sample from each panicle was ground usiraparatory mill and sieved through a
0.4 mm screen. Ergosterol was then extracted withmb of methanol (MeOH) by
vigorously mixing using a magnetic stirrer in a 100 beaker for 30 minutes. The
mixture was allowed to settle and 25 ml of cleairaot was decanted and added to a
screw capped test tube containing 3 g of potas$ivanoxide (KOH). The mixture was
thoroughly agitated on a vortex mixer to dissollie KOH. Ten ml of n-Hexane was
added and the mixture was incubated at 75 °C iatambath for 30 minutes and allowed
to cool to room temperature. Five ml of distillechter was added, and after mixing
thoroughly, the solution was allowed to cool to modemperature. The upper hexane
layer was removed with a syringe and transferreal tiest tube. To the remaining aliquot
in the screw capped test tube, 10 ml of hexaneaddsd and mixed thoroughly and the
upper hexane layer was again removed and poolédtiatearlier aliquot. The procedure
was repeated one more time. The three pooled hessinacts in the test tube were
evaporated to dryness in a hot water bath. Thelueswas re-dissolved in 5 ml of
methanol (HPLC grade) and filtered through a Ou4® filter (Millex-HV, Millipore
Corp., Bedford, MA), and 2 ml of the filtrate wasored in a -80 °C freezer before
ergosterol determination.

Ergosterol content in the filtrate was determinsthg a Shimadzu DGU-20A5
Prominence Degasser high performance liquid chrognaph (HPLC) machine with
auto injector SIL-20A. The extract was loaded osil@a based reverse-phase column
(C18 110A 5um particle size, 150 x 4.6 mm with two Securiguasdtridges). The
mobile phase was methanol-water (96:4 v/v) at @ flate of 1.2 ml mitt. The column

temperature was maintained at 50 °C and the absoebaf eluted ergosterol was
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detected with an SPD-M20A prominence diode arragdaer at 282 nm. The standard
ergosterol (Sigma) had a retention time of 8.2 @suThe standard ergosterol was
loaded at 1.0, 2.5, 5.0, 7.5, 10.0, 15.0, and #5.@nl-1 to standardize measurement of
samples and also to determine the correct peakigqosin the chromatograph. The area
under the graph for all sample chromatograms wasested to ergosterol concentration
in ug/g of grain using the following best fit formula:
Y = 0.1008e7E-08AREA
Where Y = ergosterol concentrationug/g of grain.
AREA = area under the chromatogram graph of mitrseebance units (mAU)

versus time (minutes).

4. Aflatoxin analysis

A 5 g sample was obtained from each sorghum geroaffer grinding and sieving
through a 20 mesh sieve. The sample was vigoralsien in 25 ml of 70% methanol
for 3 minutes using a mechanical shaker. The extvas filtered through a Whatman #1
filter and the filtrate was collected for analysihe samples were analyzed using a
Veratox Quantitative Aflatoxin Test Kit purchasedrh Neogen Corporation 630 Lesher
Place, Lansing, Ml 48912. A BioTek ELx808 microwedlader was used to read the

concentration of aflatoxin per sample in partshgtion (ppb).

5. Deoxynivalenol (DON) analysis

A 10 g sample was obtained from each sorghum gpeogfter grinding and sieving

through a 20 mesh sieve. The sample was vigoraigien in 100 ml of distilled water
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for 3 minutes using a mechanical shaker. The extvas filtered through a Whatman #1
filter and the filtrate was collected for analysihe samples were analyzed using a
Veratox 5/5 Quantitative DON Test Kit purchasedrirbleogen Corporation 630 Lesher
Place, Lansing, Ml 48912. A BioTek ELx808 microwedlader was used to read the

concentration of DON per sample in parts per milljppm).

6. Zearalenone analysis

A 5 g sample was obtained from each sorghum gepoé&fter grinding and sieving

through a 20 mesh sieve. The sample was vigoralsiien in 25 ml of 70% methanol
for 3 minutes using a mechanical shaker. The extvas filtered through a Whatman #1
filter and 5 ml of the filtrate was collected. 1 ofl that extract was mixed with 4 ml of
distilled water to give a 1:5 extract to water tdn. The diluted sample was then
analyzed using a Veratox Quantitative Zearalenoast Kit purchased from Neogen
Corporation 630 Lesher Place, Lansing, Ml 4891 BiATek ELx808 microwell reader

was used to read the concentration of zearalenensample in parts per billion (ppb).
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RESULTS AND DISCUSSION

Mean ergosterol concentration determination inéidatthat grain from
Potchefstroom had the highest fungal biomass cdratem at 18.61ug/g followed by
Cedara-1 with 5.0fhg/g and finally Cedara-2 with 4.4iy/g. Efforts to isolate, count and
identify fungi from grain harvested from all thrieeations indicated a high frequency of
Mucor spp. (>50%) at Cedara-1 and Cedarad2icor spp inoculum is high in most
environments and the fungus is often found as &&gron soils, dead plant material (such
as hay), horse dung, and fruits (Mucor mould web2#/08/09)Mucor spp. has been
isolated from mouldy grain but is not consideredaasimportant grain mould fungus
(Williams and Rao, 1981). The prevalenceMafcor spp. at Cedara may account for the
low levels of ergosterol observed at the two Cedacations. Somé>homaspp.,F.
graminearumandCurvularialunatawere isolated at Cedara though the latter wel@nat
frequencies. Potchefstroom on the other hand hagtafrequency ofAlternaria spp.,
with someFusarium sacchariFusarium graminearum, Aspergillus nigegndPhomaspp
and other species at low frequency. A wider var@taggressive fungi at Potchefstroom
may be responsible for the observed higher leviedsgnsterol concentration.

Differences in weather conditions between Cedaxh Rotchefstroom (Chapter 4)
may account for the difference in fungal speciesyposition and frequency observed.
The high relative humidity and high rainfall immatily after anthesis observed at
Potchefstroom, promoted development of grain mduldgi, hence increased grain

mould pressure.
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1. Aflatoxin analysis

The mean aflatoxin concentration across all thogatlons ranged from 0 ppb in
LM122xLM108 to 15.88 ppb for LM130xLM108 (Table Ilpdicating significant
genotypic effects. The female line LM130 producegbrids with a high average
aflatoxin concentration of 12.99 ppb. This femahe lthus has limited value in crosses in
areas where aflatoxin causing fungi are predomindfigure 1 indicates that
Potchefstroom had the highest mean aflatoxin leaeld farmers in that environment
should be wary of the risk of high levels of afkito concentration in their sorghum
grains. The high level of aflatoxin at Potchefstrowas to be expected because it is the
only location where aflatoxin producimgspergillusspp. were isolated. Inadequate post-
harvest storage conditions of high moisture conmd warm temperature increase
aflatoxin levels even in grains with low frequerscief Aspergillus spp. (Blaney and
Williams, 1991). Forbe®t al., (1992) reported that high moisture content durting
season can lead to high aflatoxin levels (10 p&@).

The joint FAO/WHO Food Standards Programme andGbdex Alimentarius
Commission (CAC) has different regional maximumatdkin concentration limits. In
South Africa the maximum allowable regulatory leirelall food stuffs is 5 ppb (codex
alimentarius) and the three locations produced sgiraim beyond this limit. Correlation
between aflatoxin and ergosterol concentration sacrall three locations was highly
significant but very low at 0.40** (Table 2). This not a reliable correlation because it

does not hold most of the time.
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2. Deoxynivalenol (DON) analysis

The mean DON concentration across all three losatianged from 0 ppm to 0.9
ppm for LM103 (Table 1). The male lines had thehlest average concentration at 0.49
ppm. Maximum allowable regulatory DON concentratiorcommodities for human and
animal consumption is 1 ppm (codex alimentariug)ufe 2 indicates that Cedara-1 had
the highest mean for DON with some entries abo litmit, hence farmers in that
environment who plant their crops early should laeywof the risk of high levels of DON
concentration in their sorghum grains. Cedara-2 hlsd some entries with high levels
hence they must be very careful with the choicerafety that they use. On the other
hand farmers in Potchefstroom do not seem to hasigraficant risk of high levels of
DON concentration. Correlation between DON and steyol concentration across all
three locations was highly significant but very lav-0.37** (Table 2). This is not a

reliable correlation because it does not hold mbgte time.

3. Zearalenone analysis

Zearalenone contamination is prevalent in many catitiral commodities
especially in maize (Logreicet al., 2003). Half of sorghum malt grain tested in South
Africa was positive for zearalenone (Odhav and kgic2002). Zearalenone has also
been detected in maize porridge and sorghum beer 8waziland and Lesotho (Sibanda
et al., 1997). Zearalenone has been detected in sorghamsgwith no visible mould
(Bowman and Hagler, 1991). The mean zearalenoneeotration across all three

locations ranged from 134 ppb for LM130xLM120 td643b for LM104 (Table 1). The
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male lines had the highest average concentratioBO&tppb. Figure 3 indicates that
Cedara-1 had the highest mean levels of zearalehenee farmers in that environment
who plant their crops early should be wary of gettihigh levels of zearalenone
concentration in their sorghum grains. Cedara-2 Ratth also had some entries with
high levels hence they must be very careful with thoice of variety that they use.
Correlation between zearalenone and ergosterolecdration across all three locations
was highly significant but very low at -0.27** (Tieb2). This is not a reliable correlation
because it does not hold most of the time.

The non-significance of the correlations betweegosterol concentration and any
of the three mycotoxins implies that the concerdgrabf the toxins is not dependent on
the amount of fungal biomass in the grain. Thigoisbe expected because the total
amount of fungal biomass in the grain while in fiedd is usually composed of several
different fungi. The most abundant fungus in thealdy may not necessarily be the one
producing the toxin. If ergosterol concentratioralgsis was done on the mycotoxin

producing fungus in isolation, then the results lddwave been different.
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CONCLUSION

Mycotoxins are very harmful substances that mugt be consumed by people and
animals as they have detrimental effects. Mycot@moncentration in sorghum varies
from one location to another. It is not relatedtte total amount of fungal biomass in the
grain. It is related to fungal species compositidrthe environment in which the crop is
grown. It is essential to know the fungal spec@®gosition of the environment in which
one is growing their sorghum crop. This would helpdeciding which mycotoxins to

screen for in the grain after harvesting.

179



REFERENCES

Bandyopadhyay R., D. R. Butler, A. Chandrashekar, RK. Reddy, and S. S. Navi.
2000. Biology, epidemiology and management of semglgrain mouldin Proceedings
of consultative group meeting on technical andtusbnal options for sorghum grain
mould management. Chandrashekar A., R. Bandyopgdhpd A. J. Hall (Eds.)18-19

May. ICRISAT, Patancheru, India. pp.

Berg T. 2003. How to establish international limits for ¢nyoxins in food and feed.

Food Control14:219-224.

Bilgrami K. S. and A. K. Choudhary. 1998. Mycotoxins in preharvest contamination in
agricultural cropsln Mycotoxins in agriculture and food safety. Sinhakk D.

Bhatnagar (Eds.). Marcel Dekker, New York. pp. 1-43

Blaney B. J. and K. C. Williams.1991. Effective use in livestock feeds of mouldg a
weather-damaged grain containing mycotoxins: Cagerfes and economic assessments
pertaining to pig and poultry industries of QueandlAustralian Journal of Agricultural

Research2:993-1012.

Bowman D. T. and W. M. Jr. Hagler. 1991. Potential use of visual mould ratings to

predict mycotoxins contamination of sorghuiournal of Production Agriculturd:132-

134.

180



Codex alimentarius- http://www.codexalimentarius.net/web/index_en(gisited

24/08/2009).

Comstock R. E. and H. F. Robinson1948. The components of genetic variance and

their use in estimating the average degree of danc@Biometrics4:254-256.

Diekman M. A. and M. L. Green. 1992. Mycotoxins and reproduction in domestic

livestock.Journal of Animal Scienceg0:1615-1627.

Forbes G. A., R. Bandyopadyay and G. Garical992. A review of sorghum grain
mould. In de Milliano W. A. J., R. A. FrederiksendaC. D. Bengston (eds.). Sorghum

and millet diseases: A second world review. ICRISR&tancheru, India. pp. 265-272.

Glueck J. A., L. W. Rooney, D. T. Rosenow and F. RMiller. 1977. Physical and
structural properties of filed deteriorated (wea#® sorghum grainin third annual
progress report, TAES-US/AID contract ta-c-1092.xd% Agriculture Experiment

Station, College Station, Texas, USA. pp. 102-112.

Husein H. S., and J. M. Brasel2001. Toxicity, metabolism, and impact of mycotaxin

on humans and animalBoxicology167:103-134.

181



IBPGR and ICRISAT . 1993. Descriptors for sorghur@drghum bicolofL.) Moench].
International Board for Plant Genetic Resourcesn&dtaly; International Crops

Research Institute for the Semi-Arid Tropics. Pekenu, A. P., India. pp. 16-19.

Jambunathan R., M. S. Kherdekar and P. Vaidya1991. Ergosterol concentration in
mould-susceptible and mould-resistant sorghumferdnt stages of grain development
and its relationship with Flavan-4-oBournal of Agricultural and Food Chemistry

39:1866-1870.

Logreico A., A. Battalico, J. Mule, A. Moretti and G Perrone.2003. Epidemiology of
toxigenic fungi and their associated mycotoxinssome Mediterranean crofsuropean

Journal of Plant Pathologh09:645-667.

Mansuetus S. B., R. A. Frederiksen, R. D. Wanisk&. N. Odvody and J. Craig.

1990. The role of glumes of sorghum in resistareegrain mould.Phytopathology

80(10):1069.

Miller J. D., R. Greenhalph, Y. Z. Wang, and M. Lu.1991. Trichothecene chemotypes

of threeFusariumspeciesMycologia83:121-130.

Mucor mould website http://www.mould.ph/mucor_mould.htivisited 24/08/2009)

182



Odhav B. and V. Naicker.2002. Mycotoxins in South African traditional bregivbeers.

Food Additives and Contaminarit9:55-61.

Reagor J. C.unknown date. Mycotoxins: a nationwide problemDPhhesis, Texas

A&M University, College Station, Texas, USA.

Reddy B. N. and M. Nasrath.1985. Mycoflora in relation to head and grainanghum.

Indian Phytopatholog®8:751-753.

Rustom I. Y. S.1997. Aflatoxin in food and feed: occurrence, $tafion and

inactivation by physical methodSood Chemistry9:57-67.

Seitz L. M., D. B. Sauer, R. Burroughs, H. E. Mohand J. D. Hubbard. 1977.

Ergosterol as a measure of fungal grothytopathologys9:1202-1203.

Sibanda L. L., T. Marovatsanga and J. J. Pestkal997. Review of mycotoxin work in

Sub-Saharan Africd&sood Control8:21-29.

Van Egmond, H.P. 1993. Rationale for regulatory programmes for ntgxms in

human foods and animal feeé®od Additives and Contaminatid®: 29-36.

Williams R.J. and K.N. Rao. 1981. A review of sorghum grain moul@ropical Pest

Managemen27:200-211.

183



Table 1. Mean ergosterolug/g), zearalenone (ppb), deoxynivalenol (ppm) afataxin
(ppb) concentration across 39 sorghum genotypéses locations during the 2007-2008
season.

entry genotype ergc zec don afla
LM101 1 13.6¢ 158.0( 0.0cC 7.54
LM103 2 13.0¢ 285.0( 0.9C 6.9¢
LM104 3 8.4f 436.0( 0.54 8.2¢
LM108 4 6.8¢€ 272.6, 0.47 4.47
LM109 5 17.2¢ 246.6" 0.0c 3.27
LM114 6 16.0( 206.6" 0.4¢ 5.81
LM116 7 6.8¢ 297.0( 0.8t 3.7¢
LM117 8 12.8; 429.3: 0.61 4.71
LM120 9 11.97 419.0( 0.5t 6.1C
Male mean - 11.8¢ 305.5¢ 0.4¢ 5.6€
LM122 1C 3.52 222.3: 0.5¢ 4.32
LM124 11 6.7C 269.0( 0.41 4.7t
LM130 12 13.2¢ 210.3¢ 0.07 5.44
Female meal - 7.8z 233.8¢ 0.3t 4.84
LM122xLM101 13 7.32 244.6" 0.37 3.91
LM122xLM103 14 13.3( 350.6" 0.65 417
LM122xLM104 15 12.9: 341.0( 0.3¢ 4.2k
LM122xLM108 16 6.81 196.6" 0.01 0.0c
LM122xLM108 17 9.2¢ 178.0( 0.07 3.07
LM122xLM114 18 10.9¢ 289.3: 0.3¢ 0.2¢
LM122xLM116 19 10.11 306.6" 0.24 1.7¢
LM122xLM117 2C 5.62 302.0( 0.37 1.3:
LM122xLM120 21 6.11 276.3: 0.0t 4.5t
LM122 mean - 9.1t 276.1t 0.2¢ 2.5¢
LM124xLM101 22 11.1% 287.3: 0.0cC 1.17
LM124xLM103 23 10.7¢ 281.6" 0.3t 4.2t
LM124xLM104 24 8.2¢ 395.0( 0.12 3.3¢
LM124xLM108 25 5.8¢ 310.3: 0.01 4.6¢€
LM124xLM108 26 6.9¢ 303.6" 0.04 3.5C
LM124xLM114 27 7.3t 355.3: 0.0t 8.2¢
LM124xLM116 28 8.7: 364.3: 0.2¢ 6.2(
LM124xLM117 29 7.8t 409.6" 0.8¢4 10.67
LM124xLM120 3C 7.8¢ 223.6" 0.7t 14.7¢
LM124 mean - 8.3( 325.6 0.27 6.31
LM130xLM101 31 7.1t 299.0( 0.12 11.8(
LM130xLM103 32 6.1¢ 371.0( 0.61 12.5¢
LM130xLM104 33 6.97 369.0( 0.3¢ 13.7¢
LM130xLM108 34 14.27 241.0( 0.3C 15.8¢
LM130xLM1089 35 8.5( 381.0( 0.4t 14.6:
LM130xLM114 36 8.1t 313.3: 0.4z 7.2¢
LM130xLM116 37 8.5¢ 273.6" 0.0t 13.9¢
LM130xLM117 38 8.7¢ 239.6" 0.5¢ 13.0%
LM130xLM120 3¢9 8.8t 134.0( 0.1t 14.01
LM130 mean - 8.6( 291.3( 0.34 12.9¢
Grand mea - 9.3¢ 294.6: 0.34 6.7
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Table 2. Pearson’s correlation coefficients for correlatioralysis between ergosterol

concentration and three mycotoxins analysed infeorggrain in 2008.

Ergosterol

Zearalenone -0.27**
Deoxynivalenol| -0.37**
Aflatoxin 0.40**
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Figure 1. Levels of aflatoxin recorded in sorghum grain ad@ra-1, Cedara-2 and
Potchefstroom during the 2007-2008 season.
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Figure 2. Levels of deoxynivalenol recorded in sorghum gei€edara-1, Cedara-2 and
Potchefstroom during the 2007-2008 season.
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Figure 3. Levels of zearalenone recorded in sorghum grai@eatara-1, Cedara-2 and
Potchefstroom during the 2007-2008 season.
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SUMMARY

In an effort to characterize the relationship betwé&ingal pathogenicity and host
genetic resistance, sorghum panicles of 11 genstyye inoculated with five fungi
frequently isolated from sorghum grain. Paniclesrevenoculated at anthesis with
Fusarium graminearum, Fusarium thapsinum, Curvdddnata, Phoma sorghinand
Alternaria alternataspores. There were highly significant differengeghe levels of
fungal pathogenicity on different sorghum genotypBsese differences accounted for
58.4% of observed variation in ergosterol concéiatna Genotype by pathogen (G x P)
interactions accounted for 33.5% of the observegdsterol concentration variation. The
implication is that different genotypes reactedfeddntly to different fungi. The
genotypic reactions of the hosts accounted for 8.dPothe observed ergosterol
concentration variation. Overall, fungal pathogépiés the most important factor to
consider in the evaluation of germplasm for graoufd resistance. Possible sources of
resistance could be identified by use of biplotlgsia of G x P interactions. Visual
scoring for grain mould has limited value withodemtifying causal fungiFusarium
thapsinumandPhoma sorghinavere the most abundant fungi across all genotypes.

Gene action and heritability for grain mould remmte in sorghum were
investigated using a selection of 9 random pollarepts with varying levels of grain
mould resistance to a different set of three randesad parents. Differences in ergosterol
concentration were used as a measure of level ah gnould resistance among all
genotypes. Use of ergosterol concentration as auneaf grain mould severity did not
correlate with visual field scoring. Other traiteasured include plant yield, plant height,
kernel hardness, field grade score, days to flovgerglume color and seed color. The
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combined analysis of variance showed no genotyai@mce for grain mould resistance.
The expression of grain mould resistance was aj¢atable with significant genotype x
location interaction. The analysis from Potchefstnoshowed significant differences
among genotypes whereas Cedara-1 and 2 showedffeceices. Additive genetic

variance was greater than dominance variance lftnagts except grain mould resistance.
A significant heterosis of -20.15% was observedgi@in mould resistance indicating the
importance of use of hybrid seed. LM124 (white seefemale) and LM130 (brown

seeded female) produced resistant hybrids. Dueetyg kigh environmental variance,
grain mould heritability could not be detected. liendicated the highest heritability of
0.41 at Cedara-1, plant height 0.39 at Cedara-2 kedhel hardness 0.38 at
Potchefstroom.

The significance of genotype by environment inteoscwas assessed over three
environments. Differences in ergosterol concerdratvere used as a measure of level of
grain mould resistance among all genotypes. Smanti G x E interaction was detected
after analysis of variance across all three looati®ingle site analysis was then done to
better explain the nature of the G x E interacti®otchefstroom is the only location that
showed significant genotypic responses to grain Ichanfection. Low grain mould
pressure at Cedara-1 and Cedara-2 caused verydoutypic responses. A biplot was
then used to indicate all genotypic performancessacthe three locations in a graphical
design. Fungal species infecting sorghum kernel® wsmlated, counted and identified.
Low genotypic responses at the Cedara locationsnset® have been caused by
prevalence of a less aggressive fungal spedfiesor spp. Weather variables did not

correlate significantly with ergosterol concentati
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Mycotoxin levels of aflatoxin, deoxyvalenol (DONand zearalenone together
with ergosterol concentration levels across 39 laamg genotypes were measured.
Varying levels of ergosterol and mycotoxins wereerved across the three locations.
There was no correlation between ergosterol coratgont and any of the mycotoxins
which indicates that mycotoxins concentration i¢ redated to total fungal biomass.
Mycotoxin concentration must therefore be relatetly do the biomass of the fungal
species that is producing the mycotoxin among watighl species infesting the grain.
Farmers in Potchefstroom should be wary of aflat®xnd zearalenone while farmers in
Cedara should choose varieties that tend to beimfo®ON and aflatoxins while not

ignoring zearalenone.
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OPSOMMING

‘n Poging is aangewend om die verhouding tussegusipatogenisiteit en gasher
genetiese weestand te bepaal en sorghum are vgenblipes is dus geinokuleer met vyf
fungi wat gereeld vanaf sorghumgraan geisoler rs. i8 geinokuleer by struifmeel stort
met Fusarium graminearum, Fusarium thapsinum, Curviddunata, Phoma sorghina
en Alternaria alternataspore. Hoogs betekenisvolle verskille in fungatogenisiteit is
op die verskillende sorghum genotipes waargenebBis. verskille is vir 58.4% van die
variasie in ergosterol konsentrasie verantwoordeli6enotipe x patogeen (G x P)
interaksie was vir 33.5% van die waargenome ergaskensentrasie verantwoordelik.
Dit impliseer dat genotipes verskillend reageenteerksillende fungi. Die genotipiese
reaksies van die gashere was vir 8.1% van die waarge variasie en konsentrasie
verantwoordelik. Algeheel is fungus patogenisithé belangrikste faktor wat oorweeg
moet word by die evaluering van kiemplasma vir gskemmel weerstand. Moontlike
bronne van weerskand kon identifiseer word deulobignalise van G x P interaksies.
Visuele meting van graanskimmel het beperkte wasodeler om fungi te identifiseer en
fungus biomassa in aanmerking te neefusarium thapsinunen Phoma sorghinghet
die meeste voorgekom by alle genotipes.

Geen aksie en oorerfbaarheid van graanskimmel bghsm weersand is
bestudeer deur gebruik te maak van nege stuifmeetsomet verskeie vlakke van
graanskimmel weestand en ‘n ander stel van dridossas. Verskille in ergosterol
konsentrasie is gebruik as maatstaf van die vlak grmanskimmel weerstand oor alle
genotipes. Ergosterol konsentrasie as maatstafyke@amskimmel strafheid het nie met

visuele veldmetigs gekorreleer nie. Ander eiengkagvat gemeet is sluit in plant
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opbrengs, plant hoogte, graan hardheid, veldgraadgnelae tot blom, kaffie kleur en
saad kleur. Die gekombineerde variasie analise geein genotipiese variansie vir
graanskimmel weerstand aangedui nie. Die uitdngkian graanskimmel weerstand
was hie stabiel met betekenisvolle genotipe x itdi&interaksies nie. Die analises vanaf
Potchefstroom het betekenisvolle verksille tusseotiges getoon terwyl Cedara-1 en 2
geen verkille getoon het nie. Additatiewe genetieariansie was groter as dominante
variansie vir alle eienskappe behalwe graanskimwmeérstand. 'n Betekenisvolle
heterose van -20.15% is waargeneem vir graanskinv@etstand wat die belangrikheid
van bastersaad aandui. LM124 (witsaad wyfie) en18W (Bruinsaad wyfie) het
weerstandbiedende basters geproduseer. Weens oéieoimgewings variasie kon
graanskimmel oorerfbaarheid nie bepaal word nie.pbréngs het die hoogste
oorerfbaarheid van 0.41 getoon by Cedara-1, pladgter 0.39 by Cedara-2 en
graanhardheid 0.38 by Potchefstroom.

Die betekenisvolle genotipe x omgewing interaksge antleed oor drie
omgewings. Verskille in ergosteril konsentrasigebruik as maatstaf van graanskimmel
weerstand tussen genotipes. Betekenisvolle G xté&raksies is waargeneem na 'n
variansie analise oor al drie die lokaliteite. Elnlokaliteit analise is uitgevoer om die
aard van die G x E interaksie beter te verduideliRotchefstroom was die enigste
lokaliteit wat 'n betekenisvolle genotipiese respdn gevolg gehad het. ’'n Biplot is
gebruik om alle genotipiese uitdrukkings voor & sor die drie lokaliteite in 'n grafiese
ontwerp. Fungus spesies wat sorghumgrane geiefeltet is geisoleer, getel en
geidentifiseer. Lae genotipe respons by die Cettda@liteite is blykbaar veroorsaak

deur die voorkoms van minder aggresiewe fungus iefpesbv. Mucor spp.
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Weerveranderlikes het nie betekenisvol gekorreteetr die ergosterol konsentrasie nie.
Mikotoksien vlakke van aflatoksien, deoxyvalenolQR) en zearalenone saam met
ergosterol konsentrasie vlakke oor 39 sorghum geemis bepaal. Verskeie vlakke van
ergosterol en mikotoksiene is waargeneem oor die ldkaliteite. Daar was geen
korrelasie tussen ergosterol konsentrasie en efigalie mikotoksiene nie. Dit dui aan
dat mikotoksiene nie verband hou met totale funbimmassa nie. Mikotoksien
konsentrasie moet dus in verband gebring wordoeniomassa van fungus spesies wat
mikotoksiene produseer in die omgewing waar die agegekweek word. Boere op
Potchefstroom moet bedag wees vir die risiko véat@dsiene en zearelenone. Boere op
Cedara moet varieteite kies wat lae DON en aflag¢okt gevolg het maar moet bewus

by van zearalenone.
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