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Abstract

We studied the effect of the Russian wheat aphitiVAR (Diuraphis noxia)
infestation on seedlings and adult plants of eli{grtyan wheatTriticum aestivumL.)
varieties. The Kenyan varieties were 91B33, Fah&wale, Mbuni, Chiriku,
Kongoni, Nyangumi and Mbega. Two RWA resistant whealalt and Pl 294994,
were also tested against Kenyan isolates of thelaph

All the Kenyan varieties were susceptible to RWAewlcompared with the resistant
line Pl 294994. Halt, which is a resistant varietgveloped in the USA, was
susceptible to Kenyan isolates of RWA. This indesathat the Kenyan RWA isolates
are different from the USA ones. In seedlings, R@WA damage was expressed
mainly as leaf chlorosis and leaf rolling, with dage scores increasing with time.
Differences among the Kenyan varieties in the extéiheaf chlorosis were observed.
The most devastating effect of RWA infestation aula plants of the Kenyan
varieties was the reduction in seed set. The tigltihg of flag leaves caused by the
aphid delayed ear emergence, leading to floretlisteinfestation also reduced the
quality of the seeds produced, as shown by incoeeste of seed deterioration under
accelerated ageing conditions, and reduced seedlyuyir. The effect of infestation
on seed quality was more pronounced under dry tiondi Morphological and
genetic variations within Pl 294994 were identifiethe Pl 294994 plants tested
could be separated into three distinct groupspfalvhich had equally high resistance
to Kenyan RWA. One Pl 294994 derived line, dedigaP3, was discovered to
require no vernalization and therefore to be sletdbr use in a Kenyan breeding
programme. Segregation in the populations indicated that resistance in two PI
294994 derived lines (P1 and P2) was controlletiMoygenes (one dominant and one
recessive). For P3, the results were inconclusimeesin one k population the
segregation indicated that the resistance was datadr by one dominant gene,
whereas in another population the segregation aelicthat resistance was due to one
dominant and one recessive gene. Work to identdieoular markers linked to RWA

resistance gene(s) in P3 was initiated.
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CHAPTER 1

General introduction

Bread wheat

Wheat is one of the leading cereal grain cropsymed, consumed and traded in the
world today. It provides over 20% of the calories the world population and is a
staple food for 35 % of the world's population (FAT®98). In Eastern Europe and
Russia, over 30 % of the calories consumed comma fmeat (Anon., 2002). Wheat
is grown on more land area worldwide than any otltep and only competes with
maize and rice in total world production (Table Ih)the early 1990s, annual wheat
production was averaging more than 500 million metonnes, and represented
almost one-third of all cereal production (Olesb®94). In 1999 the worldwide area
planted with wheat was over 212 million ha as camgavith about 139 million ha
for maize and 156 million ha for rice (FAO, 2001).

Table 1a. Annual wheat, rice and maize productivarage for 1994 -1996

World Percentage of world production

production North Latin
Crop (Mt) America America EU 15 CIS12* Asia Oceania Africa
Wheat 552.9 15.5 3.1 16.2 11.0 41.7 3.1 2.5
Rice 553.1 1.4 3.8 0.4 0.2 88.8 0.2 2.7
Maize 515.9 37.7 14.6 5.9 1.4 28.4 0.08 6.9

*Former Soviet Union, except the Baltic States.r8euFAQO, 1998.

Table 1b. Annual harvested area for wheat, ricenaaide, average for 1994-1996

Area Percentage of world production

grown North Latin
Crop (Mha) America America EU 15 CIS12* Asia Oceania Africa
Wheat 222.3 16.3 3.6 7.5 20.5 39.2 4.2 3.8
Rice 149.2 0.8 4.6 0.2 0.03 87.8 0.08 4.7
Maize 136.3 20.0 21.4 2.8 0.05 30.0 0.05 18.8

*Former Soviet Union, except the Baltic States.r8euFAQO, 1998.
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Wheat is used mainly as a human food. The cultivatbeats belong to two main
classes, common or bread wheatiticum aestivum L.), which accounts for about
95% and durum wheaiT(iticum durum), which accounts for 5 % of world wheat
production. Common wheat is used to make breadaudits, whereas durum wheat
is used to make pasta. Unlike any other plant-ééeriiood, common wheat contains
gluten protein, which enables leavened dough ®bisforming minute gas cells that
hold carbon dioxide during fermentation and enalgesduction of light textured

bread.

Common wheat is classified into hard or soft wheseged on its suitability for making
bread. Hard wheat has a physically hard kernelytigdds flour with high gluten and
hence high protein content. This type of flour isrensuitable for producing bread.
Soft wheats on the other hand have lower protemeriis and are more suitable for
producing biscuits and cakes, which do not regsireng flour (i.e. flour with high
gluten content). Wheat is also classified as eitbéror white wheat depending on the
colour of the aleurone layer. Another classificatie that based on the growth habit
which groups wheat into spring and winter typesnifi types require vernalization at
the seedling stage to enable normal developmdheteeproductive stage.

Wheat is a widely adapted crop. Although it is mastcessful between the latitudes
of 30° and 60 N and 27 and 4G S, respectively, wheat can be grown beyond these
limits from within the Actic Circle to higher eletrans near the Equator (Nuttonson,
1955, as quoted by Curtis, 2002). In altitude ttoppas grown from sea level to more
than 3000 m a.s.l. It can be grown in areas rangirannual precipitation from 250-
1750 mm, although most of the world crop is produge areas with 375-875 mm
annually (Leonard and Martin, 1963). Currently, ahés grown in more than a
hundred countries from Finland in the north to Ariyea in the south (Oleson, 1994).

However, most of the production is centered intémeperate regions of the world.

Through the ages, wheat production increases arasaly from increased area.
However, from the 1950s, world wheat productionréased dramatically without a
corresponding increase in crop area due to improyedds. In 1951, world

production was nearly 1 tonne/ha. It reached 2 defita by the early 1980s and
climbed to nearly 2.5 tonnes/ha by 1995 (FAO 1996k increased yields have been



Chapter 1

attributed mainly to the green revolution, whichsweccompanied by the adoption of
management responsive, high yielding, diseaseta@sisemidwarf wheat cultivars
throughout much of the world, particularly in desgihg countries (Curtis, 2002).

As the worlds most important crop, wheat has totrtte® demands of the increasing
population and changing lifestyles. Although wheabduction has generally been
increasing gradually in the last 20 years, wheathas been increasing at a slightly
higher rate such that from 1999/2000, wheat useelRaseded production, with the
short fall being met by world stocks (Figure 1).eThworld population growth rate in
the 1990s averaged 1.5 %, while the growth ratevfzgat production between 1985
and 1995 was 0.9 % (CIMMYT, 1996). If populatiorogth continues to double the
growth of wheat production, there will likely berseis difficulties in maintaining
future wheat food supply. World population was potgd to grow by 35 % between
1997 and 2025 and reach 7.9 billion (United St&tessus Bureau, 1998). Assuming
little or no change in world consumption trendsabfeat, a projection of 786 million
tonnes of wheat will be required annually for humese in the year 2025, an annual
production increase of 204 million tonnes abovedpaotion in 1997. This underscores

the need to rapidly and continuously increase tdo to match the demand.
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Figure 1. World wheat production and use from 188%6 2001/2002.
Adapted from lowa State University’s Agronomy Weébsi
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The Russian wheat aphid problem

The Russian wheat aphid (RWA)iuraphis noxia Mord. is indigenous to southern

Russia, Iran, Afghanistan and countries borderivggyMediterranean Sea. The aphid
was first reported by Mordvilko and by Grossheirauard 1900 in the Mediterranean
Sea region and southern Russia (cited from Jeinals 1989 and Elsidaig and Zwer,

1993, respectively). It is believed that the apépdead from west Asia to the USA
and Canada via South Africa and Mexico (Saidi andck) 1996). The aphid has

since spread to most of the wheat producing regudrie world. It attacks most of

the small grain cereals, including wheadtificum aestivum L.), barley Hordeum

vulgare), rye (Secale cereale), Triticale (. Triticosecale), and oatsAvena sativa).
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Figure 2. Identification characteristics of RWA.
Adapted from Heiret al. 1989.

The Russian wheat aphid is pale to light greenolowr with an elongated, spindle
shaped body and grows to up to 2 mm long. It hast eintennae with rounded very
short, nearly invisible cornicles (Stoetzel, 198@rren, 1993). The feature that easily

distinguishes it from other cereal aphids is thespnce of an appendage (supracaudal
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process) above the cauda, giving the aphid theamppee of having two tails (Figure
2). The Western wheat aphiuraphis tritici (Gillette) is similar in its shape, size
and damage to wheat, but has the more typical esitajl and is much waxier in
appearance (Peairs, 1998). Its presence in a fgeléasily detectable through
longitudinal leaf rolling with white/yellow (warm @ather) or purple (cold weather)
streaking on the leaves (Figure 3). This damagaused by injection of a toxin into
the plants during feeding, which prevents the petidn of chlorophyll and causes

leaf curling.

Aphids are characterized by their ability to reproel either sexually or asexually
(parthenogenesis). While some species deposit eggs,s such as RWA retain their
eggs inside the female until she ‘gives birth’ idng young (Heinet al., 1989).
Under favourable conditions, all RWA are femalest tho not lay eggs but give birth
to live young ones at a rate of 4 to 5 per dayuprto 4 weeks. The new young
females can mature in as little as 7-10 days. tates can thus spread quickly under
favourable conditions (Karren, 1993). Overcrowdargl adverse weather conditions
may stimulate production of winged forms, which aasily dispersed in wind
currents. The Russian wheat aphids prefer to fivibe leaf whorls or in tightly rolled
leaves. They are hardy and can survive extremehtdonperatures.
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E F

Figure 3. The two forms of RWA A) wingless adult\B)nged adult, and symptoms of damage caused
in cereal crops C) reddish/purplish streaks D) ishiyellowish streaks E) severely attacked plant F)
patch of wiped out crop.
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The super cooling point (temperature at which bdidyds freeze and mortality
occurs) for this aphid was determined to42§.6°C, and did not change with rearing
environment or insect life stage (Armstrong andl$éie, 1998). The Russian wheat
aphid currently poses a serious threat to the mtamluof wheat and other small grain
cereals in many parts of the world (Webseal., 1987; Archer and Bynum, 1992;
Porter et al., 1993; Zweret al., 1994; Nkongolo, 1996). It causes characteristic
longitudinal leaf chlorosis, stunted growth, lealfing and leaf folding, spike trapping
and sterility (Hewittet al., 1984; Kiriac, 1990; Milleet al., 1994; Zweret al., 1994).
Extensive chlorosis leads to death of plants wHéaf rolling retards plant
development. In colder climates, the streaks becoeaglish or pinkish due to
anthocyanic pigments (Kazerd al., 2001). Rolling of the flag leaf causes delayed
ear emergence, leading to decreased fertilityarets. Although RWA has variously
been reported as a non-transmitter of diseaseswadsearchers have reported that
the aphid could play a role in transmitting someusgs. Rybicki and Von Wechmar
(1984) reported that various aphid species, inolgdd. noxia, were capable of
efficiently transmitting virus disease complexesdsd Damsteeget al., (1992)
reported a clone oD. noxia that could transmit some plant pathogenic viruses
including Barley Yellow Dwarf Virus, Barley Mosai¢irus and sugarcane Mosaic

Virus.

Significant yield and quality losses attributedR@/A have been documented around
the world (Du Toit and Walters, 1984; Pike and gdk, 1991). In South Africa,
where the aphid was first reported to be a sermest of wheat and barley, yield
losses of between 35 and 60% were recorded (DuahaitWalters, 1984). Since its
detection in the USA in 1986, it had caused ovesO$8iillion damage in wheat and
barley by 1991 in the western Great Plains and itibermountain region of the
country. By this time RWA had established itselftlas primary pest of small grains
in the arid and semi-arid areas of the USA (Websteal., 1987; Massey and
Amosson, 1991; Legg and Amosson, 1993; Pattal., 1993). There is evidence that
the extent of damage resulting from aphid attackcereals may depend on plant
growth stage. Kieckhefer and Gellner (1988) fouhdt tplant stage differentially
influenced fecundity of four cereal aphid§chizaphis graminum (Rondani),

Rhopal osiphum padi, R. maidis (Fitch) andVacrosiphum avenae on spring wheat and
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barley. Similarly, Hein (1992) reported a signifitacultivar by growth stage
interaction for RWA reproduction among three wintdreats and a triticale (Figure
4). He further reported a significant cultivar ggowth stage interaction for aphid
damage, which he attributed to a decrease in damatiyygy for the susceptible

cultivars of plants in the reproductive stages @mgared to plants in the vegetative

stages.
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Figure 4. RWA reproduction (number of aphids pd) pa three winter wheats Arapahoe,
TAM 107 and PI 372129, and triticale variety Newcatefour growth stages. Adapted from Hein
(1992).

Initial efforts to control the RWA were made thréuthe use of insecticides. The
characteristic habit of the RWA of rolling cereaaVves, however, makes its control by
insecticides difficult. The aphid secludes itselithn the rolled leaves. Aphids

secluded in the rolled leaves are partially pra@drom natural enemies and from
contact insecticides, thereby necessitating theafisine more expensive systemic
insecticides (Du Toit and Walters, 1984).

When RWA first appeared in the USA, the principaimagement strategies to control
it included the use of systemic insecticides, detdiaglantings and the growing of non-
host crops (Pike, 1988; Elsidaig and Zwer, 1993)ilevin South Africa large-scale

aphicide applications were made annually to prateaps. This was achieved by the
application of expensive mixtures of systemic aadtact insecticides, supplemented

by the eradication of volunteer wheat which serasda host between seasons (Du
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Toit and Walters, 1984; Du Toit, 1989a). Systemphieides, however, are very
expensive. The most effective, economical and enwientally safe option of

controlling the RWA is the use of resistant cults/gElsidaig and Zwer, 1993; Zhang
et al. 1998, Tolmay and Mar’'e, 2000). Current and futaomtrol of the Russian

wheat aphid will depend heavily on the developnaent use of varieties resistant to
the aphid.

Search for RWA resistance genes

Ever since the RWA was identified as a serious péstheat and barley in South
Africa in 1978, plant breeders have been searcfongources of resistance to the
aphid. Butts and Pakendorf (1984) and Du Toit and Wiekerk (1985) demonstrated
that potential forD. noxia resistance exists in the ancestral diploid wheacies
Triticum monococcum, T. timopheevi, T. dicoccoides andT. tauschii, and amphiploids
of T. monococcum / T. durum. Resistance to the RWA has also been reportegein r
(Secale cereale) and Triticale (Nkongolo et al., 1989; Webster, 1990). In a
greenhouse experiment involving a number of whege and Triticale lines,
Nkongoloet al., (1989) found that rye aniditicale lines were all moderately resistant
to resistant to the aphid, whereas the wheat liaeged from susceptible to resistant.
A high level of RWA resistance was observed inrspecific hybrids, indicating that
genes conferring resistance in wheat relatives vemeessible for use in wheat
improvement by established cytogenetic and plaeéding techniques (Nkongo&b
al., 1990). Due to its simple inheritance and absefdémown unfavourable linkages,
transferring RWA resistance from resistant linesatlapted cultivars has posed no

serious problems (Saidi and Quick, 1996).

Through increased efforts to find sources of rasist in hexaploid wheat which can
be utilized easily in breeding programs, RWA resise was first reported in two
wheat lines, Pl 137739 (a hard, white spring whHeah Iran) and Pl 262660 from
Bulgaria (Du Toit, 1987; 1988). Since then, resise@has been identified in several
aestivum cultivars and unimproved germplasm mainly fromtbBauest and central
Asia, and the Middle-East region (Nkongaoal., 1989; Zemetrat al., 1990; Quick
et al., 1991; Harvey and Martin, 1990; Smihal., 1991, Porteet al., 1993.). The

high number of accessions with RWA resistance ftoisiregion is thought to be due
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to natural selection pressure as a result of tmetgpes being subjected to repeated
RWA infestations. All the resistant lines were obop agronomic quality,
necessitating a series of backcrosses to obtairRINA resistance in an adapted
background. RWA resistance is virtually non-exisiarimproved wheat cultivars and
germplasm developed for production areas outsideeotral Asia (Souzat al.,
1991).

Apart from P1 137739 and Pl 262660, the other pilainbductions with high levels of
RWA resistance are Pl 372129, Pl 294994, Pl 262645 Pl 243781 (Nkongolet
al., 1989; Quick, 1989; Quickt al., 1991). Analysis of the inheritance pattern of
resistance in the wheat lines Pl 137739, Pl 2626890372129 and Pl 243781
suggested that single dominant independently itddegenes, designaté&xhl, Dn2,
Dn4 andDn6 conferred resistance in the four genotypes resadi(Du Toit, 1989b;
Nkongoloet al., 1991a; Saidi and Quick, 1994). Marais and Du 1®93) reported
that one dominant genBn5, controlled resistance in wheat line Pl 294994wkier,
Liu et al. (2001) reported two other resistance gdne8 andDn9 in this line. So far,

a total of 10 resistance genes have been reparsdae 2).

Studies on the mode of resistance in some of theatvhnes have revealed that
antibiosis, antixenosis and/or tolerance are imelvResistance in Pl 147739, PI
262660 and Pl 294994 are attributed mainly to @&gib and antixenosis (Du Toit,
1987; 1989a; Smithkt al. 1992), although Pl 262660 also exhibits somaaniee (Du
Toit, 1989a). Resistance in Pl 372129 is due mamlplerance in combination with
a low level of antixenosis (Quick, 1989; Nkongetal. 1989).

Colorado State University has developed several noermially available RWA
resistant varieties of winter wheat such as Hathjrle Red, Prowers 99 and Yuma
(Thomaset al., 2002). All these varieties have tbe4 resistance gene derived from
Pl 372129 (Turcikum 57). Halt is a semidwarf haedl winter wheat that is well
adapted to the production areas of eastern Colo@&dairset al., 1999). It
demonstrates a good level of resistance mainlytduelerance. Thus Russian wheat
aphids may survive in numbers similar to thoseusceptible varieties, but the leaves
Table 2. Sources of the 10 known Russian wheatagsistance genes, their origins

and mode of resistance

10
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Source of Wheat type Chromosomal Origin of Resistance Mode of resistance
resistance location accession gene
P1 137739 Hard White 7D (Schroeder-  Iran (Du Toit, Dnl Antibiosis and
Spring Teeteret al., 1987) antixenosis (Du
1994) Toit 1987, 1989)
Pl 262660 Hard White 7D Bulgaria (Du Toit, Dn2 Antibiosis and
Winter (Maetal., 1998) 1987) antixenosis (Du
Toit 1987, 1989)
Triticum - Nkongolo et al.,  dn3 -
tauschii 1991a
P1 372129 Hard Red 1DS Former Soviet Dn4 Tolerance (Meyer
Winter Union (Nkongolo et al. 1989 as cited
et al. 1991b; Saidi by Saidi and Quick,
and Quick, 1996). 1996)
P1 294994 Hard Red 7D Bulgaria (Marais Dn5 Tolerance,
Winter (Du Toit, 1987; and Du Toit, antibiosis and
Marais and Du 1993) antixenosis (Du
Toit, 1993) Toit 1987, 1989
Smithet al., 1992)
Pl 243781 Winter wheat - Iran (Saidiand Dn6 Tolerance and
Quick, 1996) Antibiosis (Miller
etal., 2003
Rye accession - Transferredto - Dn7 -
1RS in wheat
(Liu et al., 2001)
P1 294994 Hard Red 7D Bulgaria (Marais Dn8 -
Winter (Liu etal., 2001) and Du Toit,
1993)
P1 294994 Hard Red 1D Bulgaria (Marais Dn9 -
Winter (Liu etal., 2001) and Du Toit,
1993; Liuet al.,
2001)
P1 220127 Winter wheat 7D Afghanistan Dnx -

(Liu et al., 2001)

(Harvey and
Martin, 1990)

do not curl or streak (Thomasal., 2002). It therefore had significant yield adaye

over the susceptible varieties ‘TAM 107 and Arapahwhen exposed to RWA

11
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(Figure 5). Currently, large areas are planted RNMA resistant cultivars in the USA
and South Africa. Recent reports (Peatrsl., 2003), however, indicate that RWA
resistant cultivars with th®n4 gene are susceptible to a new biotype of RWA

designated Biotype B.

O Halt
O TAM 107
B Arapahoe

Yield t/ha
w

Trial 1 Trial 2 Trial 3

Figure 5. Yields following heavy spring infestatiowith RWA of winter wheat
varieties Halt (resistant), TAM 107 (susceptible)@rapahoe (susceptible). (Trial 1,
High plains Agricultural Laboratory, Sidney, 1994jal 2, Panhandle Research and
Extension Centre, Scottsbluff, 1994; Trial 3, Hidhips Agricultural Laboratory,
Sidney, 1996). Adapted from Thometsal., 2002.

Wheat in Kenya

Although wheat production is concentrated mainlythe temperate regions of the
world, it has also become an important crop in kgt areas of some tropical
countries such as Kenya and Ethiopia. Wheat waiedated in Kenya towards the
end of the 19 century and has since been grown on an increasiate in the

highland areas. The wheat growing areas lie betwl&8® and 2900 m a.s.l., and
receive more than 750 mm of rainfall per annum. Wheat is grown under rainfed
conditions, in small and large farms where neaily paoduction activities are

mechanized. All the wheat is spring wheat and séwarieties of both hard and soft

wheat are grown.

12
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The first attempt at extensive commercial wheatipotion was made in 1907. In the
initial stages, the crop suffered heavily from dises, particularly the rusts. The first
crop, which was planted using varieties introdudesm Australia, was severely
attacked by stem rusP(ccinia graminis). The next crop planted with the Italian
variety Rieti, succumbed to yellow rugtuccinia striiformis Westend.) (Guthrie and
Pinto, 1970). The result of these problems washiaginning of a wheat breeding
programme whose primary objective was to develgp mesistant varieties. Although
the released varieties kept on succumbing to newiplogical races of the rust, this
breeding programme has evolved over the years thr@oNational Plant Breeding
Centre under the Kenya Agricultural Research lm&ti{KARI). Apart from disease
resistance, and particularly rust resistance, dthés such as yield and baking quality

also became important objectives.

The earlier emphasis on disease resistance mearth#re was a strong tendency in
the early-generation selection towards this objectConsequently, selection for other
characters was only practiced on the survivors fithkm disease screening. This
implies that more desirable plants may have besradied. In recent years, therefore,
more attention has been given to yield and bakiraity. This has raised yields to an
average of 2 tonnes per hectare (Pagrat., 1995).

Wheat is currently the most important cereal crfipramaize with more than100
varieties having been released by the researchecditte varieties released are suited
to the various agro-ecological zones in the wheatviong districts of Nakuru, Narok,
Uasin-Gishu, Trans-Nzoia and Laikipia. Due to iasiag population and changing
lifestyles the demand for wheat has steadily beeneasing. By 1993, the demand
was growing at 7 % per year and the total prodactias about 50 % of the national
demand (Hassaet al., 1993). Currently it is estimated that the coymér producing
less than 40 % of the national demand with the neimg 60 % being met through
imports. Although the annual consumption stood lzdua 500,000 tonnes, wheat
production was 195,000 tonnes in 1991, 76,900 ®im&993 and 128, 600 tonnes in
1995 (Anon. 1999). Wheat is produced in the higtepial areas of Kenya, which
cover only 20 % of the total land area. It has ¢tonpete with other agricultural
enterprises such as maize, tea, coffee, barleylaing, and it is unlikely that the area

under wheat will expand in these high potentiahare

13
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Kenya has a well developed wheat seed productiatelsy Most of the wheat
breeding and maintenace work is conducted by they&eAgricultural Research
Institute (KARI). The new varieties are evaluatey the Kenya Plant Health
Inspectorate Service (KEPHIS) before release agdtration. Two types of tests are
done: Distinctness, Uniformity and Stability (DU&sts and National Performance
Trials (NPTs). Wheat seed production in Kenya igently done by one company,
the Kenya Seed Company Ltd. The released varieteepassed to the seed company,
which multiplies the seed through 4 generationsneig pre-basic, basic, certified
first generation and certified second generatidre Tast two generations are the ones
usually offered for sale to the farmers. At eachgstof seed multiplication, field
inspections are carried out by KEPHIS. Also dursegd processing, samples are
drawn from the seed lots and sent to the KEPHI8 testing lab. The seeds are tested
for purity, germination and, if need be, health.e3& tests are based on the
International Seed Testing Association (ISTA) stadd. Although there are usually
sufficient quantities of certified seed in the metrkmost farmers still use farm-saved

seed because of financial constraints.

To bridge the gap between wheat production and ddmtis imperative that
bottlenecks hampering production are removed. Tédgiires developing varieties
with tolerance to the acid soils which are prevalenwheat producing areas of
Kenya, developing drought tolerant varieties to ap on production area and
minimizing losses due to pests and diseases. Operiant pest that is currently

causing heavy losses in wheat fields is the Rusghaat aphid.

The Russian wheat aphid problem in Kenya

The important cereal aphids that attack wheat inylda@ncludeSchizaphis graminum,
Stobion avenae, Rhopalosiphum padi, R. maidis, Metopolophium dirhodum and
lately, Diuraphis noxia or the Russian wheat aphid (Wanjama, 1990, MaaletHl .,
1993; 1997). The Russian wheat aphid is a relgtigelv pest of wheat in Kenya. It
was first identified in farmers’ fields in 1995 (klsariaet al., 1999). It then spread
quickly to all the wheat growing areas of the coyiaind it became evident that all the

commercial wheat varieties in Kenya were susceptiol RWA (Malingaet al.,
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2001b). The damage resulting from RWA attack is ifeated through leaf chlorosis,
leaf rolling, leaf folding and plant stunting. Inekya, the damage usually appears
when crops have attained the tillering stage. Yiekkes ranging from 25 to 90%
have been reported (Machargh al., 1999). Research towards controlling RWA
followed two approaches. One was to test variogedticides to determine the ones
that are effective against the aphid, while theepotipproach was to screen the non-
commercial and old germplasm for resistance to RWhlinga et al. (2001a)
evaluated some of the old Kenyan wheat germplasnRWA resistance and they
found 33 out of 190 lines to contain some modderatels of resistance. The line with
the highest level of resistance, Supy, had a darsagee of 4 (on a scale of 1-9)
compared to scores of 1 and 8 for the resistantl@ndusceptible checks respectively.
They concluded that the levels of resistance availavere insufficient for use in a

breeding programme.

There were also cases in which some Kenyan wheampgsm, which showed
resistance in other countries, failed to show thmes level of resistance in Kenya.
Two lines, Kariega and Marico were found to bestesit to RWA at the Small Grain
Institute in South Africa. When tested in Kenya leoer, the two were found to be
moderately resistant and moderately susceptiblpentively. A variety that is
resistant to RWA in one region is not necessagbistant in another region (Puterka
et al, 1992). This has been associated with the presanioimtypes of the RWA. To
develop locally adapted resistant wheat varietieés important to identify a suitable
source of resistance that is effective againstaba biotypes of the aphid.

The current control measures in Kenya involve aldoation of seed dressing and
spraying of insecticides. Several insecticides wéested to determine their
effectiveness against RWA. Seed dressing with Ga380FS, Carbofuran 350 ST or
foliar spraying with Brigade increased yields by 25, 147% and 123% respectively
over the untreated control. Similarly, foliar spsayith 120 mil/ha of Decis 100EC
(Deltamethrin 100g/L) and 40 tablets /ha of Dedis(Beltamethrin 0.25 g/tablet)
resulted in significant yield increases of 21.8% 46.8 % respectively (Macharg
al., 2001). The yields obtained after seed dressiage wignificantly higher than the
yield of the control. Wheat yield losses associatgd RWA, however, are still high
since most farmers use non-dressed seeds or fageceffective sprays due to the
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high costs of systemic insecticides. To reduceelosszused by this pest in the long
run, these control measures need to be augmentedngroved by breeding for
resistance to RWA. Development of resistant vaagetwill minimize chemical control

costs and reduce the detrimental effects of exterspraying on the environment.

Thesis objectives and outline

The main objective of this study was to determine ¢ffect of the Russian Wheat
Aphid (Diuraphis noxia) on Kenyan bread wheat varieties, identify ussfurces of
resistance and initiate a breeding programme toeldpv RWA resistant wheat

cultivars.

Specifically, the aims of the thesis were to:

» Study the effect of RWA infestation on young seeghi of eight Kenyan wheat
varieties (Chapter 2).

» Determine the effect of late infestation with RWA plant development and grain
yield in the eight Kenyan wheat varieties underlweltered and drought stress
conditions (Chapter 3).

» Study the effect of RWA infestation on the qualitiyseeds produced by wheat
varieties under well-watered and drought stresseditions (Chapter 4).

» Test the RWA resistant winter wheat variety Halgether with single seed
derived lines of P1294994 for resistance to Kenigafates of RWA and initiate a
programme to develop RWA resistant varieties (Cérapy.

» Study association between AFLP markers and RW/staste gene(s) to identify
possible markers for RWA resistance gene(s) (Chh&te

The effect of the RWA on seedlings of Kenyan wheatieties was studied in
greenhouse experiments in which seedlings of digimyan wheat varieties together
with two resistant winter wheat varieties were us&kedlings at the two-leaf stage
were infested with 3 adult aphids from a colonycing back to a single aphid
collected from a Kenyan wheat field. Damage onsiedlings was determined in four

observations over a period of five weeks by scothregextent of leaf chlorosis, leaf
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folding and leaf rolling. The effect on other grémgiarameters such as plant height,
number of leaves per plant, total leaf length, nerds tillers per plant, shoot and root
fresh weight together with shoot and root dry weighre also measured. During each

observation, the number of aphids per plant was @sinted.

To study the effect of drought and late infestatddrRWA on the Kenyan varieties,
the above varieties were grown in the greenhouskeruwell-watered and drought-
stressed conditions. Infestation was done wherplduats attained the tillering stage,
the stage at which infestations are usually noticedKenyan wheat fields.
Observations were made for damage due to RWA mifest at four growth stages,
with the last observation coming at the grainrfglistage. Yields were determined at

harvest.

Most Kenyan farmers use seeds from their previoog ® plant the next wheat crop.
Prevalence of RWA in many wheat fields could affée quality of seed harvested
and subsequently wheat yields. Seeds harvested thhenexperiment in chapter 3

were used to study the effect of RWA infestatiortlos quality of wheat seed.

The Russian wheat aphid resistant variety Haltettogy with the lines of Pl 294994
were tested against Kenyan accessions of RWA ¢etletom wheat fields in the
different growing regions. One Pl 294994 line watested for crossing with two
Kenyan varieties Mbuni and Kongoni. The segregatibtine F, populations for RWA
resistance was studied and a backcrossing programametarted to develop adapted

resistant varieties.

Breeding for RWA resistance requires a reliablehoetof selecting plants containing
a resistance gene. Molecular markers such as AFdrRars have been developed and
used in the breeding of many crop species. Theyvailaits of interest to be quickly
and efficiently selected early in the breeding pangme leading to time saving. They
are not affected by environmental conditions aso dlave the advantage of allowing
selection to be performed in areas where the agded not exist. To identify possible
AFLP markers for RWA resistance, two selfed backsrpopulations from crosses
between an accession of Pl 294994 (resistant) wadKenyan varieties Mbuni and

Kongoni were infested with RWA in the greenhouske Beedlings were scored for
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RWA resistance based on expression of leaf chierdsaf rolling and leaf folding.

Leaves for AFLP analysis were harvested from imhliad resistant and susceptible
seedlings and their parents.
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CHAPTER 2

Varietal differencesin response of wheat seedlingsto infestation with

the Russian wheat aphid (Diuraphis noxia M or dvilko)

ABSTRACT

Eight popular Kenyan wheat varieties (91B33, Fah#nvale, Mbuni, Chiriku,
Kongoni, Nyangumi and Mbega) were compared for Ruasgvheat aphid (RWA),
Diuraphis noxia (Mordvilko), damage in a greenhouse alongside tWéARresistant
winter wheat varieties obtained from the USA (Haid Pl 294994). All the Kenyan
varieties were susceptible to RWA. However, inspacof leaf symptoms (chlorosis,
leaf rolling and leaf folding) revealed significadtfferences among the Kenyan
varieties, with Fahari showing significantly strendeaf chlorosis than all the other
varieties seven weeks after infestation. Mbega 33 were the most affected by
RWA infestation with respect to plant growth andelepment traitsi.e. plant height,
number of leaves, total leaf length and numberillgrd per plant. Halt, which is
resistant in the USA and South Africa, was highlgceptible in the present study,
suggesting that the Kenyan RWA isolate differs frirase in these two countries.
The other winter wheat line, Pl 294994, was higllsistant and will be an important

source of resistance in a breeding programme.

Keywords. breeding for resistance, chlorosiBjuraphis noxia, Kenyan wheat,

Russian wheat aphid.
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INTRODUCTION

The Russian wheat aphid (RWA)juraphis noxia (Mordvilko), is an important pest
of wheat and barley in many regions of the worldePateret al. 1987; Archer and
Bynum, 1992; Porteet al. 1993; Zweret al., 1994; Nkongolo, 1996). It causes
characteristic longitudinal leaf streaking, stunggawth, leaf rolling and folding,
spike trapping and sterility (Hewit al., 1984; Kiriacet al., 1990; Milleret al., 1994;
Zwer et al. 1994). The leaf streaks are usually yellowishwdnitish under warm
weather conditions, but are purplish in cool weatAde damage is caused by the
injection of a toxin into the plant as the aphidds. The toxin prevents the production
of chlorophyll and causes the leaves to curl (Kari@©93). Extensive chlorosis leads
to death of plants, while leaf rolling retards plaevelopment and partially or fully
protects the aphid from parasites, predators andtacb insecticides, thereby
necessitating the use of more expensive systersaciitides (Du Toit and Walters,
1984; Websteet al., 1987).

Significant yield and quality losses attributedR@/A have been documented around
the world (Du Toit and Walters, 1984; Pike and #din, 1991). In South Africa,
where the aphid was first reported to be a serpms of wheat and barley, yield
losses of between 35 and 60% were recorded (DuahditWalters, 1984).

Since its detection in the USA in 1986, RWA hadssliover $850 million damage
in wheat and barley by 1991 in the western GreainPland the intermountain region
of the country. By then it had established itsslbgrimary pest of small grains in the
arid and semi-arid areas of the USA (Web#teal., 1987; Massey and Amosson,
1991; Legg and Amosson, 1993; Poekeal., 1993). Porteet al. (1999) estimated the

economic loss from RWA in the western USA for tlezipd 1987 to 1998 to be over
$1 billion (cited by Mornhinwegt al., 2002).

Studies on seedlings conducted in greenhousesowrtlygrchambers have been the

primary means for studying the genetics of rest#aof wheat varieties to RWA

20



Chapter 2

(Elsidaig and Zwer, 1993, Du Toit and Van Nieket®85, Websteet al., 1987,
Nkongolo et al., 1990). Although field conditions may affect insdongevity,
fecundity and plant reactions differently as coneplawith controlled environments
(Elsidaig and Zwer, 1993), a good correlation hasrbobserved between RWA
damage scored in the field and the greenhouse (uI90; Robinson, 1992).

Wheat cultivars have been successfully separatedesistant and susceptible classes
based on expression of RWA damage symptoms on 8esdlings. However,
considerable variation in resistance may occuriwigiach of the two classes. Among
susceptible cultivars, for instance, it is possitdedetect some with low levels of
RWA resistance. Hein (1992) observed that the wiffee in damage between two
susceptible cultivars, Arapahoe and TAM 107, apghned statistical significance at P
= 0.06. Similarly, Smitlet al. (1991) identified low levels of RWA resistancesiome
susceptible wheats. Malinga al. (2001) observed some lines among old Kenyan

wheat germplasm to contain moderate levels ofteesie to RWA.

In Kenya, RWA was first noted in 1995. Since thehas spread to all the wheat and
barley producing areas of the country and has ksttad itself as one of the most
serious insect pests for both crops. The currentrabmeasures in Kenya involve a
combination of seed dressing and spraying of imgdes. Wheat yield losses
associated with RWA, however, are still high sineast farmers spray late or fail to
spray due to the high costs of systemic insecticiddthough none of the Kenyan
commercial wheat varieties is resistant / toletarRWA, studies have not been done
to determine if they vary in their levels of suddaifity. Such studies may assist
farmers to choose varieties that are less susdéeptitorder to reduce losses due to

this pest.
The objective of this study is to compare the respo(at the seedling stage) of eight

popular Kenyan wheat varieties and two winter wheatalt and Pl 294994, to

infestation by a RWA accession collected from ay&enwheat field.
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MATERIALSAND METHODS

Plant material and RWA accession

Seeds of eight popular Kenyan wheat varieties wbtained from the seed quality
control station of the Kenya Plant Health InspestiorService. The varieties were
91B33, Fahari, Kwale, Mbuni, Chiriku, Kongoni, Nyjaimi and Mbega. As they are
all spring wheats, they do not require vernalizati8eeds of two RWA resistant
winter wheats, Halt and Pl 294994, were obtainedanfrDr. James Quick of the
Department of Soil and Crop Sciences, ColoradceStativersity, USA in 1999. The
winter wheats have both been reported to be resigtaRWA in the USA (Quiclet

al., 1996, Peairst al., 1999, Hawleyet al., 2002, Marais and Du Toit, 1993, Saidi
and Quick, 1996). Halt is a semi-dwarf hard redtanrwheat that is well adapted to
production areas of eastern Colorado. Release@94 by the Colorado Agricultural
Experimentation Station, Halt was the first RWAis&mnt wheat variety in the USA
(Hawley et al., 2002; Peairgt al., 1999). It has a single dominant resistance gene
(Dn4) derived from Turcikum 57 (Pl 372129). Pl 294994iwinter wheat accession
originally from Bulgaria (Zhangt al., 1998). It has excellent resistance to RWA (Du
Toit, 1990).

A colony of a RWA accession was developed fromnglsi aphid collected from a
wheat field in the Eldoret area. The colony wasedion young potted seedlings of

the Kenyan wheat variety Mbuni.

Planting and Experimental Design

The planting medium used in the experiment was »xdumg of forest soil and river
sand in a volume ratio of 2:1. Planting of the 1lBeat varieties was done in a
greenhouse in January 2000. Each replicate hadal® piots to which the varieties
were assigned randomly. The main plots were dividéa two sub-plots. The sub-

22



Chapter 2

plots, which were the experimental units, were vayoflats measuring 38 20 x 10
cm. Fourty seeds were planted per flat (two pd. hilhe flats were arranged in a
split-plot design with 4 replicates, with the vaies randomized in the main plots and
the two RWA treatments, infested or non-infesteshdomized across the sub-plots.
The 80 flats were watered daily under natural liggind temperature conditions. At the
one-leaf stage, the plants were thinned to leageseedling per hill.e. 20 seedlings
per flat. At the two-leaf stage, the seedlings e gub-plotj.e. one flat, were each
infested with 3 adult aphids, while those in thdeot sub-plot,i.e. another flat
containing the same variety within the same maant, plere not. Infestation was done
by placing the aphids in the whorls of the seedljngsing a small paintbrush.
Thereafter all flats, including the ones with nafested plants, were caged to prevent
movement of aphids from one flat to another.

Observations

Four observations at intervals of two weeks werederta assess a number of traits of
both infested and non-infested plants. The firsgeobation took place one week after
infestation. The characters scored were: leaf okler leaf rolling, leaf folding, plant
height (cm) from the base of the plant to the fiphe youngest fully expanded leaf,
number of leaves per plant, total leaf length gantp(cm), number of tillers per plant,
number of aphids per plant, and shoot and roohfeesd dry weight per plant (g).
Leaf chlorosis was scored following the 1-9 scaésadibed by Nkongolat al.
(1989), where:

1 = no visible chlorotic spots

2 = presence of small isolated spots on some leaves

3 = presence of large chlorotic spots on some kave

4 = mild chlorotic streaks visible in some leaves

5 = prominent chlorotic streaks present in somedsa

6 = prominent chlorotic streaks present in mora thalf of the number of leaves

7 = prominent chlorotic streaks present and nesmgpearing in some leaves

8 = severe chlorotic streaks with advanced necinsigany leaves

9 = severe necrosis with plants beginning to die.
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Leaf rolling occurs when the leaf blades of fullnerged leaves fail to open and
remain rolled. Leaf rolling was scored on a scélé-d where:

1 = no visible leaf rolling

2 = mild rolling of some leaves

3 =tight rolling of some leaves

4 = tight rolling of more than half of the numbéreaves

Leaf folding occurs when the tips of the youngevks are trapped in rolled older
leaves, causing the looping of the blade of thengeu leaf. Leaf folding was scored
on a scale of 1-3 where:

1 = no leaves folded

2 = one leaf folded

3 = two or more leaves folded

The total leaf length was determined by measutiegléngths of leaf blades of fully
emerged leaves together with the length of emefdades of younger leaves and

adding for each plant.

Leaf symptoms and number of aphids per plant werly observed for each
individual infested plant. The mean score per Wias determined for further data

analysis.

For destructive measurements, such as shoot artdweights, only two plants
occupying similar positions in the flats were ugedach of the first three observation
dates. In the fourth observation, measurements veen from all the remaining

plants.

The damage due to RWA infestation, defined as tifterednce between the
observations for corresponding infested and noesiefd sub-plots, was estimated for
plant height, number of leaves per plant, total leagth per plant, number of tillers

per plant, and shoot and root fresh and dry weights
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Statistical analysis

The data were analysed using SPSS release 10rdedf@hlorosis, leaf rolling, leaf
folding and number of aphids per plant, only datamf the infested plants were
analysed as a Randomized Complete Block desigrg USltM univariate analysis.
Plant height, number of leaves per plant, totdl leagth per plant, number of tillers
per plant, and shoot and root fresh and dry weigl#iee analysed as split plot using
repeated measures. Correlations between traits tessted using Pearson’s two-tailed
test. Data from infested and non-infested sub-pM#se compared on the basis of a

paired t-test.

RESULTS

ANOVA results

Table 1 summarizes the ANOVA results for leaf obagons and for number of
aphids per plant of the infested plants in eachth&f 4 observations. Varietal
differences were highly significant for chlorosisddeaf rolling in the 4 observations.
For leaf folding, significant differences among thagieties occurred only in the first
3 observations. Significant differences in the namf aphids per plant occurred in

the last 3 observations.

Table 1. Differences among varieties (infestedpltaained by ANOVA, for each of the 4 observations

(- = non-significant[] (1] (ITJ= significant at K 0.05, 0.01 and 0.001, respectively).

Chlorosis Leaf rolling Leaf folding No. of aphids
Observation 1 1 NN O
Observation 2 NN NN NN O
Observation 3 HEE] 11 [ HEN]
Observation 4 mEN NN - O

The ANOVA results for plant growth and developmeatts are summarized in Table
2. Varietal differences were highly significant folant height, number of leaves per
plant and number of tillers per plant in each o th observations. The varieties

differed significantly for total leaf length only ibbservation 4.
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Infestation significantly affected the number oéves per plant in observation 3,
whereas in observation 4, significant effects déstation occurred in plant height,
number of leaves per plant and total leaf lengitniBcant effects of infestation also
occurred with respect to shoot and root fresh agdamights in observations 3 and 4
(except for root fresh weight in observation 3)fektation had no effect on the

number of tillers per plant.

Significant variety by infestation interaction oc@d only with respect to the number
of leaves per plant and shoot fresh weight in olzgems 1 and 4, respectively.

Table 2. ANOVA results for plant growth and devel@htraits at each of the 4 observations
(- = non-significant[J [T] [TT1= significant at < 0.05, 0.01 and 0.001, respectively).

Source  Observ Plant No. of Total No. of Shoot Shoot Root Root

of ation height leaves leaf tillers  fresh dry wt. fresh  dry wt.
variation no. length wit. wit.
Variety 1 1T EEN| - T - - - 0

2 o oo - oo - - - -

3 oo oo - oo - - - -

4 oo OO O oo - - - -
Infest. 1 - - - - - - - -

2 - - - - - - - -

3 - oo - - M mN - mEN

4 1o M - oo OO0 OO0 20 OO0
v Ol 1 - N - - - - - -

2 - - - - - - - -

3 - - - - - - - -

4 - - - - 0 - - -

Leaf symptoms of infested plants

Based on the extent of leaf chlorosis, leaf rollamgl leaf folding (except Mbuni in

observation 1 and Nyangumi in observations 1 an@lBjhe Kenyan varieties tested
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were found to be susceptible to RWA when comparéti the resistant line PI
294994 (Table 3). Generally, the chlorosis and fteHing scores increased from the
first observation to the fourth observation, wherésaf folding scores increased till

the third observation before decreasing in obsieEmat.
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Table 3. Mean scores for chlorosis, leaf rolling &af folding, as well as mean number of aphidsptent, in the infested sub-plots

Variety Chlorosis Leaf rolling Leaf folding No. of apkid plant

Observation No. Observation No. Observation No. eéblgion No.

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
91B33 2.80bc  3.88bc  4.78bc 5.16b 1.96bcd 2.47bc 2.69d 6b2.8 1.16bc 1.57cd 1.80c 111 5.8a 21.4ab 112.0c 1.5b6
Fahari 3.32¢c 4.62d 4.95¢ 6.50c 2.07cd  2.58bc  2.68d 3.03b .28c1  1.71d 1.62bc  1.02 13.6ab  26.9ab  128.2cd 165.0b
Kwale 3.25¢c 4.10bcd  4.63bc  5.44b 1.85bc  2.27bc  2.52bcdB8b2. 1.21bc  1.36bc  1.69bc  1.13 1.9a 27.4ab 63.6b18.1b
Mbuni 3.36¢ 4.14cd  4.17b 5.10b 1.99bcd  2.20b 2.32b 2.67bl.14abc  1.27b 1.48b 1.02 16.0ab  23.1ab  106.3bc 866.
Chiriku 3.09bc  4.21cd  4.83c 5.77b 2.07cd  2.58bc  2.67d 3.07bl.18bc  1.45bcd 1.41b 1.00 25.8b 66.8¢c 112.5c 1246
Kongoni 3.29¢ 4.34cd  4.87c 5.60b 2.15d 2.44bc  258cd  2.92bl.15bc  1.40bc  1.44b 1.02 14.9ab  20.8ab 79.9bc .6026
Nyangumi 3.03bc  4.04bcd 4.43bc  527b 1.76b 2.50bc  2.41bc 2b2.8 1.13ab  1.26b 1.13a 1.00 6.0a 37.4ab  107.5bc7.516
Mbega 2.71bc  3.85bc  4.52bc  5.36b 1.99bcd 2.41bc  2.67d 1b3.1 1.18bc  1.47bcd 1.68bc  1.04 11.5ab  59.6bc  171.3186.1b
Halt 2.45b 3.52b 4.16b 4.98b 1.73b 2.65¢ 2.55bcd  2.77b .17bt  1.49bcd  1.86¢ 1.11 13.6ab  27.6ab 63.1b  1b12.
Pl 294994 1.53a 1.92a 1.83a 1.87a 1.04a 1.07a 1.00a 1.00a 0a 1.0 1.00a 1.00a 1.00 5.5a 7.1a 11.0a 9.3a

Means followed by the same letter are not signifiiyadifferent from each other according to the Dam Multiple Range Test. P = 0.05.
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Significant differences among the Kenyan varietreghe extent of leaf chlorosis

emerged three weeks after infestation (observapnThe differences were also
expressed in the third and fourth observationschvioiccurred five and seven weeks
after infestation, respectively. Although the vaes changed their rankings in terms
of mean chlorosis score from one observation tahempFahari was always among
the varieties with the highest chlorosis score.eBeweeks after infestation, Fahari
had a significantly higher score for chlorosis thalhthe other varieties. All the

varieties showed the highest levels of chloroswsegks after infestation, but at this
time differences among the varieties, excludingafiaand Pl 294994, could not be

detected.

For leaf rolling, the observations taken 1 weelyeks and 5 weeks after infestation
showed significant differences among the Kenyanietias. As in the case of
chlorosis, differences among the Kenyan varietiesewot significant 7 weeks after

infestation.

For some varieties leaf folding scores peaked Xwedter infestation, while for the
others it peaked 5 weeks after infestation. Seveeks after infestation, however, the

leaf folding scores of all the varieties had falterthe low level of Pl 294994,

The number of aphids per plant followed the sarmeadras leaf chlorosis and leaf
rolling. They increased through the experiment tdoma period, but significant

differences among the Kenyan varieties were evidai in the first 3 observations.
The number of aphids per plant increased at difterates. Chiriku, which had the
highest number of aphids in observation 1, hadadrike lowest numbers of aphids in

observation 4, while the opposite is true for Nyamg

The winter wheats, Halt and Pl 294994, reacteckdfitly to infestation. Pl 294994
was resistant to RWA infestation and showed sigaiftly lower scores for chlorosis,
leaf rolling and leaf folding than Halt and all theenyan varieties in each of the 4
observations. Halt, however, was susceptible to RW@station and showed scores

as high as or even higher than those of the Kengaieties. The number of aphids
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per plant remained low at about 10 or less in PI924, whereas in Halt it increased

to levels similar to those in the Kenyan varieties.

Significant phenotypic correlations existed betweblorosis, leaf rolling, leaf folding

and number of aphids per plant (Table 4). The tatiom between chlorosis and leaf
rolling increased from observation 1 to observa8dmefore decreasing in observation
4. The same trends were observed in the correldteiween leaf rolling and leaf
folding. The correlation between chlorosis and Idafding decreased after
observation 2. The number of aphids per plant wgsifcantly correlated with

chlorosis, leaf rolling and leaf folding, with theighest correlation in all cases

occurring in observation 3.

Table 4. Correlations between leaf chlorosis, lelling, leaf folding and number of aphids per plant

the 4 observations.

Trait Observation  Leaf chlorosis  Leaf rolling Leaf folding
No.
Leaf rolling 1 0.7217 -
2 0.8107 -
3 0.9211 -
4 0.900 -
Leaf folding 1 0.321 0.49T1 -
2 0.58T11 0.6201 -
3 0.4911 0.6301 -
4 0.02 0.08 -
No. of aphids 1 0.00 0.320 0.367
per plant 2 0.330 0.37] 0.27
0.5811 0.641 0.3901
4 0.5111 0.6 0.07
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General effects of infestation on plant growth and development

Generally, infestation reduced plant growth andettgyment in the Kenyan varieties
as shown by reduction in plant height, number atés per plant, total leaf length per
plant, number of tillers per plant and shoot anat foesh and dry weights (Table 5).
Apart from root fresh weight (for observation 1 yWnlthe non-infested plants as a
group were always taller, had more leaves per plgreater leaf length, higher
number of tillers, and had higher shoot and roeshrand dry weights than the
infested ones. The difference between infested ramutinfested plants generally

increased from observation 1 to observation 4.

Growth and devel opment of infested plants

Significant varietal differences occurred in th&ested sub-plots with respect to plant
height, number of leaves per plant, total leaf tergnd number of tillers per plant
(Table 6a). Generally, plant height and numbereaivés per plant increased through
the four observations. Total leaf length increasedattain the highest values in
observation 2, before dropping in observations @ 4nApart from a few cases, the
Kenyan varieties became more similar, with timeghwespect to plant height, number
of leaves and number of tillers per plant. Howewkfferences with respect to total

leaf length increased with time to reach signifidamels in observations 3 and 4.

The winter wheats differed in their growth and depenent patterns from the Kenyan
varieties. The difference between the two grouph vaspect to plant height, number
of leaves per plant, total leaf length and numUetillers per plant increased with

time.

Shoot and root fresh and dry weights of infesteah{sl generally increased through
the 4 observations (Table 6b). Significant differes were observed among the
Kenyan varieties with respect to shoot and rootwiejght (observation 4), root fresh

weight (observations 1, 3 and 4). In contrast feeptiraits, there were no marked
differences between the two groups, the Kenyan varieties and the winter wheats,

with respect to shoot and root weights.
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Table 5. Means of non-infested and infested plantstheir differences for plant height (cm), numbkleaves per plant, total leaf length per plamh), number of tillers

per plant, shoot and root fresh and dry weightgtent (g).

Observation 1 Obsepra? Observation 3 bservation 4
Trait Non- Infested Difference Non- Infested Difference Non- Infested Difference Non- Infested  Difference
infested (1) (NI =1) infested 0] (NI =1) infested 0} (NI=1) infested  (I) (NI=1)
(N (N (N (N
Plant height 23.61 23.13 0.48 25.50 25.20 0.30 25.27 24.67 0.60 29.37 26.53 2.84
No. leaves 4.45 421 0.24 6.91 6.17 0.74 8.41 7.06 1.35 9.65 7.88 1.77
Leaf length 68.90 67.00 1.90 97.10 91.84 5.26 16.97 107.51 9.46 117.87 103.87 14.00
No. tillers 0.46 0.40 0.06 0.65 0.52 0.13 0.69 0.48 0.21 0.66 0.39 0.27
Shoot FW 0.64 0.56 0.08 1.03 0.88 0.15 1.29 0.95 0.34 1.98 1.29 0.69
Root FW 0.10 0.11 -0.01 0.14 0.12 0.02 0.13 0.10 0.03 0.37 0.19 0.18
Shoot DW 0.120 0.110 0.010 0.249 0.220 029. 0.356 0.274 0.082 0.513 0.298 0.215
Root DW 0.022 0.021 0.001 0.034 0.031 0.003 0.059 0.033 0.026 0.076 0.039 0.037
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Variety Plant height (cm) Number of leaves per plant Me&f length per plant (cm) Number of tillers pdant

Observation No. Observation No. Observation No. eDlation No.

1 2 3 4 1 2 3 4 1 2 3 4
91B33 26.5de  27.8bc  28.4bc 28.5bc 3.8ab 5.4a 6.0a ab6.7 1235 167.0 99.1ab  105.7abcd 0.65b  0.72bc a0.28 0.24a
Fahari 27.0e 29.3c 30.0c 29.7bc 3.8ab 5.4a 5.9a 6.2a 59.51 208.0 104.3ab 84.5a 0.18ab  0.14ab  0.10a a0.06
Kwale 22.4bcd  25.1b 25.1b 26.4b 3.7ab 6.2a 6.0a 6.6ab119.8 155.0 98.3ab 95.4ab 0.04a  0.04a  0.06a 04a0.
Mbuni 24.0cde 26.0bc  26.3bc 29.8¢c 3.4a 4.8a 5.6a  b6.5a 114.3 156.8 88.9a 96.6ab 0.10ab  0.10a  0.07a .09a0
Chiriku 255de  27.5bc  27.4hc 28.4bc 3.8ab 5.1a 5.8a ab6.5 1318 200.5  113.6ab 96.7ab 0.11ab  0.10a  0.06a0.00a
Kongoni 24.4cde  26.1bc  25.3b 26.9bc 4.2ab 5.9a 6.6ab 6ab7. 147.3 1725  108.1ab  100.3abc 0.33ab  0.47ab a0.47 0.49a
Nyangumi 20.9bc  24.8b 26.5bc  27.4bc 4.5b 6.4a 7.7b 8.6b 120.8 183.0 115.7ab  111.7bcd 0.36ab  0.38ab  0.4la 39a0.
Mbega 24.4cde  27.5bc 27.8bc 26.8bc 3.8ab 5.0a 5.7a 4ab6. 125.3 178.8 95.9ab 99.4abc 0.14ab  0.16ab13a0. 0.11a
Halt 19.5ab  19.2a 18.7a 21.5a 5.5¢ 95b  11.6d 11.6c  3160. 2353  129.0b 126.5d 1.11c 1.86d  2.07c 1.29b
P| 294994 16.8a 18.8a 19.6a 19.8a 5.4c 8.1b 9.8c 11.9c  0139. 1820  123.0ab  121.1cd 1.03c 1.18cd  1.18b 1.20b

Means followed by the same letter are not signifiiyadifferent from each other according to the Dam Multiple Range Test. P = 0.05.
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Table 6b. Mean scores for shoot and root freshdapaveights per plant, in the infested sub-plots.

Variety Shoot fresh weight (g) Shoot dry weight (g) Raesh weight (g) Root dry weight (g)

Observation No. Observation No. Observation No. éblagion No.

1 2 3 4 1 2 3 1 2 3 4 1 2 3 4
91B33 0579ab 0.761 1.048 1.236a 0.119a 0208 0.276 @&B04 0.106ab 0.109 0.104ab  0.202abc  0.027 0.037ab 380.00.053b
Fahari 0.819b  1.294 1293 0.871a 0.328b 0.284 0.327  0.237a0.098ab  0.105 0.073a 0.102a 0.019 0.035ab  0.0280284.
Kwale 0.565ab 0.788 0.698 1.198a 0.106a 0195 0.268  &®99 0.098ab  0.127 0.135ab  0.138ab 0.017 0.025ab 90.02.031a
Mbuni 0.570ab 0.806 0.888  1.288ab 0.099a 0194 0.259 5883 0.100ab  0.080 0.071a 0.180abc  0.021 0.024ab 26 0.00.038ab
Chiriku 0.545ab 0.916 1.051 1.163a 0.106a  0.247 0.301  &®B03 0.110ab  0.075 0.229b  0.187abc  0.022 0.032ab  40.04.032a
Kongoni 0.60l1ab 0.770 0.794 1.126a 0.109a 0217 0.233  &®96 0.190c 0.119  0.067a 0.232bc 0.027 0.035ab  0.0ZD045ab
Nyangumi 0537ab 1038 1229  1.602ab 0.100a 0239 0.346 76.32 0.183c 0.114 0.135ab  0.258¢c 0.024 0.034ab  0.04%040ab
Mbega 0.533ab 0.966 0.872 1.110a 0.114a 0230 0.235  &.244 0.1llabc 0.111 0.058a 0.135ab 0.023 0.041b 0.022036ab
Halt 0.488ab 0.654 0.877 1.202a 0.11l1a 0189 0.263  &®85 0.073a 0.262 0.091ab  0.223hc 0.018 0.026ab  0.046045ab
Pl 294994 0.41la 0773 0763 2.118b 0.106a  0.199 0.237  0b312a 0.064a 0.064 0.054a 0.200abc  0.018 0.022a 0.0220468b

Means followed by the same letter are not signifiiyadifferent from each other according to the Dam Multiple Range Test. P = 0.05.
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Damage due to infestation with respect to growth and devel opment traits

The damage due to RWA infestation, as estimatetthéyifference between infested
and non-infested sub-plots of each variety, in@dasrough the 4 observations. In
observation 1, the damages for the measured tnate mostly small and non-
significant. Especially for the Kenyan varietidse tdamages increased with time until
the 4" observation (Table 7) when most of the differenoese significant. The
damage was highly manifested in the shoot andfresh and dry weights, in which
all the Kenyan varieties exhibited significant weigeduction under infestation.

Table 7. Reduction, due to infestatjasf plant height, number of leaves per plant, tégéaf length,

number of tillers per plant, shoot and root fresid ary weights in observation 4. Each figure was
obtained by subtracting the value for the infedteth that of the corresponding non-infested subplot

Variety Plant No. of Total No. of Shoot Shoot Root Root dry

height leaves leaf tillers fresh dry fresh weight
(cm) length weight  weight weight (9)
(cm) ) (9 )

91B33 3.44* 2.83* 39.3* 0.34* 0.598* 0.313* .200* 0.053*
Fahari 5.14* 0.72*  -0.3 0.00 0.213*  0.273* 0.177* 0.034*
Kwale 4.57* 2.93* 24.8* 0.27 0.623* 0.287* 263* 0.048*
Mbuni 3.31 1.41* 7.0 0.09 0.385*  0.227* o5t 0.047*
Chiriku 2.05 1.66* 23.5* 0.18 0.278*  0.202* .163* 0.044*
Kongoni 1.46 0.72 8.1 -0.2 0.310*  0.133* 0.079 0.026*
Nyangumi  3.17* 0.82 -4.1 0.08 0.208*  0.235* 0.172*  0.043*
Mbega 6.52* 3.60* 35.7* 0.60* 0.695* 0.419* .3@3* 0.065*
Halt 0.26 3.51 6.1 1.03 0.202 0.053 0.206*0.046*
P1294994 1.09 -0.16 -0.3 0.51* -0.068 0.007 0.018 0.066*

* Difference is significant at P = 0.05

The effect of infestation was also evident in theter wheats, though not to the same
extent as in the Kenyan varieties. Halt showediggmt reduction in plant height in

observations 2 and 3 and showed significant reduéti root fresh and dry weight in
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INFESTED PLANTS
O2bs. 1 Qobhs. 2 @Chs. 3 @Obz 4
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20
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Plant height {cm)

Variety
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1.5
1.0
0.5
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Shoot fresh wit. (g}
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Variety

0.6
0.5
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0.3
0.2
a1
0.0

Root fresh wit. (9)

1 2 3 4 5 & T 8 9
Variety

0.8
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0.0
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Figure 1. Mean scores for plant height, and shaodtraot fresh and dry weight in the 4 observations.
The varieties are: 1 = 91B33; 2 = Fahari; 3 = Kwdle; Mbuni; 5 = Chiriku; 6 = Kongoni;
7 = Nyangumi; 8 = Mbega; 9 = Halt and 10 = Pl 29499
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observation 4. Pl 294994, which showed high RWAistaace based on leaf

symptoms, had a significant reduction in root dsjight in observations 2, 3 and 4.

Infestation caused a delayed attainment of the slemgation stage in the Kenyan
varieties. In observation 4, sharp increases intgh@ight, and shoot and root fresh
and dry weight occurred in the non-infested platsrmot in the infested plots (Figure
1). This was due to the fact that the plants inrtbe-infested plots had attained the
stem elongation stage, while those in the infeptets had not. In general, differences
between infested and non-infested plants with msfe growth and development

traits became more pronounced after attainmeriteo$tem elongation stage.

DISCUSSION

The leaf damage symptoms, especially chlorosideafdolling, clearly separated the
RWA susceptible (Kenyan varieties and Halt) vageietirom the resistant (Pl 294994)
variety. The difference between resistant and fidie varieties with respect to
chlorosis and leaf rolling increased from obsepratil to 4, suggesting that the
accuracy of selection based on these characteeases with time until seven weeks
after infestation. Differences, however, becomedent much earlier, and many
observations are usually made between 3 and 5 waéks infestation. The
significant differences among the Kenyan varietiegected in the first 3 observations
appear to concern mainly the rate of expressiothefsymptoms of chlorosis, leaf
rolling and leaf folding. Some susceptible varigtiake longer than others to express
chlorosis or leaf rolling. This could be the reasdry some Kenyan varieties showed
more resistance than others in the early obsengtiathough all the varieties were
similarly affected 7 weeks after infestation. Ldalding is expressed over a very
short period before its expression ends when fsedi the folded leaves emerge from

the rolled leaves and the leaf blades straightén ou

Halt was affected as much as the Kenyan variedigggesting that it is susceptible to
the accession of RWA used. In the USA, Colorad@eSthniversity researchers have
reported the emergence of a RWA biotype known adype B, which attacks

previously resistant varieties (Peadtsal., 2003). The most strongly affected variety
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is Prairie Red, which has the same resistance (@b as Halt. This may necessitate

the pyramiding of resistance genes in breedingrprog.

Although the mean scores per plot for chlorosiaf lling and leaf folding were
highly correlated in some of the observations, g not conclude that a plant with
a high score for chlorosis would also have a higgres for leaf rolling or leaf folding
or vice versa. Thus there existed, within the preshly pure lines, plants with high
chlorosis scores, but with no rolled or folded lemvSmithet al. (1991) and Souzet

al. (1991) made a similar observation, which necatesit scoring the characters

separately.

The winter wheats developed very differently as parad to the Kenyan varieties.
Although they had more leaves and tillers, theyengenerally slower growing and
prostrate rather than upright. This is probably dose they were not vernalized.
Comparison of the development of the two wheat dype the absence of
vernalization is therefore only possible in thewearly seedling stages, before the

winter wheat attains the stage suitable for vezaébn.

The effect of RWA infestation became more pronodneéh time. This is shown by
the difference between infested and non-infesteahtpi significant differences are
observed in more traits in later observations timathe earlier ones. Shoot and root
fresh and dry weight consistently showed signifiddifferences between infested and
non-infested plants in all varieties. It is uncleahy Pl 294994, which had
consistently shown resistance to RWA in all theeotkraits, showed significant
reduction due to RWA infestation in root dry weightobservations 2, 3 and 4. This

warrants further investigations.
Many researchers have used only the leaf symptonthdracterise wheat varieties

for RWA resistance. Results from this study shoat RWA damage expressed in the
growth and development traits corroborate the tesilthe leaf symptoms.
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CONCLUSIONS

All the Kenyan varieties tested were susceptibltheoRussian wheat aphid based on
leaf symptoms and plant growth parameters. Falatid significantly higher score
for chlorosis than all the other varieties and @ppéo be the most susceptible variety
based on leaf symptoms. Leaf folding became lessa gdfroblem as the plants
advanced beyond the four-leaf stage and hence migiype useful as a damage rating
parameter at the very early seedling stage. Basgaamt growth parameters, Mbega
and 91B33 were the most affected varieties. Pl 2948as highly resistant to RWA
and can be used in Kenyan resistance breedinggnmges. Halt was susceptible to
RWA, suggesting that the RWA accession used igmdifft from to the ones occurring
in the USA.

Significant differences among the Kenyan varietith respect to leaf symptoms and
growth and development traits suggest that groweg reduce losses due to RWA
by growing certain varieties. The effects of RWA tire best Kenyan varieties,
however, were still much higher compared to thesaffon the resistant line PI
294994. None of the Kenyan varieties hence hagrif RWA resistance to justify
their utilization in a breeding programme. Howevevhen introducing RWA
resistance into Kenyan wheat germplasm by backicgpsshe small differences
among the Kenyan varieties observed in this study still be relevant in the choice
of the recurrent parent(s). This is because a levell of RWA resistance in the
recurrent may be complementary to the resistanteeafionor.

Observation at the seedling stage clearly enatification of resistant genotypes.
The effects of infestation are more clearly manddsin the leaf symptoms at the
early seedling stages, whereas at the later seffess with regard to growth and

development traits become more important.

The emergence of a new biotype of RWA implies thieeding programmes may
need to consider gene pyramiding in which a numdieresistance genes are
combined in one variety. This calls for a greatmpartance of marker assisted

selection in breeding for resistance to RWA.
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CHAPTER 3

Effect of late infestation of Kenyan wheat varieties with the Russian
wheat aphid (Diuraphis noxia Mordvilko) under well-watered and

dry conditions

ABSTRACT

Studies were conducted to determine the effecai® infestation with the Russian
wheat aphid (RWA) of eight Kenyan wheat varieti@$B33, Fahari, Kwale, Mbuni,
Chiriku, Kongoni, Nyangumi and Mbega) and two RW&Ssistant winter wheats (Pl
294994 and Halt) under well-watered and dry coodgi All the tested Kenyan
varieties were susceptible to RWA, with the damiagmost cases being greater under
dry conditions. Significant differences in the ext®f leaf chlorosis was observed
among the Kenyan varieties. Fahari had a signifigdngher score for leaf chlorosis
than 91B33. There were also significant varietdfedences in leaf rolling scores:
Mbega had a significantly higher score than 91B®gangumi, Kwale, Chiriku and
Fahari. The leaf damage symptoms in the adult plesetre not as clearly manifested
as in the case of young seedlings and could netbeed after anthesis. The trait that
was most seriously affected by infestation was sedIn the well-watered plants
reduction in seed set due to infestation rangeah 83% in Fahari to 84% in 91B33,
while in the drought-stressed plants the reductioseed set ranged from 27% in
Fahari to 80% in 91B33. Under RWA infestation, treets seed set and plant height
had a strong positive correlation with grain yielhile the percentage of deformed
ears had a strong negative correlation with grafdy The three traits may therefore

be used to select potential varieties in caseyield data are not available.

Key words: drought stress, Kenyan wheat, late RWA infestatiBussian wheat
aphid
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INTRODUCTION

Ever since it was recognized as a serious pesthebtvin South Africa in 1978, the
Russian wheat aphid (RWAP{uraphis noxia Mordvilko) has been the subject of
much research in all areas to which the pest hashdpD. noxia injures the cereal
plant both directly through the sucking of the aap indirectly through the effect of a
phytotoxin injected during feeding, which causes threakdown of chloroplasts
(Foucheet al., 1984). In seedlings, the damage symptoms ardfested mainly
through leaf chlorosis, leaf rolling and foldinghie in adult plants head trapping
may occur, resulting in substantial yield losses @it and Walters, 1984; Foucke
al., 1984; Krielet al., 1986; Kieckhefer and Gellner, 1992). Hewvettal. (1984)
reported that reduction of chlorophyll content pfto 85% in infested leaves resulted

in yield reductions of 25-50%.

Several studies have shown that plant growth stagecereals affects aphid
reproduction. The Bird-Cherry aphi&i{opalosiphum padi L.) was found to have a
higher reproductive rate on headed wheat than anger wheat plants, while it had a
higher reproductive rate on the seedlings as cosalg@ar the adult plants in barley and
sorghum (Kieckhefer and Gellner, 1988; Dewar, 19Watt (1979) reported that the
English grain aphidStobion avenae Fitch) has a higher reproductive rate on ears of
oats and wheat than on their leaves. The Corn-Bpaid Rhopalosiphum maidis
Fitch) reproduction was higher on barley or sorghaegadlings than on adult plants,
while that of the Greenbacl&ghizaphis graminum) was higher on headed than on

younger wheat plants (Kieckhefer and Gellner, 1988)

Girmaet al. (1990) reported that the fecundity of RWA wasdigantly affected by
plant growth stage x temperature interactions, i highest number of progeny
being produced at 196 during the jointing stage (stage 30-36; Zadeikal., 1974).
Hein (1992) also reported that reproduction of RiWAvheat is significantly affected
by both cultivar and growth stage. He observedyaifscant cultivar x growth stage
interaction for plant damage, which he attributechtdecrease in damage rating for
the susceptible cultivars at the reproductive ghosthges as compared to vegetative

stages.
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Apart from the plant growth stage, stress is amotaetor that has been reported to
affect the extent of damage in cereal plants iefesty RWA. The damage resulting
from RWA infestation is greater in stressed ceptahts than in non-stressed plants.
Riedell (1989) reported that RWA infestation in Ibgir disrupted osmoregulatory
processes and interfered with plant responses dagtit. Similarly, Miller et al.
(1994) found that drought-stressed barley cultieatdsibited a greater relative loss of
chlorophyll upon infestation than non-stressed tslaMowry (1994) reported that
wheat plants infected with Barley Yellow Dwarf Virexpressed less antibiosisDio

noxia.

Most of the studies on the effect of RWA infestatin wheat concerned seedlings at
the 1-2 leaf stage (Nkongo#b al. 1989; Saidi and Quick, 1996; Zemettaal. 1990;
Websteret al. 1987; Formusofet al. 1992; Souzaet al. 1991; Bakeret al. 1992;
Smith et al. 1992). This is the stage when the plants are musteptible to RWA
attack. In these studies, varieties could be charaed as resistant or susceptible
based on visual leaf symptoms of chlorosis, ledlingy leaf folding and plant

stunting.

In Kenya, RWA infestations in the field are usuafigticed when the plants have
grown beyond the tillering stage. This could beduse the heavy rains that prevalil
when the crops are at the early seedling stagg tiedabuild up of aphid populations
until after the tillering stage. The damage symare usually chlorosis, leaf rolling
or head trapping, depending on the severity ofatiteeck and the plant growth stage.

The damage and subsequent yield losses seem tedtergduring periods of drought.

The objective of this study was to investigate #ffect of late RWA attacks on
Kenyan wheat varieties under well-watered as wsllday conditions. The main
guestion addressed was whether the adult plantseoKenyan varieties responded
differently to RWA infestation with respect to leaymptoms and plant damage,
observed as reduction in plant growth and developnmiEhe number of aphids per
plant at various dates of observation and the efféinfestation on yield were also

determined.
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MATERIALSAND METHODS

Plant material and experimental set-up

Eight popular Kenyan wheat varieties (91B33, Fah&mvale, Mbuni, Chiriku,
Kongoni, Nyangumi and Mbega), together with two t@inwheat varieties (PI
294994 and Halt), were planted in a greenhouse ay IKI000. All the Kenyan
varieties had been found to be susceptible to RWthea early seedling stage. PI
294994 was resistant, whereas Halt was suscepitiieugh it has been reported to
be resistant in the USA. The experimental desigrdwsas a 3-factor split-split plot
design with 3 replicates. The main plots were eithell-watered or drought-stressed.
The 10 wheat varieties were randomly assigneddasti-plots, which had two sub-
sub-plots each. The two infestation treatmenes,infested and non-infested, were

randomly assigned to the two sub-sub-plots witlichesub-plot.

The winter wheat varieties were planted 5 weekfieeahan the Kenyan varieties.
Planting was done in 3020 x 10 cm wooden flats containing a mixture of foresit
and sand in a volume ratio of 2:1. For each varigtglve flats were planted with 40
seeds per flat. All the flats were watered dailfieétd capacity and left under natural
light and temperature. The seedlings were thinre@QG per flat one week after
emergence. After thinning, the flats of the wintdreat varieties were transferred for
6 weeks to a vernalization chamber set %@ dnd a photoperiod of 8 hours. After
vernalization, the flats were transferred backh® greenhouse and arranged with the
flats of the Kenyan varieties in a split-split ptigsign. Each flat coincided with a sub-

sub-plot.

The Kenyan varieties were planted one week befbee winter wheats were to
complete vernalization. The planting procedure wvaasdescribed for the winter

wheats.

Aphid infestation and watering interval

Aphid infestation was done when the plants attathedstem elongation stage (stage
30-35; Zadokst al. 1974). The aphids used were from a colony derik@u a single
aphid collected from a wheat field in the Eldonetaaand raised on the Kenyan wheat
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variety Mbuni in the greenhouse. Plants in one sulibplot were infested with five
adult RWA, while those in the adjacent sub-sub-plete non-infested. The aphids
were transferred into the whorls of the plants gisanpaintbrush. Immediately after
infestation each flat was caged separately to pteajghid movement from one flat to
another. The cages, measuringx®30 x 120 cm, were made from clear polythene
paper on two sides and a fine net on the otherstdes and the top. Both the net and

the polythene paper were supported by wooden planks

The watering interval treatments were started imately after infestation: For one
main plot (20 flats in total) daily watering was imained, while the other main plot

was watered at two-day intervals to induce drosgiess on the plants.

Damage assessment

The plants were rated for aphid damage at 3 dewedoml stages. These were the
early booting stage (Zadoks 40-43), anthesis (Zadtk63) and milk development
stage (Zadoks 70-72).

During the first observation (early booting stagihle characters scored were: leaf
chlorosis, leaf rolling, plant height (cm), numloédeaves per plant, number of tillers
per plant, number of aphids per plant and shootrantifresh and dry weight (g) of
some plants. For chlorosis and leaf rolling therisgpof a plant followed the method
described by Souz al. (1991), with some modification on the scales.d@bgis was
scored on a scale of 1-9 where:

1 = no visible chlorotic spots

2 = presence of small isolated spots on some leaves

3 = presence of large chlorotic spots on some kave

4 = mild chlorotic streaks visible in some leaves

5 = prominent chlorotic streaks present in somedsa

6 = prominent chlorotic streaks present in mora thalf of the number of leaves

7 = prominent chlorotic streaks present and nesm@gpearing in some leaves

8 = severe chlorotic streaks with advanced neciosigany leaves

9 = severe necrosis; plants beginning to die.
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Leaf rolling was scored on a scale of 1-4 where:

1 = no visible leaf rolling

2 = mild rolling of some leaves

3 = tight rolling of some leaves

4 = tight rolling in more than half of the numbéir@aves.

Scores were taken for each individual plant andhkean score per flat (sub-sub-plot)

was determined.

For destructive measurements, such as shoot artdweights, only two plants
occupying similar positions in all flats were usadhe first two observations, at the

Zadoks stages 40-43 and 60-63, respectively.

In the second observation, the characters scored plant height (cm), number of
leaves per plant, number of tillers per plant, namdf aphids per plant together with

shoot and root fresh and dry weight (g).

The characters scored during the third observatiere plant height (cm), number of
leaves per plant, number of tillers per plant, neambf aphids per plant, shoot and
root dry weights (g). Also scored per flat were geettage of headed tillers,
percentage of deformed ears (number of deformesl @ama percentage of the total
number of ears) and seed set (number of spikdlatsset seed as a percentage of the
total number of spikelets on the ears). At harties¢, shoot dry weight (g) and grain

yield (g) per plant were determined.

During the second and third observations chloresid leaf rolling could not be

scored accurately as some leaves were alreadygagein

Statistical analysis

The data were analysed using SPSS release 11.0.led&osymptoms, number of
aphids per plant and percentage of deformed enhg,data from the infested plants

were analysed using GLM univariate analysis. Fergtowth and development traits,
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data were analysed according to a split plot desging repeated measures. Infested
and non-infested plots were compared on the bakia paired t-test. Further,
correlations between grain yield and other traigsenstudied by means of biplots to
determine which traits can be to select varietigh the lowest yield reduction under

RWA infestation used indirectly.

RESULTS

ANOVA results

At the early booting stage (observation 1), higsilynificant (P = 0.001) differences
were observed among the Kenyan varieties for Iddbrasis, leaf rolling, plant

height, number of leaves per plant, number ofrllger plant, and shoot dry weight
(Table 1). Infestation and watering interval didt inave significant effects on the
number of leaves and number of tillers per plamhofAg the leaf symptoms, drought
significantly (P = 0.01) increased leaf rolling bhad no significant effect on
chlorosis. Both infestation and watering intervaldhhighly significant effects on

shoot and root fresh and dry weights.

Table 1. ANOVA results for observation 1 (plantseatly booting stage) (- = non-significaft,[T]
[(I11= significant at < 0.05, 0.01 and 0.001, respectively).

Source of Chlorosis Leaf Plant No. of No. Shoot Root Shoot Root
variation roling height leaves of fresh  fresh dry dry
tillers  wt. wt. wit. wt.
Variety (V) [0 unn| mnn| HEN oo - - oo -
Infestation () [T RN RN - - NN NN 1 1
Watering
interval (W) - m - - - 1 mEN NN M
VAW - - - - - - - - -
Al mN mEn) - - - - - - -
W - N - - - - - - -
WHV - - - - - - - - -
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There were highly significant interactions betwegrieties and infestation with

respect to chlorosis and leaf rolling, as well atween watering interval and

infestation with respect to leaf rolling.

At the anthesis stage (observation 2), the leafpggms, especially chlorosis, could
not easily be scored due to interference from ap&ymptoms in many leaves.
However, varietal differences were observed irttedl growth and development traits
measured, except shoot and root dry weight (TahldRe effect of infestation on

varieties was highly significant with respect t@am height, number of leaves per
plant, number of tillers per plant and shoot anot mry weights. Watering interval

significantly affected the number of leaves penplaoot fresh weight and shoot and

root dry weights. Both infestation and wateringeml did not affect shoot fresh

weight.

Table 2. ANOVA results for observation 2 (plantsaathesis) (— = non-significant] (1] 111 =

significant at < 0.05, 0.01 and 0.001, respectively).

Source of Plant No. of No. Shoot Root Shoot Root
variation height leaves of fresh  fresh dry dry
tillers  wt. wt. wit. wit.
Variety (V) RN NN HEE] 1 (RN - -
Infestation (1) [T HEN oo - O NN M
Watering
interval (W) - ™ - - X 1 (1
V*W - - - - - - -
V* mEN mEN - - - - -
W - ™ - - - - -
WHFV - - - - - - -

Significant interactions occurred between varietg anfestation with respect to plant

height and number of leaves per plant and also detwwatering interval and

infestation with respect to the number of leavasptent.
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At the milk development stage, varietal effectseMeighly significant (P = 0.001) for
all the measured traits except the percentage fofrded ears (Table 3). Infestation
had significant effects on plant height, percentaiggeformed ears, seed set %, shoot
dry weight and grain yield. Watering interval siigantly affected plant height,
percentage of headed tillers, shoot dry weight guadh yield. As in observation 1,
infestation and watering interval had no effectllo® number of leaves and number of

tillers per plant.

Table 3. ANOVA results for observation 3 (plantsratk development stage) (— = non-significait,
(1] (ITI= significant at < 0.05, 0.01 and 0.001, respectively).

Source of Plant No. of No. Headed Deformed Seed Shoot Grain
variation height leaves of tillers ears set dry yield
tillers (%) wit.
Variety (V) HEE] HEN HEN 0 - NN NN EEN
Infestation (I) [T - - - NN NN (1 (HEN]
Watering
interval (W) O - - HEN] - - N g
V*W - - - - - - - -
il - - O - - oo - 0o
W - - - - - - - -
WH*V - M 0 - - - _ _

Significant interactions occurred between varietyd dnfestation with respect to
number of tillers per plant, % seed set and graldyThe 3-way interaction between
watering interval, infestation and variety was #igant for number of leaves and

number of tillers per plant.

Leaf symptoms, number of aphids per plant and percentage of deformed ears in
infested plots

The extents of leaf chlorosis and leaf rollingha early booting stage were higher in
the drought-stressed plots than in the well-watgukeds. This is shown as mainly

negative values occur in the table of differencéable 4). The difference in the
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number of aphids per plant fluctuated in the thadeservations. In the first
observation, the number of aphids per plant wabkdrign the drought-stressed plots
than in the well-watered ones. However, this chdrgradually such that by the time
of the third observation there were, in most vagtmore aphids per plant in the
well-watered than in the drought-stressed plotsarNeall the varieties showed more
deformed ears in the drought-stressed plots thémeinvell-watered ones.

Table 4. Effect of watering interval on chlorosisafl rolling, number of aphids per plant and %
deformed ears. Leaf symptoms were scored only ierghtion 1, whereas deformed ears were counted
only in observation 3. Each value was obtained lbtraating the value of the drought-stressed plots

from that of the corresponding well-watered plodsnegative value means a higher score at dry

conditions.

Variety Observation 1 Observation 2 Observation 3
Leaf Leaf rolling No. of  No. of aphids No. of aphids Deformed
chlorosis aphids ears (%)

91B33 -0.30 -0.25 -61.2 113.8 4.1 -28.0

Fahari -0.45 -0.02 -77.2 86.1 -13.4 -16.0

Kwale -0.19 -0.30 -19.4 -68.0 334 -5.2

Mbuni -0.17 -0.12 55.7 19.8 71.5 -6.5

Chiriku -0.78 -0.42 -103.6 63.6 23.6 16.3

Kongoni 0.12 -0.11 59.7 -60.2 -35.3 -6.4

Nyangumi -0.37 -0.05 -7.1 31.3 100.1 3.8

Mbega 0.55 -0.66 -89.7 -40.7 11.9 -23.1

Halt -0.22 -0.09 -17.9 -15.2 -15.6 -0.3

P1294994 -0.20 0.00 -7.0 19 2.6 4.81

Damage due to infestation in well-watered and drought-stressed plots

At the early booting stage (observation 1), RWAestation generally resulted in

reduced plant height. The same trend emerged egbect to shoot and root fresh and
dry weight as indicated by mainly superiority ohrafested plants (Table 5). In most
of the varieties, the reductions in plant heighpa fresh and dry weight as well as
root fresh weight were greater in the drought-seedsplants than in the well-watered

ones. This was however not the case for root dighte
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Table 5. Differences between non-infested and fafeplants in plant height, number of leaves pantplnumber of tillers per plant and shoot and faeth and dry weight

in well-watered (W) and drought-stressed (D) pliotsobservation 1. Each figure is obtained by sadiing the mean value for the infested plots frdmat tof the
corresponding non-infested ones.

Plant height (cm) No. of leaves per No. of tillers per Shoot fresh weight Shoot dry weight peRoot fresh weight Root dry weight

plant plant per plant (g) plant (g) per plant (g) per plant (g)
Variety W D W D w D w D w D W D W D
91B33 7.10* 10.60* 0.60 2.89 0.17 0.83 227 3.502 0.209 0.965 0.228 0.245* 0.074*  @%08
Fahari 1.38 4.03 1.37 2.67 -0.42 0.53 .01 1.200 0.127 0.631 -0.127 0.114* 0.000 0073
Kwale 4.22 6.53* 1.37 0.61 0.00 0.35 436 3.537* 0.573* 1.025* -0.124* 0.321* 0.093* 0.087*
Mbuni 6.35 16.00* -0.20 0.37 -0.37 -0.15 3.564 1.345 0.911 0.544 0.281* -0.038 0.092* 0.007
Chiriku -1.30 3.45 -2.23 0.67 -0.52 0.55 800 4.539* 0.083 1.075* 0.087 0.368* 0.032 0O7&
Kongoni 2.87 9.71* 3.80 -0.82 -0.53 -0.48* 147  -0.981 0.711* 0.771* -0.100  -0.057 0.009 .06z
Nyangumi  0.83 8.63* 4.67 -0.08 0.22 0.63* 3.925* 2.739* 1.085* 0.952* 0.491* 0.327* 6& 0.068*
Mbega 1.06 212 117  -1.08 0.03 -0.52* 6.95 0.581 0.344 0.253 0.198* 0.339* 0.064* 211
Halt 5.71* -0.39 -11.97 -7.89* 0.57* -0.03 -289 -0.720 -0.130 -0.027 0.260 0.125 -0.034 0.013
P1294994 1.39 -1.17 2.88 -0.73 0.42 -0.03 .586 1.924*  0.282 0.173 -0.244 -0.058 0.000 02p.
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Table 6. Differences between non-infested and ieéeplants in plant height, number of leaves pantpinumber of tillers per plant and shoot and fergh and

dry weight in well-watered (W) and drought-stres@@iplots in observation 2. Each figure is obgairby subtracting the mean value for the infestets ffrom

that of the corresponding non-infested ones.

Plant height (cm) No. of leaves No. of tillers Bhivesh weight  Shoot dry weight Root fresh weight Root dry weight (g)
) (9)

Variety w D w D w D w D w D w D w
91B33 16.93* 10.31* -0.49 3.14 -0.56 -0.14 3.786%*3.248 1.225* 1.022 0.289 0.449*  0.086 0.156
Fahari 9.26 7.31* -2.02* -0.29 -0.63*  -0.39 218 0.744 1.331 0.343 0.110 -0.033 0.033 -0.027
Kwale 5.24 13.15*  -1.12 3.31 -0.12 0.37 3.120*4.711* 1.640* 1.650* 0.229* 0.522* 0.054* 0.¥84
Mbuni 9.71 16.95* -1.05 0.18 -0.21 0.20 4.647 .663* 1.456* 0.977* 0.238*  0.049 0.089 0.083*
Chiriku -0.43 11.25* -2.61 1.96 0.14 0.39 0.106 3.213* 0.063 1.340* -0.283 0.387* -0.043 0.152*
Kongoni  17.78* 14.25* -1.84 -1.69 -0.41 0.23 4454 1.739* 1.754* 0.731* 0.096 -0.006 0.065*  0.042
Nyangumi  7.61 16.33* -0.27 0.65 -0.06 0.19 9.86 4.307* 0.928 1.403* -0.115 0.020 0.029 -0.034
Mbega 8.51 10.67* -0.92 -0.81 0.04 0.04 0.355 .862* 0.534 0.950* 0.188 0.214 0.051 0.095*
Halt 1.05 6.47* 5.71* -0.26 0.66 -1.73*  0.427 6.558* 0.053 0.943* -0.116 0.444*  -0.006 0.126*
P1294994 -1.50 0.42 1.05 -3.54* 1.40* -1.39* 4.065 1.762 0.595*  0.296 -0.076  -0.285 0.003 -D0.02
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Table 7. Differences between non-infested and iaefeplants in plant height, number of leaves panfplnumber of tillers per plant and
shoot dry weight in well-watered (W) and droughessed (D) plots in observation 3. Each figurebiined by subtracting the mean

value for the infested plots from that of the cepending non-infested ones.

Plant height (cm) No. of leaves per plant  No.iltdrs per plant  Tiller height (cm) Shoot dry weidh)

Variety w D W D W D W D W D
91B33 15.63* 11.71* -0.86 3.83* 0.00 0.52 B9 8.20* 11.69* 12.77*
Fahari 16.53* 2.25* -1.59* 0.38 -0.40 0.38 Y6 2.90* 2.16 4.78*
Kwale 13.05* 5.44 -1.89 4.09 -0.21 0.55 12.03 4.12 4.15 12.14*
Mbuni 15.17* 14.05* -1.26 0.00 -0.32 0.09 -334 -041 7.18 8.56*
Chiriku 2.07* 10.59* -1.07 2.24 -0.46 -0.52* 8.38 3.48 1.84 4.54
Kongoni  16.02* 10.96 -1.48* -1.53 -0.29 -0.45 20.6 0.11 -3.34 -0.69
Nyangumi 13.74* 1.58 -1.86 0.47 0.19 0.38 .899 4.36 10.75 9.93
Mbega 13.46* 12.10 -1.14 -1.31* -0.29 -0.34* 49 2.84 8.51 4.77*
Halt 7.66 1.67 11.33* -0.96 2.06* 0.29 332 7.16 24.22* 5.42
Pl 294994 1.38 2.86 15.38* -8.89* 1.67* -0.58 -2.57 -0.31 17.63* 1.32

Chapter 3
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Infestation had no significant effects on the numbkleaves per plant among the
Kenyan varieties. Apart from the drought-stresskaahts of Kongoni, Nyangumi and

Mbega, infestation also had little effect on thenter of tillers per plant.

In the winter wheats the effects of infestation hwiespect to plant growth and
development traits was less clear as the diffeiebeéwveen infested and non-infested

plants didn’t show clear trends.

At anthesis (observation 2), the non-infested glawit the Kenyan varieties were
generally taller than the infested ones in bothught-stressed and well-watered plots.
This is shown as mainly positive values occur iml&s6. The differences in height
between infested and non-infested plants was greatthe drought-stressed plots,
where the differences were significant for all Kenyan varieties.

The varieties showed similar trends with respedbitmmass accumulation. The non-
infested plants generally had higher shoot and fiesth and dry weights than the
infested ones.

With respect to the number of leaves per plant mmahber of tillers per plant, the

varieties reacted differently to infestation undedl-watered as compared to drought-
stressed conditions. Although the differences betwafested and non-infested plants
were largely not significant, the infested planesmerally had more leaves and tillers
than the non-infested ones in the well-wateredsplhereas the opposite was true in

the drought-stressed plots.

At the milk development stage (observation 3), stdéon resulted in reduced plant
height in all the Kenyan varieties. Unlike in theeyious observations, the difference
between infested and non-infested plants was highitre well-watered plots than in
the drought-stressed plots (Table 7). In the drosglessed plots, significant
differences between infested and non-infested plodse observed only in four
varieties, whereas significant differences wereeoled in all the Kenyan varieties in
the well-watered plots. The Kenyan varieties appeaeact differently with respect

to the number of leaves per plant and the numbetllefs per plant under well-
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watered and drought-stressed conditions. When weiéred, the infested plants tend
to have more leaves and more tillers than the ntesied ones; when drought-
stressed, however, the non-infested plants tehdde more leaves and tillers than the
infested ones. The same results were obtained sereation 2. Infestation reduced

shoot dry weight in most of the varieties, albaiety significant.

Differences between infested and non-infested plaiith respect to plant height and
tiller height were not significant in the winter adits. However, when well-watered,
the non-infested plants had significantly highemibver of leaves per plant, number of
tillers per plant and shoot dry weight than thegtéd plants.

The winter wheats developed very slowly and hadeven set seed by the time the
experiment was harvested. For the Kenyan varieties, non-infested plants had
significantly higher seed set than the infestedsaneall the varieties (except Fahari
when drought-stressed) (Table 8). The non-infegikzohts generally had higher
percentages of headed tillers and higher graird yiehn the infested plants, with the
differences being greater in the well-watered tinathe drought-stressed plots.

Table 8. Differences between non-infested and iateptants in seed set, percentage of headed
tillers and grain yield in well-watered (W) and dght-stressed (D) plots. Each figure is obtained

by subtracting the value for the infested plotsrfrihat of the corresponding non-infested ones.

Seed set % Headed tillers % Yield per plant (g)

Variety w D W D W D
91B33 57.0* 59.1* 11.5 6.0 1.08* 1.05*
Fahari 26.0* 18.0 12.6 12.1 2.62* 0.43*
Kwale 56.4* 53.3* -48.1* 2.6 7.99* 1.25*
Mbuni 52.1* 56.1* -14.2 27.8 1.38* 0.72*
Chiriku 35.3* 50.3* 314 14.3 2.70* 0.35
Kongoni  59.7* 60.9* 20.9* 10.7 2.65* 0.65*
Nyangumi 58.0* 55.6* -2.6 20.0 -0.82* 0.71*
Mbega 38.4* 50.2* -16.3 -2.4 -3.73* 0.76*
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The biplot analysis showed that % seed set andt plaight were strongly and
positively correlated with grain yield (Figure The percentage of headed tillers was
also positively correlated with grain yield, wheseahoot dry weight was not
correlated. The number of leaves and number @frsilber plant, together with the

percentage of deformed ears, were all negativatetaded with grain yield.

(20.51%)

3 2 1 0 1 2 3 4
(G996 %)

Figure 1. Biplot showing the correlations betweerairg yield (yield) with other growth and
development traits.e. percentage of deformed ears (def head), numbdeavies per plant (leaf),
number of tillers per plant (till), total leaf letig(total), mean tiller height (till ht), percentagf headed
tillers (head till), plant height (ht) and % seeaxt éseedset). The dots show the individual valoes f
each genotype in each rep. Due to their failursetioseed, the winter wheats were excluded from the

analysis.

DISCUSSION

The higher scores for chlorosis and leaf rollingtie drought-stressed plots as
compared to the well-watered plots during the fiobiservation suggest that the
Kenyan varieties are more vulnerable to RWA damagder dry conditions. The

effects of RWA infestation show up earlier in thewhht-stressed plots. This is also
seen in plant height in which the effect of inféista is delayed in the well-watered
plots. In the early observations, the differenceglant height between infested and
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non-infested plants were greater in the drouglessed plots, indicating that the
plants in these plots were more sensitive. In th& bbservation, however, the

differences in plant height were greater in thelaeitered plots.

The significant interaction between the wateringival and infestation with respect
to leaf rolling is due to the fact that infestati@sults in a higher degree of leaf rolling
under drought stress. Leaf rolling usually leadsateeduced photosynthetic area

resulting in a reduction in biomass production andsequently in lower yields.

The higher number of aphids per plant in the drowgtessed plots could be due to
increased leaf rolling in these plots. RWA repraskidaster inside rolled leaves.
However, as the conditions of the drought-stregdadts deteriorate faster than those
of the well-watered ones, the aphids in the wellened plants eventually have a

reproductive advantage and become more in number.

RWA infestation appeared to induce the plants,@ddrly the well-watered ones, to

develop more tillers and more leaves.

The greatest loss from RWA attacks appears to teelaction in seed set (Table 8).
Regardless of the watering interval, the reductionseed set was very high,
approaching 50% in many cases. The reduction id setis partly a result of head
trapping. The trapping delays ear emergence aedénés with pollination and hence
seed set. Once trapped ears finally emerge, thegilyshave deformed shapes. This

leads to a higher percentage of deformed ears i R\ésted plots.

The ability to select varieties that yield betteart others under RWA infestation is
important in reducing losses caused by this aghidhe absence of real yield data,
traits that are highly correlated with grain yiedtich as percentage of deformed ears,

seed set and plant height, may be used for sefectio

CONCLUSION

Leaf damage symptoms, such as chlorosis, leaihgolind leaf folding, which are

commonly used to rate RWA damage in wheat seedlingsome less conspicuous
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and more difficult to score when plants advanceobdythe early booting stage.
Although infestation resulted in reduced plant heign most of the varieties, the

reduction was usually small and non-significanpeesgally in the well-watered plots.

Infestation and drought had little effect on thenter of leaves and number of tillers
per plant in all the varieties. These traits maystmot be useful parameters for
estimating RWA damage if infestation only takescplavhen plants have already
reached the tillering stage. Shoot and root frestl dry weight were generally

reduced by infestation, with the reduction beingager under dry conditions.

Seed set per plant was greatly reduced by infestaind this is taken to be the main
cause of yield reduction in the field when RWA stigtion occurs after the seedling

stage.
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CHAPTER 4

Effect of the Russian wheat aphid on seed quality of Kenyan wheat

varietiesunder well-watered and dry conditions

ABSTRACT

Many studies on the effect of the Russian wheatidaRWA) (Diuraphis noxia
Mordvilko) on wheat have focused on how the infestaaffects the infested plants in
terms of growth and development, and finally grgield. Where the next crop is
sown from the harvested seed, the RWA infestatiag affect the performance of the
progeny of the infested plants because of poor spedity. The effect of RWA
infestation on the quality of wheat seeds of soreayan varieties under well-watered
and dry conditions was studied by observing 10@@seeight, seedling vigour,
percentage of normal seedlings, seedling dry weighd rate of seed quality
deterioration under accelerated ageing condititmfestation resulted in significant
reductions in 1000-seed weight, seedling vigourc@atage of normal seedlings and
percentage of viable seeds. The damages due &idtiten were significantly greater
under dry conditions than under well-watered coodg for all the measured traits,

except 1000-seed weight.

Key words: Russian wheat aphid, seed quality, seedling vigebeat
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INTRODUCTION

Aphids may affect plants directly during feedingimdirectly through transmission of
diseases. Among the forms of direct damage by aphré nutrient drain (when
aphids occur in large numbers), damage relatedsenaitivity reaction of the hosting
plants, chlorosis due to degeneration and disappearof chloroplasts in the vicinity
of the feeding puncture and localized effects aduaphid toxins (Fouchet al. 1984;
Kruger and Hewitt, 1984; Miles, 1990; Smghal. 1991). The Russian wheat aphid
(RWA) (Diuraphis noxia Mordvilko) has established itself as a serioud pésvheat
and barley worldwide. It causes localized chlor@pots that begin to coalesce to
form characteristic streaks as the attack getsreefi@u Toit, 1987; Souzat al.,
1991).

Numerous studies have been conducted to determeeffect of RWA on wheat
(Websteret al. 1987; Smithet al. 1991; Archer and Bynum, 1992; Porétial. 1993;
Miller et al. 1994; Zweret al. 1994; Nkongolo, 1996). Most of these studies $ocu
only on the effect of the aphid attack on seedbtnglant development. The damage
resulting from RWA attack is manifested throughflehlorosis, leaf rolling, leaf

folding and plant stunting.

Severe RWA infestation of adult wheat plants resuit stunted plants with poorly
emerged ears and poorly formed seeds (Peairs, .19@8) losses ranging from 25 to
90% have been reported in Kenya (Machatial., 1999). Late feeding of RWA on

wheat ears may result in smaller grains with reduest weight (Heirt al., 1998).

The damage on adult wheat plants due to RWA isyiiteereduce the quality of seeds
produced by these plants. The relationship betvgeenl size and seed quality with
respect to seed germination and seedling vigour bdegs studied by many seed
scientists. The rate of seedling growth or seedliggur in cereals was found to be
influenced by seed size among other factors. Eanis Bhatt, (1977) observed a
positive correlation between seed size and earbdlsg vigour in wheat, while

Nayeem and Deshpande (1987) reported that seedwtaght had significantly

positive correlations with root length, shoot ldngtresh weight and dry weight of
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seedling in wheat. The same positive relationbleippveen seed size and seed quality
had earlier been reported in wheat and barley (faoh and McFadden, 1963;
Kaufmann and Guitard, 1967; Ries and Everson, 1973)

A similar relationship between seed size and segdhiigour has been reported in
potatoes with respect to plants established fraa potato seeds. It has been shown
that seed size affects germination, seedling vigandl final yield of a seedling-
transplanted crop (Bhatt al., 1988, 1989; Upadhya and Cabello, 2000). Largese
gave higher germination, produced more vigorousllsegs and gave significantly
higher tuber yield than small ones.

The attainment and maintenance of high viabilitgd &gour are important goals in
wheat seed production. Due to financial constrami@ny Kenyan wheat farmers sow
their fields with farm-saved seed, with many gofagcertified seed only after more
than three years. Since many of the farmers whoat fitam-saved seed are unable to
effectively control RWA, and since nearly all ureyped fields suffer from RWA
attacks, the possibility exists that the qualitytloé farmers’ seeds are reduced by
RWA. This may lower the yields of the subsequenpalue to poor germination and
reduced seedling vigour.

The standard way of determining the quality of se&l testing for purity and
germination in the laboratory. Germination testseghformation on whether the seed
can germinate under optimal conditions, but provittee information on seedling
development thereafter. Seed lots with equal geatin but different vigour may
give very different stand establishment in thedfieVigour indicates the ability of

seed to germinate and grow rapidly under sub-opimaditions.

Vigour refers to the rate of development of seedliit may be measured as the gain
in dry weight with time (ISTA 1993). It may also bketermined by monitoring the
germination of seeds under conditions that aressfwe to the seeds, e.g. the cold
germination test (TeKrony, 1983), or by the acadkst ageing test, which involves
subjecting the seeds for a period to unfavourabielitions, followed by germination
under recommended conditions (Jianhua and McDot8kh, Wangt al., 2004).
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The accelerated ageing test is one of the most lgomeed vigour tests. Under
conditions of high temperature and high relativentdity, low quality seeds (with

low vigour) deteriorate more rapidly than high diyateeds (Jianhua and McDonald,
1996). The viability of seeds that have undergoceelerated ageing may be
determined directly through a laboratory germinatiest or indirectly through a
biochemical test such as the tetrazolium test (ACS83; Matthews and Powell,
1987).

The tetrazolium test differentiates live from deésgues of seed embryos on the basis
of presence or absence of dehydrogenase enzynwé@yadilpon hydration of viable
seeds, the activity of the dehydrogenase enzynmreases, resulting in the release of
hydrogen ions. These ions reduce the colourlesaztdium salt solution (2,3,5-
triphenyl tetrazolium chloride) into formazan, a rehemical compound. Living cells
thus become red, while dead cells remain colourl8s®d viability is interpreted

according to the staining pattern of the embryothredntensity of the staining.

In this study the effect of RWA on the seed quatifysome Kenyan wheat varieties
under well-watered and dry conditions was investida The objective was to
determine the effect of RWA infestation in the dieln the quality of seeds produced
and whether dry conditions, which are often expeael in the field, magnify this

effect.

MATERIALSAND METHODS

Source of seeds

Seeds of eight Kenyan wheat varieties (91B33, Ralkawale, Mbuni, Chiriku,
Kongoni, Nyangumi and Mbega) were used in the stiithgse seeds were obtained
from an earlier study of the effect of RWA infestat on adult plants of these

varieties under well-watered and dry conditions.
In the experiment from which the seeds were obthitlee varieties were sown in the
greenhouse in flats measuring8@0 x 10 cm and containing a mixture of forest soil

and sand in a volume ratio of 2:1.
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The flats were arranged in a split-split plot desigith three replicates and were
watered daily to field capacity under natural liggtand temperature conditions. One
week after emergence, the seedlings were thinnkzhi@ 20 plants per flat. Each flat

coincided with a sub-sub-plot

Each replication consisted of two main plots of ehone was well-watered and the
other drought-stressed. The well-watered flatsivecdewater to field capacity daily,
whereas the drought-stressed flats were waterédldocapacity at two-day intervals.
The varieties were assigned randomly to the sutspliod each sub-plot was split into
two sub-sub-plots of which one was infested andther was not.

Aphid infestation was done when the plants werairdtig the stem elongation stage
(Zadoks 30-35). The plants in one sub-sub-plot virgiested with five adult aphids,
while those in the adjacent sub-sub-plot were mbesied. The aphids were
transferred onto the plants using a paintbrushimneediately after infestation all the
flats were caged separately to prevent aphid momefm@m one flat to another. The
cages, measuring 2030 x 120 cm, were made from clear polythene paper an tw

sides and a fine net on the other two sides antbfhe

The watering interval treatment was started imntediaafter infestation: one main

plot continued with daily watering while the othplot was watered at two-day

intervals to induce drought stress on the plantes€ treatments continued till the
plants were at the grain filling stage. The treatthevere then terminated and the
plants were allowed to grow to harvest maturity.

Determination of 1000-seed weight
Plants from each flat were harvested in bulk, thedsand the clean seeds were
thoroughly mixed. A sample of about 1000 seedstivas drawn from each bulk. The

samples were weighed and the exact number of giraiesch sample was determined

by counting. The weight of 1000 seeds (in g) was ttalculated for each sample.
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Germination test and seedling devel opment

The seeds of each variety were bulked per treatmidrdre were four treatments.
These were watered/infested, watered/non-infestestressed/infested and
stressed/non-infested. Seeds in each bulk weremwedld before drawing samples for
the germination test. Germination was done follgvihe ISTA (1993) protocol in
which each sample was planted in four replicateésOo$eeds each. Planting was done
in sand. To break seed dormancy, the germinatige$were chilled by putting them
in a room at 1% for three days. After chilling, the boxes were ved to a
germination room with a temperature 0G0 The day the boxes were moved to the
30°C room was taken as the beginning of the germinatst (day 1). At day 5, the
heights (cm) of the first 10 seedlings from one ehdach germination box were
measured. The seedlings were then returned to e¢hmimgation room. At day 9,
heights of the same 10 seedlings were measuredh,agad the seedlings were
returned to the germination room for another thilags before a final germination
evaluation was done on the day 12. During thisl fevaluation, the seedlings were
carefully removed from the boxes and the roots weashed. By observing both
shoot and roots, the seedlings were classified notonal, abnormal and dead seeds
for the ones that failed to germinate. The 10 gegsllfrom each box whose heights
had been measured were used to determine seedjingedyht. Immediately after the
evaluation of the germination on day 12, these €ilbngs were put in a paper bag

and dried in an oven at 8D for 24 hours before determining their dry wei¢g)t

Accelerated ageing

The accelerated ageing test was performed usirgds sgfetwo varieties, Mbuni and
Kongoni. The choice of the two varieties was basedvailability of seed after the
laboratory germination test and the tediousnesientetrazolium test, which makes it
difficult to work with many varieties. Seeds frorapts of Mbuni and Kwale that had
received one of the four different treatments, watered/infested, watered/non-
infested, stressed/infested and stressed/non-@afeand had been bulked separately
across the three replications, were used. The seeds aged following the water
added method described by Matthews and Powell,7)19%e initial moisture content

of the seeds was determined using a grain moistater. A sample of one hundred
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seeds was taken from each seed bulk and dividedfaot lots (replications) of 25
seeds each. The seeds were then placed in alumifoiunbags. By using a
micropipette the precise amount of water, requitetbring the seeds to a moisture
content of 20%, was added to each bag. The amdumater was calculated on the

basis of the formula:

_100-A x W1
10C-B

Where: A = initial seed moisture content
B = required seed moisture content (20%)
W1 = initial weight of seed (in g)
W2 = final weight of seed (in g)

The amount of water (in g) to be added is W2 —W1

After adding the water, the bags were heat-seaheldshaken for about 30 seconds
and left to lie on a lab bench for 24 hours. Aftee 24-hour moisture equilibration
period, the bags were placed side down in the idestion chamber set at 42
Three sets of four samples of each variety wereribetited for 48, 72 and 96 hours
respectively, before they were removed for theatsttium test. In total there were 48

bags for each of the two varieties (4 treatmer8sieterioration periods x 4 reps).

Tetrazolium test

The tetrazolium test was performed on seeds thédtuhdergone accelerated ageing.
All the 25 seeds in each bag were cut longitudynalbng two-thirds of their lengths

from the embryo end. Immediately after cutting, seeds were immersed in a 0.5%
solution of 2,3,5-triphenyl tetrazolium chlorider fiour hours. The seeds were then
washed with distilled water before evaluation faabiity. Evaluation was done by

observing the staining pattern at the embryo enth@fseed and comparing with the
tetrazolium staining chart by ISTA (1993) and clBssg each seed as either viable or

non-viable. The percentage of viable seeds in Edahkas then calculated.
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Data analysis

The data was subjected to ANOVA using GLM analysiSPSS release 10.0. For
thousand seed weight, the data were analysed #ss@pl plot using repeated

measures. For the other traits, since the seedalteatly been bulked per treatment,
GLM univariate analysis was used and the data vweeralysed as randomized
complete block design. Data of seedlings derivednfinfested plants and those of
seedlings derived from corresponding non-infestadtp were compared on the basis

of a paired t-test.

RESULTS

ANOVA results

Table 1 shows the ANOVA results for the seed anedigeg traits scored. The
varieties (V) exhibited significant (P < 0.05) difeces for 1000-seed weight and
highly significant differences for all the measursdedling traits. The effect of
infestation (I) was highly significant in all theaits, whereas the watering interval
(W) significantly affected all the traits exceptedéng height at day 5. The W x V
interaction was significant for 1000-seed weiglgrgentage of normal seedlings and
seedling dry weight. The V x | interaction was diigant for 1000-seed weight,
seedling height at day 9 and seedling dry weightleathe 3-way interaction W x V x
| was significant for percentage of normal seedliagd seedling dry weight. The W x
| interaction was not significant for any of thaits, suggesting that the effect of
infestation was not influenced by the soil moistafehe flats in which the parental

plants were raised.

Comparison of varieties for the measured traits

Significant differences were observed between thveetvas in all the seed classes
with respect to the studied seedling charactesigliable 2). For seedling heights both
on day 5 and day 9, Mbega seedlings were amonghthiest in all classes, whereas

Fahari had the tallest. Apart from Fahari, which wahgays much taller than the rest
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of the varieties, the differences in seedling hemhong the other varieties at day 5
appear to be due to drought and infestation. Inviel-watered, non-infested class

these varieties showed no significant differenceseiedling height.

Seedling height differences between varieties weeatgr at day 9 than at day 5 for
most of the seed classes. Although significantetaridifferences were evident in all
the seed classes, the differences in the well-edtapn-infested class were smaller

compared to the other classes.

All the seed classes had very high germinationgpgeges as shown by percentage of
normal seedlings. The lowest germination was olegkermn the drought-stressed
infested class of Kwale, which had a germinatio®®5%. This was way above the
minimum germination set in the ISTA standards, wh&cB5% for wheat. Significant
differences in germination among the varieties wayserved in all the seed classes

except the well-watered non-infested class.

Table 1. ANOVA results for 1000-seed weight, seegliright, percentage of normal seedlings and
dry weight of 10 seedlings (- = non-significant,[T] [1T]1= significant at P = 0.05, 0.01 and 0.001,

respectively).

Source of 1000-seed Seedling Seedling  Percentage Dry weight
variation weight height height of normal of 10

at4days at8days seedlings seedlings

Variety (V) 0 HEN HEN 1] 11
Infestation (I) [T ™ HEN 11 11
Watering

interval (W) [0 - O 11 (117
V x W (1] - - (LT] (1]
V x| O - 1] - (111
W x | - - - - -
W x| xV - - - O [
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Table 2. Means for seedling height at day 5 and3jaercentage of normal seedlings and dry weigtiDcseedlings. The seedlings were derived from-watered, infested plants
(WI), well-watered, non-infested plants (WNI), dght-stressed, infested plants (Sl) and droughssée, non-infested plants (SNI).

Seedling height at day 5 (cm) Seedling heightgt®l (cm) Percentage of normal seedlings Dry wesgh0 seedlings (g)

Variety Wi WNI Sl SNI Wi WNI Sl SNI Wi WNI Sl SNI w WNI Sl SNI
91B33 2.95ab 4.15a 3.65bc 3.95abc 6.50ab 10.75ab 9.05bc 10.40b 100.0c 99.3 97.0ab 99.0ab 0.058a 0.135ab 0.087bc 0.146bc
Fahari 5.98¢c 6.15b 6.10d 6.23d 16.28d 18.18d 16.23d 16.78d 97.8abc 99.8 99.5b 99.8b 0.126de 0.183e 0.116¢c 0.150bc
Kwale 3.80ab  4.05a 4.03c 3.65abc 9.78bc 11.25b 9.70bc 8.88a 97.5ab 99.5 96.5a 97.3ab 0.@89ab0.112a 0.081bc 0.072a
Mbuni 4.35b 3.93a 3.83bc 4.50c 11.08c 11.05b 43  10.83b 99.8bc 100.0 97.0ab 98.3ab 0.142e 0e168 0.100bc 0.139bc
Chiriku 3.98ab 4.23a 3.50bc 3.08a 10.65¢c 12.58c 33kl. 11.25b 97.3a 99.5 99.5b 99.5b 0.079ab 6cddt5 0.097bc 0.133b
Kongoni 2.98ab 3.60a 2.80b 3.55ab 9.80bc 11.20b 8.13b 12.33c 99.3a 99.5 96.5a 99.5b 0.116cde.140bc 0.066ab 0.152bc
Nyangumi 3.98ab 4.00a 3.55bc 4.13bc 9.70bc 16.53a 8.58bc 10.80b 99.3a 99.3 99.0ab 98.8ab 2bdD 0.166cde 0.078bc 0.174c
Mbega 2.60a 3.53a 1.45a 3.13a 6.30a 10.13a a4.03 8.85a 97.3a 99.3 98.0ab 96.8a 0.067ab bcti54  0.038a 0.098a

*Means in the same column followed by the samelette not significantly different at P = 0.05.
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1000-seed weight

The effect of the watering interval on 1000-seedgiewas surprising since the
drought-stressed plants produced seeds with signifly higher seed weights than the
well-watered plants. On average, the 1000-seedhivédy seeds from watered non-
infested plants was 29.2 g, whereas for seeds $toessed non-infested plants it was
31.7 g. Similarly, the 1000-seed weight for seedsnfwell-watered infested plants
was 15.9 g compared with 17.9 g for the seeds fiteendrought-stressed infested
plants (Figure 1). Infestation resulted in reduction1000-seed weight in all the
varieties under well-watered and dry conditions. &erage, this reduction was of
similar magnitude in both the seeds from well-wadeand drought-stressed plants,
with reductions of 28.5% and 31.1%, respectivelgri&ion was however observed
among varieties, i.e. low interaction with somekeliChiriku, showing a small

reduction in well-watered plants but a large rentuncin drought-stressed plants.

Germination and seedling devel opment

Drought-stress and infestation of wheat plantsrditiaffect the speed of emergence
of seedlings obtained from their seeds. Seedlinggenee occurred three days after
the germination boxes were moved to th&C36hamber for all the seed classes.
According to observations made at day 5, seedlirays seeds of well-watered, non-
infested plants were taller than those from seddseti-watered, infested plants for
all the varieties except Mbuni (Figure 2). At thimé the height differences between
seedlings from infested and non-infested paremitplavere small and non-significant
for all varieties except Kongoni.

Seedlings from drought-stressed plants showed sirtrgads, although they were
generally shorter than the ones from well-waterkohts. The seedlings from non-
infested plants were significantly taller than tadsom the infested ones in Mbuni,

Kongoni and Nyangumi.

Differences in height between seedlings from irdesand non-infested plants were
more evident at day 9, particularly in the seedifrpm well-watered plants (Figure
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3). Among the seedlings from well-watered plankgse from non-infested plants
were always taller than those from infested plantgh the differences being
significant for 91B33, Mbuni, Kongoni, Nyangumi aktbega.

The seedlings from seeds produced by non-infestadtg generally grew more
between day 5 and day 9 than those from seeds ggddoy infested plants. This
difference was more pronounced in the seedlingsvetbrfrom well-watered plants

than in those from drought-stressed ones.

The effects of both drought stress and infestatigmarental plants on seedlings in the
next generation were further manifested in thejrwleights. Except for the seedlings
derived from drought-stressed Kwale, the seedlifrgsn infested parent plants
always had significantly lower dry weights thandbdrom non-infested parent plants
(Figure 4). Infestation of parental plants resulted greater reduction in dry weights
of seedlings from well-watered than drought-strdsparental plants in 91B33,
Fahari, Chiriku and Mbega. However, in Mbuni, Kong@md Nyangumi, such
infestation caused a greater reduction in the vigighseedlings after drought stress
of the parental plants.

Generally, seeds produced by well-watered pargtaalts had a higher percentage of
normal seedlings compared to seeds from drougb$és#d parental plants (Figure 5).
In nearly all cases, seeds from non-infested pakr@tants had a higher percentage of
normal seedlings than seeds from infested pargdaits. This was true for seeds
from both well-watered and drought-stressed pal@hats.

Accelerated ageing resulted in reduced viabilityeacth of the four seed classes of
Mbuni and Kwale (Figure 6). The percentage of viaddeds was always higher in
seeds derived from well-watered parental planta thaseeds derived from drought-
stressed parental plants. In all cases, seedwérataged for 48 hours had the highest
percentage of viable seeds, whereas those age@l6fdrours had the lowest. The
deterioration was higher in the seeds derived fdyought-stressed parental plants
than in seeds derived from well-watered ones. Dwtgion was also higher in seeds

from infested parental plants than in seeds frominéested ones.
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Figure 1. Thousand seed weight for wheat seeds $tad/drom infested (I) and non-infested (NI)
plants that were well-watered or drought-stres$ée. varieties are 1 = 91B33; 2 = Fahari; 3 = Kwale;
4 = Mbuni; 5 = Chiriku; 6 = Kongoni; 7 = Nyangumic8 = Mbega.
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Figure 2. Height, at day 5, of seedlings from se&dsfested (I) and non-infested (NI) wheat plants
that were well-watered or drought-stressed. Theetias are 1 = 91B33; 2 = Fahari; 3 = Kwale; 4 =

Mbuni; 5 = Chiriku; 6 = Kongoni; 7 = Nyangumi and=8Vibega.

14 -

’g 12 -

= 10+

e

2 8 4

2

o 6 1

=

5 49

o

B 21
0 4

Progeny of well-watered plants

1 2 3

olaN

4 5
Variety

6

Seedling height (cm)

Progeny of drought-stressed plants

14 -
12 -
10 4
8 -
6
4 -
2 -

0 4

2 3

o/@N

4 5 6 7 8
Variety

Figure 3. Height, at day 9, of seedlings from segfdsfested (I) and non-infested (NI) wheat plants
that were well-watered or drought-stressed. Theetias are 1 = 91B33; 2 = Fahari; 3 = Kwale; 4 =

Mbuni; 5 = Chiriku; 6 = Kongoni; 7 = Nyangumi and=8Vibega.
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Figure 4. Dry weights of 10 seedlings derived freeeds of infested (I) and non-infested (NI) plants
that were well-watered or drought-stressed. Theetias are 1 = 91B33; 2 = Fahari; 3 = Kwale; 4 =
Mbuni; 5 = Chiriku; 6 = Kongoni; 7 = Nyangumi and=8Vibega.
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Figure 5. Percentage of normal growing seedlingsvelé from seeds of infested (I) and non-infested
(NI) plants that were well-watered or drought-ssexk The varieties are 1 = 91B33; 2 = Fahari; 3 =
Kwale; 4 = Mbuni; 5 = Chiriku; 6 = Kongoni; 7 = Nggumi and 8 = Mbega.
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Figure 6. Percentage of viable seeds from infe@jeahd non-infested (NI) plants of Mbuni (Mbu) and
Kwale (Kwa), that were well-watered or drought-sted. Viability was tested using the Tetrazolium
chloride test, after accelerated ageing for 48296 h.
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Table 3. Damage due to infestation of parentaltplas observed in 1000-seed weight, seedling heightentage of normal seedlings and seedling @ighw for seeds

derived from well-watered (W) and drought-stres@dparental plants. The damage was calculatedubyracting the means for infested plants from thafseon-infested

plants.
1000-seed weight (g) Seedling height at day Seedling height at day 9Normal seedlings (%) Dry weight of 10 seedlings
(cm) (cm) (9)

Variety W D W D W D W D W D
91B33 13.48] 12.641 0.26 0.31 1.800 1.021 -0.79] 2.00] 0.0781 0.13101
Fahari 10.001 10.107 0.17 0.15 1.79] 0.36 2.0 0.25 0.0571 0.138]
Kwale 16.597 17.121 0.27 -0.39 1.181 -0.4d1 2.001 0.75 0.0231 -0.009
Mbuni 17.26] 18.88] -0.41 0.683 0.37 0.731 0.25 1.25 0.0270 0.1291
Chiriku 7.121 16.191 0.28 -0.40 1.631 0.35 2.291 0.00 0.0661 0.1231
Kongoni 15.761 12.11 0.6 0.72] 0.84] 3.491 0.25 3.0 0.0241 0.144]
Nyangumi 12.50Q] 11.177 0.01 0.5711 0.810 1.611 0.00 -0.25 0.064] 0.16%]
Mbega 13.4711 12.201 0.02 0.23 1.681 0.6Q1 1.971 -1.25] 0.080 0.0761

* Difference is significant at P = 0.05.
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The damage on seed quality due to infestation neaynbasured by subtracting the
mean for seeds or seedlings from infested parg@taakts from the mean of seeds or
seedlings from corresponding non-infested pareplahts. It was expressed most
clearly in 1000-seed weight, seedling height anddikeg dry weight (Table 3).

Except in the case of drought-stressed Kongonnifsignt damage was always
observed with respect to 1000-seed weight. Similatl was only in the case of
drought-stressed Kwale that the damage of seedVinifpsrespect to dry weight was
not significant. Most of the damages in seedlingieat day 5 were not significant.
However, at day 9 most of the damages were sigmificT his indicates that seedlings
derived from non-infested parental plants grew miti@n the ones from infested

parental plants, hence the greater damage at day 9.

DISCUSSION

Both infestation and watering interval had sigrfit effects on the measured seed
quality traits. The significant interaction betweeariety and infestation for most of
the traits implies that varieties responded diffiélse to infestation. Similarly, the
varieties were differently affected by wateringeimal as shown by the significant
interaction between variety and watering inter¥éle watering interval, however, did
not differently influence the effect of infestatias shown by the non-significance of

their interactions.

Reductions in seed size and test weight have besotiated with reduction in seed
quality in wheat (Evans and Bhatt, 1977; Nelsor97)9 RWA infestation caused
significant reductions in 1000-seed weight in bttle well-watered and drought-
stressed plants. This implies that wheat fieldseegpncing any of these conditions are
likely to produce seeds of lower quality than nofested fields. Contrary to our
expectation, the drought-stress treatment did eatl Ito a reduction in 1000-seed
weight. In fact, on average, the drought-stressadt® produced significantly heavier
seeds than the well-watered plants. This couldugetd a higher number of aphids on
the well-watered/infested plants than in the dratgglessed/infested plants,

especially in the later stages of development (@&hap). It is also possible that the
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lower seed set in the drought-stressed plants cadpaith the seed set of well-
watered plants reduced the impact of drought inféhneer by reducing the sink size

and enabling a better filling of the fewer seeds.

The rate of seedling development has often beeth asan indicator of seed vigour.
Seeds with higher vigour give rise to stronger &asder growing seedlings (Sharma
and Anderson, 2003; TeKrony and Egli, 1991). That fhat in most of the varieties
seedlings from non-infested plants grew (in heighre than those from infested
plants between day 5 and the day 8 indicates tN®A infestation in wheat seed
fields could result in reduced seed vigour in tlavhsted seed. With respect to
seedling height, drought stress resulted in areas®d damage due to infestation in
some varieties, such as Kongoni and Nyangumi. Hewdwar some varieties, such as
Fahari, Chiriku and Mbega, infestation resultedhigreater damage, with respect to
seedling height, in seedlings of well-watered thmthose of drought-stressed plants.
The different reactions shown by the varieties ddag due to the different levels of
drought stress that the different varieties wengosed to. Though watered at similar
intervals, the varieties could be utilizing watérdéferent rates resulting in different
stress levels. Due to different growth rates, theeties were not exactly at the same
growth stage at the time of infestation and comraerent of the stress treatment.
This could also have contributed to the differenoeseedling vigour exhibited by the

different varieties.

Although drought stress generally did not lead teduction in seed size, it led to a
significant reduction in percentage of normal segdl and a greater deterioration of
the seeds as shown by a lower percentage of viads following the accelerated
ageing test. This implies that drought stress coéde interfered with some
physiological and/or biochemical process duringdsekevelopment, leading to

reduced seed quality. These findings need furtherstigation.

The results indicate that RWA infestation redudes quality of the seeds produced
by infested plants. This implies that in a systehere the harvested grain is used as
the seed for the next crop, the effect of infestatis carried forward to the next
generation. This effect is even more considerdliteeiinfestation of the parental crop

is accompanied by dry conditions. As generally sedm infested plants lose
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viability faster than seeds from non-infested atihe poor seed storage conditions
often found in farms will further increase lossesfirmers who use farm-saved seed.
If farmers are unable to spray against RWA in tlields, they can reduce losses in
the next crop by spraying only the part of thedfig’lom which the seed crop will be
harvested.
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CHAPTER S

Genetic variation in the Russian wheat aphid resistant wheat line
Pl 294994 and inheritance of resistance in crosses with Kenyan wheat

varieties

ABSTRACT

Morphological and molecular variations within theifRian wheat aphid (RWA)
resistant winter wheat line Pl 294994 were studiddso studied were the
effectiveness of its resistance against four KerfigdA isolates and the genetics of
the resistance. Among 40 PI 294994 plants, twotplaeraded much earlier than the
rest. These two plants also had AFLP fingerprinternt from the others and did
not require vernalization. Altogether this indicatbat Pl 294994 consists of different
lines. Regardless of the observed differenceghallPl 294994 plants were resistant
to all four Kenyan RWA isolates, whereas Halt, &ieotwinter wheat reported to be
resistant to RWA in the USA, was susceptible. krnesses of three Pl 294994
derived lines, which differed with regard to morfggcal and/or AFLP markers, did
not show segregation for RWA resistance in the@fosses between the three lines
and two Kenyan wheat varieties producedpBpulations with different segregation
ratios for RWA resistance. While segregation raiiosome E populations fitted the
model in which resistance is controlled by one dwnt and one recessive gene, the
segregation ratio in one population fitted only ¢ime dominant gene model.

Key words. AFLP markers, Breeding for resistance, Russian waghid,Variations
in Pl 294994,
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INTRODUCTION

Significant yield and quality losses due to the $tas wheat aphid (RWAX(uraphis
noxia Mordvilko) have been documented around the wobld {Toit and Walters,
1984; Du Toit, 1988; Miller and Haile, 1988; Peaasd Pilcher, 1988; Pike and
Allison, 1991; Elsidaig and Zwer, 1993; Robinso®93; Saidi and Quick, 1996;
Kinyua et al., 2001). The aphid causes characteristic longialdeaf chlorosis, leaf
rolling and stunted growth (Hewiét al. 1984; Kiriacet al., 1990; Milleret al. 1994;
Zwer et al. 1994). Extensive chlorosis leads to death of tplawhile leaf rolling
retards plant development. Rolling of the flag Je&hr example, delays ear
emergence, leading to sterility of florets. Theidpk devastating because of its direct
injury to the cereal plant and the effect of the/tploxin it injects during feeding
(Smithet al. 1991).

In South Africa, where the aphid was first reportede a serious pest of wheat and
barley, yield losses of between 35 and 60% wererded (Du Toit and Walters,
1984). The Russian wheat aphid is a relatively peat of wheat in Kenya. It was
first identified in farmers’ fields in 1995 (Macharet al., 1999). It then spread
quickly to all the wheat growing areas of the coyiaind it became evident that all the
commercial wheat varieties in Kenya were suscepttol RWA (Malingaet al.,
2001). In Kenya, the damage usually appears whepsdnave attained the tillering
stage. Yield losses ranging from 25 to 90% havenlbeported (Machariat al.,
1999).

Insecticide application is normally the first stiggken to control RWA. In South
Africa, annual large-scale aphicide applicationgemaitially used to protect crops
from RWA (Du Toit and Walters, 1984; Du Toit, 1989he characteristic habit of
RWA of rolling cereal leaves, however, makes itatoal difficult since it secludes
itself within the rolled leaves. Aphids secluded thre rolled leaves are partially
protected from natural enemies and from contactaimsdes, thereby necessitating

farmers to use systemic insecticides. Systemic cajgs, however, are very
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expensive. Altogether, the most effective, econamiand environmentally safe
option of controlling RWA is the use of resistanttivars (Elsidaig and Zwer, 1993;
Zhanget al. 1998).

Several wheat introductions, most of them from@heoxia area of origin, have been
found to possess resistance to RWA. These include8P739 and Pl 262660 with
genesDnl andDn2, respectively (Du Toit, 1987), Pl 372129 wiiim4 (Nkongoloet
al., 1991b), Pl 294994 witBn5 (Marais and Du Toit, 1993) and Pl 243781 with
(Saidi and Quick, 1996). These lines have somedd@#ages that render them
useless as commercial varieties and the resistgeces have to be transferred to
adapted cultivars. Scientists at Colorado Statevéreity (USA) have developed
several RWA resistant cultivars carrying tha4 gene (Quicket al., 1996; Peairst
al., 1999; 2003).

Two RWA-resistant wheats, Pl 294994 and Halt, wereived from Dr. J. Quick of
Colorado State University to be evaluated for gmesuse in the Kenyan breeding
programme. Pl 294994 is a winter wheat line, oagimg from Bulgaria, which has
been found to have excellent resistance to thei&usgheat aphid (Du Toit, 1990;
Elsidaig and Zwer, 1993; Zhargy al., 1998). Halt contains the resistance gbmd
derived from the resistant line Pl 372129 from fibvener Soviet Union (Nkongolet
al., 1991a; Quiclet al., 1996).

Different researchers have come up with differesults as regarding the number and
types of resistance gene(s) present in Pl 2949%4ais! and Du Toit (1993) reported
that resistance in Pl 294994 was controlled by dominant gene, while Saidi and
Quick (1996) reported that the resistance was obhatt by two dominant genes.
Elsidaig and Zwer (1993) reported that resistandeli294994 was controlled by one
dominant and one recessive gene. Dong and Quicksjl8btained f segregation

data which strongly supported the latter hypothesis

Apart from the number of genes controlling RWA séaince in Pl 294994, there have
also been conflicting results concerning the ateliof the resistance gene(s) in this
line with resistance genes in other lines. Maraid Bu Toit (1993) found that the

resistance gene in Pl 294994 is not allelic tordsstance genddnl, Dn2, dn3 (a
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recessive gene) andnd, and they designated @n5. However, Saidi and Quick
(1996) suggested that Pl 294994 has at least on& Rdsistance gene in common
with each of the lines PI 13773Brfl), Pl 262660 Dn2), Pl 372129 Dn4), and PI
243781 Dn6) since no susceptible plants were observed,ipdpulations of their
crosses with Pl 294994. Zharay al. (1998) concluded that the different results
reported by the different researchers on the itdreze and allelism of the resistance
genes in Pl 294994 were due to the presence dreiff RWA-resistant selections
within P1 294994. If variations exist within Pl 2894, then it is understandable that
different scientists arrived at different conclusoconcerning the control of RWA

resistance.

The objectives of this study were to:

1. study morphological variations among Pl 294994 {sladuring growth in a
greenhouse

2. study variations within Pl 294994 by means of ARlgerprinting

3. investigate the effectiveness of RWA-resistanceegenf Pl 294994 and Halt
against Kenyan isolates of RWA by infesting seegilinof the two wheats with
RWA and observing the damage

4. determine the allelism and inheritance of RWA-@sise genes in three PI
294994 plants differing with regard to morphologicand/or AFLP
fingerprints

5. initiate a programme to transfer RWA resistanckdayan wheat varieties.

MATERIALSAND METHODS

Morphological variation within Pl 294994

Seeds of Pl 294994 and Halt were kindly obtainednfiDr. J. Quick of Colorado
State University, USA in February 1999. For the ¥a@m varieties the seeds were
obtained from the Kenya Plant Health InspectoraeviSe (KEPHIS) Seed Quality
Control Centre, Nakuru and Kenya Seed Company Nakuru, Kenya. Based on
reports (Zhangt al., 1998) that there is non-uniformity in the RW/sisgant line Pl
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294994, we decided to work with seeds from indigidal 294994 plants. Forty seeds
of PI 294994 were planted singly in pots in theegieuse. Four plants of Halt were
planted similarly to enable the comparison of hundjedays to flowering and enable
comparison of AFLP markers. Planting was done ibrk&y, 1999 in Wageningen
University, The Netherlands. At the 2-leaf stadee $eedlings were transferred to a
vernalization chamber maintained at a temperatfid’® and a photoperiod of 8 h
daily. Vernalization was done for 45 days. Afternadization, the seedlings were
returned to the greenhouse af@0and morphological observations were made to
detect any differences among the Pl 294994 pl#atsong the traits observed were
number of days to heading and number of days tieears. When the plants were at
the tillering stage, about 200 mg of fresh leaf gles were taken from each plant for

DNA analysis.

DNA extraction

The frozen leaf samples from the 40 Pl 294994 (neded Pl 1 to Pl 40) and 4 Halt
seedlings (total of 44 samples) were crushed imwder in 2 ml tubes and 1 ml
CTAB (65°C) was added and mixed on a vortex. The tubes thereincubated in a
shaking water bath at 85 for 90 minutes. During the 90 minutes, the tubetents
were mixed every 15 minutes by inversion. Aftem@utes, the tubes were removed
from the water bath and allowed to cool for 5 masutbefore adding 0.8 ml
chloroform/isoamyl alcohol (24:1). The tubes wdrert shaken by inversions for 10
minutes before centrifuging at 1300 rpm for 5 masutDNA was precipitated by
pipetting the aqueous layer (supernatant) into & 8eml tube, adding an equal
volume of iso-propanol (2-propanol), shaking byarsions and centrifuging at 1300
rpm for 5 minutes. The DNA pellets were then ringgth 76% ethanol and dried by
leaving the tubes to stand for 1 h. The pelletsewaissolved in 20Qul TE buffer
before adding 1Qul RNAse and incubating for 30 minutes. The DNA whsen
precipitated by adding 0l 2.5 M NaCl and 0.6 ml 96% ethanol, leaving tanst&or
10 minutes, mixing gently and then centrifuging1l800 rpm for 5 minutes. The
aqueous layer was poured out and the DNA pellet washed with 0.1ml 76%
ethanol, dried for 30 minutes in vacuum and dissdlin 50ul TE buffer before

storing at —2€C.

81



Chapter 5

DNA restriction and primer selection

Two sets of restriction enzymes were tried. In sek the rare cutter w&oRI and

the frequent cutter wadlsel, while in the other set, the rare cutter viRetl and the
frequent cutter waMsel. 0.5 ug of DNA from each of the 44 samples was digested
by preparing a 4Ql digestion reaction mixture for each samplel(®NA, 0.5 ul 5U
EcoRI/Pstl, 1.0ul 5U Msel, 8 ul 5xRL buffer and 25.511 deionized water). The
mixtures were incubated for 2 h at’G7

Adaptors were ligated to the restricted DNA by addiOul of a mixture containing
1.0 ul EcoRI/Pstl adaptor, 1.0ul Msel adaptor, 1.0ul 10mM ATP, 2.0ul 5% RL
buffer, 1.0 ul 1U T, DNA ligase and 4.Qul deionized water. The mixture was
incubated for 4 h to obtain the primary template.

During the primer selection stage only 12 out & 44 DNA samples were used, with
several primer combinations being used for eachpkanil5 ul of the primary
template was diluted 10 times and used in pre-dicgtiion to generate the secondary

template. The adapters and primers used in the Afaf@cols are listed in Table 1.
The primer combinations used for pre-amplificatrogre:

EcoRI/ Msel primers: A = EOTY/ M02** (template A)
B = EG2M22* (template B)
Pstl/ Msel primers: ~ C = PO/ M02™* (template C)
D = PBOM22*2 (template D)

N.B. The superscripts represent the number of sedegucleotides

For the radioactive PCR, the two rare cutter prsnEcoRI| and Pstl were labelled
with **P. The E-primers labelled were E3&nd E36*, while the P-primer labelled
was P11% In the active PCR the following primer combinasowere tried for the

above templates:
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Template A: E367 M543

Template B: E38/ M54-G™, E36-A™ M54-G™, E36-A™ M54-GC™®
Template C: P1'H M54*3

Template D: P1¥/ M54-G*, P11 M54-GC”, P11% M50

The primer combinations that gave the best patterae used to perform AFLP

analysis on all the 44 DNA samples.

Table 1. List of adapters and primers used

Adapter or Primer Sequences
EcoRI adapter CTC GTA GAC TGC GTA CC

CTG ACG CAT GGT TAA
Universal E-primer (E00) 5- GAC TGC GTACCAATTC-3
E01™ 5- GAC TGC GTA CCAATT CA-3
E0Z* 5- GAC TGC GTA CCA ATT CC -3
E36" 5- GAC TGC GTA CCA ATT CAC C -3
E36-A™ 5- GAC TGC GTA CCA ATT CAC CA -3
Msel adapter GAC GAT GAG TCC TGA G

TA CTC AGG ACT CAT
Universal M-primer (MO®) 5- GAT GAG TCC TGA GTAA -3
M02*t 5- GAT GAG TCC TGA GTA AC -3
M22+2 5- GAT GAG TCC TGA GTA ACC -3
M50*3 5- GAT GAG TCC TGA GTAACAT -3
M54*3 5- GAT GAG TCC TGA GTAACC T -3
M54-G* 5- GAT GAG TCC TGA GTA ACC TG -3
M54-GC™ 5- GAT GAG TCC TGA GTA ACC TGC -3
Pstl adapter CTC GTA GAC TCG GTA CAT GCA
CAT CTG ACG CAT GT

Universal P-primer (P06) 5- GAC TGC GTA CAT GCA G -3
P11 5- GAC TGC GTA CAT GCA GAA -3
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Testing for resistance to Kenyan RWA isolates

It had earlier (Chapters 2 and 3) been observetdRh294994 was resistant to the
Kenyan RWAs found in the Eldoret area, while Hadtsvgusceptible. In this study we
checked whether the two wheats reacted similarRR\WoA isolates from four regions
of the country. Aphids were collected from wheatds in four major wheat-growing
regions of Kenya, namely Nakuru, Eldoret, Laikipiad Narok districts in February
2001. The aphids were transferred onto young wipdats and taken to Moi
University where they were raised in isolation ooug plants of a mixture of
Kenyan wheat varieties in the greenhouse. Thesesplere used in a three replicate
Randomised Complete Block Design experiment in twhiwo Kenyan varieties,
Mbuni and Kongoni, together with the winter wheatrigties Halt and Pl 294994
were used. In all, there were 60 flats (4 aphidaies and 1 placeb® 4 wheat
varietiesx 3 reps). Fifteen seedlings of each variety wetabdished per flat. They
were infested with three adult aphids at the twad-ktage. Observation for damage
was done two weeks later. The placebo was the miested control flat for each
variety and replication. Assessment was done fairdalorosis and leaf rolling using
the methods described by Nkongaoal. (1989). The seedlings were also observed
for plant height (length (cm) from the base of seedling to the tip of the uppermost
fully emerged leaf), number of leaves per plant &otdl leaf length (cm). Each plant
was scored/ measured separately and the meanpeddiat was determined for each

character.

Allelism and inheritance studies

Results of the morphological observations and tReFAanalysis of the 40 Pl 294994
plants (Pl 1 to Pl 40) enabled the classificatidrth@ plants into three groups of
closely resembling plants. Morphologically, two gps (early and late maturing)
were identified. AFLP analysis also separated betw#e two groups but also
divided the late maturing group into two. The twoups of late maturing plants were
designated group 1 and 2, respectively, while tlo&ig of early maturing plants was

designated group 3. Three plants, designated Pan®®3, were selected from group
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1, group 2 and group 3, respectively, for use edlelism and inheritance studies of
the RWA-resistance gene(s) in Pl 294994. Linesionétafrom P1, P2 and P3 were
intercrossed and crossed with two Kenyan varigfidésuni and Kongoni) to study

allelism of their resistance gene(s) and the itéwece patterns of the gene(s). This

was done in the following way:

During a period of five weeks in January and Felyr@®00, weekly planting of 20
seeds harvested from each of the three Pl 294%84spivas done in the greenhouse.
The 20 seeds were planted in 2 flats (10 seedghemeasuring 30 cm x 20 cm x 10
cm, containing a mixture of forest soil and sand ablume ratio of 2:1. In total there
were 30 flats (3 lines x 5 planting dates x 2 jla@ne week after emergence, the
seedlings were transferred to a vernalization clanhaintained at °€ and a
photoperiod of 8 h daily for a period of seven wee®ne week before the end of
vernalization, weekly planting of Mbuni and Kongatarted in the greenhouse. Like
in the case of the P1, P2 and P3 derived lineseékly planting dates were used for
the Kenyan varieties, resulting in 20 flats beitenped (2 varieties x 5 planting dates
x 2 flats).

When the plants had attained the heading stages flats of each of the three lines
and the two Kenyan varieties were isolated fromrdst. At anthesis all the plants in
these flats were emasculated. P1, P2 and P3 wereititercrossed and each was
crossed with both Kenyan varieties. The crossesemaere: P1 x Mbuni, P1 x
Kongoni, P2 x Mbuni, P2 x Kongoni, P3 x Mbuni, P¥Xangoni, P1 x P2, P1 x P3,
and P2 x P3. After pollination, the ears were bdgged the plants were left to grow

to maturity. Finally, seeds were bulked per cross.

a) Allelism studies

Sixty F; seeds resulting from each of the crosses betwg&eRZPand P3 were planted
in the greenhouse, in three flats as describedeaf®¥y seeds per flat). The seedlings
were vernalized for seven weeks and returned t@teenhouse where they grew to
maturity. The E seeds from each cross were bulked and 26@&ds from each cross
were planted in 10 flats (20 seeds per flat). A&t 2hleaf stage, the;Beedlings were
infested with 3 adult aphids. Two weeks after itdgen, the seedlings were observed
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for expression of leaf damage symptoms. The allelationships between the RWA
resistance gene(s) in P1, P2 and P3 was determinsuaidying the segregation in the
F, populations from the crosses. Any segregation RWA susceptibility and
resistance in anMpopulation would indicate that the genes contglliesistance in

its two parents were non-allelic.

b) Inheritance studies of the RWA resistance gene(s) in the three Pl 294994 derived

lines

The R seeds harvested from the 6 crosses between PAndPP3 with the Kenyan
varieties Mbuni and Kongoni were used to studyititeritance patterns and hence
the number of genes controlling resistance in linegt lines.

Sixty F seeds from each cross were planted in 3 flatekargteenhouse. At the time
of planting the I seeds, one flat (20 seeds) for each of the resigtaental lines P1,
P2 and P3 was also planted. The seedlings werahzzd at the 2-leaf stage and one
week before the end of vernalization, the Kenyaremis, Kongoni and Mbuni were
also planted in the greenhouse, in a staggered enasach that they would flower
simultaneously with theFplants. Upon their transfer back to the greenhotieehR
seedlings, together with their Pl 294994 and Kenparents, were infested with 3
adult RWA per plant. Observations for resistancehi@  plants were made two
weeks after infestation. Further, the number ofidggper plant in the J/lants of P3

x Mbuni and P3 x Kongoni were counted and comptodHose on the three parents.
The decision to pay more attention to the crosseslving P3 was due to the
discovery that P3 has the spring wheat growth tgpaking it more suitable for use in
Kenyan breeding programmes. The plants were thewed to develop to the
anthesis stage when the Kenyan parents were eratstand backcrossing was done
with the F to produce the BCseeds. Some of the plants from each of the 6 crosses
were left to produceFseeds.

The number and type of resistance genes presé&tt,iR2 and P3 was determined by

studying the segregation for RWA resistance in Bhgopulations. From each, F
population, 200 seeds were planted in flats inghreenhouse. Twenty seeds were
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planted in each flat as described above. In tbiiet were 6 5 x 10 flats = 60 flats.
At the two-leaf stage, the seedlings were testedRIWA resistance by infesting each
seedling with three adult aphids. Leaf symptomseveeored 2 weeks after infestation
to determine the numbers of resistant and susdeptlants. These numbers were
determined for each;fand used to determine the number of resistanocesgarthe Pl
294994 lines by means of the goodness of fit test.

Few BG seeds were obtained and segregation ratios werestndied. Upon
discovering that the P3 line did not require vemaion to develop to the
reproductive stage, the BCkFom the P3x Mbuni and P3x Kongoni were used in

further backcrosses in an ongoing programme toldp\RWA resistant varieties.

Data analysis

Data for leaf chlorosis, leaf rolling, plant heigimumber of leaves per plant were
analysed using the SPSS programme release 10.:Deents were separated using the
Duncan Multiple Range Test. The Chi-square test wgasl to determine the number
of resistance genes in the Pl 294994 lines. Thergbd numbers of resistant and
susceptible Fplants were tested against the expected numbsegetgation ratios of

3:1, 13:3 and 15:1, corresponding to one dominamteg one dominant and one

recessive gene and two dominant gene models, tesggc

RESULTS

Variation in Pl 294994

Morphological observations

In the greenhouse studies, two plant types werectkst in terms of earliness. Out of

the 40 Pl 294994 plants, two plants grew fasterr@agdhed the heading stage much
earlier than the rest (Figure 1). The two earlyuriag plants were morphologically
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similar to each other, while the plants in the la&turing group exhibited only small

differences in number of days to heading.

16 -
14 -

Number of plants
= P
o N » » (0] o N
Il Il Il Il Il Il Il

30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47

Number of days to heading from end of vernalization

Figure 1. Number of days to heading for the 40 $49B4 plants after they were removed from the

vernalization chamber. Two plants were much eatttian the rest.
AFLP studies

The autoradiogram obtained with the primer comlimaof E36%/ M54-G™ showed
10 polymorphisms among the 40 Pl 294994 plantsaad (315 bp) between the PI
294994 plants and Halt (Figure 2). The 10 polymarfands among the Pl 294994
plants had sizes 338, 323, 310, 269, 263, 251, P23, 142 and 103 bp. Although
Halt is supposedly a uniform variety, some polynmisms were detected among the
4 plants included in the test. These were markérs281 and 103 bp.

Based on the polymorphisms at the 10 band posidaomeng the Pl 294994 plants, the
plants could be classified into three groups okelp resembling plants (Table 2).
Generally, group 1 plants showed all the polymardiands except the 338, 269 and
251 bp bands. Group 2, in which about 75 % of tlaatp belonged, had plants that
showed only the 323, 310, 223, 153 and 103 bp baRds third group was the

smallest and had only two plants (Pl 17 and PI 38ese two plants had marker

profiles that were very different from those of flants in the other two groups. The
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group expressed polymorphic bands with 338, 263, 261, 223 and 142 bp and
shared only three bands with plants in group laredband with plants in group 2.

33¢

32¢

31t

31C

281

26¢

268

251

223

15¢

14z

10z

Figure 2. AFLP polymorphic markers generated bynpri combination E38/ M54-G™ among 40
plants of Pl 294994 (PI 1 to PI 40) and 4 plantsiaft. Pl 1 is in lanes 1 and 2 followed by Pl ZPto
24. The molecular size marker (M) is between Pa2d Pl 25. The 4 lanes of Halt come after Pl 40.
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Table 2. Polymorphisms observed among 40 Pl 294%89(PI 1 to Pl 40) when using the primer

combination E38 / M54-G™. (+) represents presence of the band while @#eeents its absence.

AFLP polymorphic markers (bp)

Group Plant

No. 338 323 310 269 263 251 223 153 142 103
1 PI1 - + - - + - + + + +
1 P17 - + - - - + + + +
1 Pl 15 - + + - + - + + + +
1 PI 20 - + + - + - + + + +
1 Pl 21 - + + - + - + + + +
1 Pl 22 - + + - + - + + + +
1 Pl 24 - + + - + - + + + +
1 Pl 26 - + + - + - + + + +
1 PI 37 - + - - + - + + + +
2 Pl 2 - + + - - - + + - +
2 Pl 3 - + + - - - + + - +
2 Pl 4 - + + - - + + + - +
2 PI5 - + + - - - + + - +
2 Pl 6 - + + - - - + + - +
2 PI 8 - + + - - - + + - +
2 P19 - + + - - - + + - +
2 P1 10 - + + - - - + + - +
2 Pl 11 - + + - - - + + - +
2 Pl 12 - + + - - - + + - +
2 PI 13 - + + - - - + + - +
2 Pl 14 - + + - - - + + - +
2 Pl 16 - + + - - - + + - +
2 P118 - + + - - - + + - +
2 Pl 19 - + + - - - + + - +
2 Pl 23 - + + - - - - + - +
2 Pl1 25 - + + - - - + + - +
2 Pl 27 - + + - - - + + - +
2 Pl 28 - + + - - - + + - +
2 Pl 29 - + + - - - + + - +
2 Pl 30 - + + - - - + + - +
2 Pl 31 - + + - - - + + - +
2 PI 32 - + + - - - + + - +
2 PI 33 - + + - - - + + - +
2 Pl 34 - + + - - - + + - +
2 P1 35 - + + - - - + + - +
2 P1 36 - + + - - - + + - +
2 P139 - + + - - - + + - +
2 P1 40 - + + - - - + + - +
3 Pl 17 + - - + + + + - + -
3 Pl 38 + - - + + + + - + -
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Screening for resistance to Kenyan RWA isolates

Aphids from the four locations showed significardnthge levels on susceptible
Kenyan varieties (P = 0.05) when compared with dbetrol (Table 3). Infestation
with aphids from all the locations resulted in sigant levels of leaf chlorosis and
leaf rolling. Plant height, number of leaves panpland total leaf length were also
significantly reduced. Observations on leaf chl@omdicated that aphids from
Nakuru caused significantly more damage than tlimse Eldoret. However, for the
other characters, the damages caused by aphids dibenent locations were not

significantly different.

Table 3. The mean effects of infestation with défar RWA isolates on susceptible varieties (Mbuni
and Kongoni) with respect to leaf chlorosis, ledfimg, plant height, number of leaves per pland an

total leaf length per plant. The means for nonstdd plants are included for comparison.

Source of RWA Chlorosis Leaf rolling Plant heightNo. of leaves Total leaf
isolate (cm) length (cm)
Non-infested 1.00a 1.00a 26.35a 6.20a 113.37a
Eldoret 3.91b 2.34b 23.52b 5.25b 81.60b
Nakuru 5.04c 2.36b 23.32b 4.90b 71.86b
Laikipia 4.48b 2.44b 22.85b 4.98b 77.09b
Narok 4.31b 2.46b 21.98b 5.03b 71.74b

Values followed by the same letter are not sigaifity different from each other according to
Duncan’s Multiple Range Test (P = 0.05).

Based on leaf chlorosis and leaf rolling score292994 was resistant to aphids from
all the locations. The damage on Pl 294994 wasfaigntly lower (P = 0.01) than
for Mbuni, Kongoni and Halt (Table 4). Mbuni hadetlighest level of chlorosis
(4.81). It was significantly higher than for Ha#t.19). The score for Kongoni was
intermediate between the two. For leaf rolling, tHeld the highest score: 2.7. It was
significantly higher than the scores for Mbuni (3.and Kongoni (2.36).
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Table 4. Average chlorosis and leaf rolling scomsMbuni, Kongoni, Pl 294994 and Halt across
aphid isolates from different locations.

Variety Chlorosis score Leaf rolling score
Mbuni 4.81c 2.37b

Kongoni 4.39hc 2.36b

Pl 294994 1.60a 1.05a

Halt 4.19b 2.70c

Means followed by the same letter are not sigmifilsedifferent

from each other according to Duncan’s Multiple Rangst (P = 0.05).

Since Mbuni, Kongoni and Halt were susceptible phids from the four locations
based on chlorosis and leaf rolling, and Pl 294984 highly resistant to aphids from
all the locations, it is unlikely that there wernéfatent biotypes of the aphid in the 4
wheat growing areas. Due to its high resistance292994 was considered to be a
useful source of RWA resistance in Kenyan wheatdirg programmes.

Putative allelism of RWA resistance gene(s) in Pl 294994-derived lines

The F, populations obtained from intercrosses betweerthitee Pl 294994-derived
lines (P1, P2 and P3) did not segregate for RWAstasce. The 200 Fseedlings
from each of the crosses were all resistant to RiN@icating that the three parental
plants carried the same resistance gene or tighkgd ones (in case different genes

are involved).

RWA resistance in F; and segregation for resistancein F»

All the F, plants from all six crosses between the Pl 294@dved lines and the
Kenyan varieties were resistant to RWA: there wawsesymptoms of chlorosis and
leaf rolling. The resistance was as high as i tAe294994 derived parental lines. In
the ks the numbers of aphids per plant were also mueskridhan in their Kenyan
parents, but they were slightly higher than in &8gsistant parent (Figure 3).
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Figure 3. Number of aphids per plant in twgs and their parents. P3 is one of the RWA resistant
single seed derived lines from Pl 294994.

Table 5 shows the observed frequencies of RWA tesgisand susceptible ;F
seedlings from the crosses between Pl 294994 dklives P1, P2 and P3, and two
Kenyan varieties Mbuni and Kongoni. The observeddiencies were tested against
the frequencies expected for a one dominant germeina two gene model in which
resistance is conferred by a dominant allele atlooes and a recessive allele, when
homozygous, at the second locus, and a two domgeards resistance model. For the

two gene models, independent segregation for thpeses was assumed.

The Chi-square goodness-of-fit test for thepBpulations indicated that two genetic
models could fit the observed segregation data. Mbeels that fit the observed
segregation are indicated by non-significghvalues. At the 0.05 probability level,

the numbers of resistant to susceptible planthénf populations fitted the 3:1 ratio

for P2 x Mbuni and P3 x Kongoni crosses. ThesEgregation in the four other
crosses did not fit the 3:1 model as indicatediggifcant (P = 0.05)%* values.

The ratios of resistant to susceptible plants @Rhpopulations of P1 x Mbuni, P1 x
Kongoni, P2 x Mbuni, P2 x Kongoni and P3 x Mbuhtlffie 13:3 ratio, indicating that
RWA resistance is controlled by two genes, one damtiand one recessive. Among
the 6 crosses, only P3 x Kongoni produceglénts with a segregation ratio that did
not fit the 13:3 ratio.
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Table 5. Observed and expected frequencies otaaesiand susceptible plants in thepBpulations, ang? values for the expected ratios. The ratios of 8313 and 15:1 are

those expected for 1 dominant resistance genemindat and 1 recessive resistance gene and 2 dommgsistance genes, respectively.

Frequency for expected ratios x? for expected ratios
Cross Category Observed 31 13:3 15:1 3:1 13:3 15:1
frequency

P1 x Mbuni Resistant 158 144.8 156.9 179.2 4.85] 0.043 35.3121T]
Susceptible 35 48.3 36.1 13.8

P1 x Kongoni Resistant 162 144.8 156.9 179.2 8.2211 0.895 23.265117
Susceptible 31 48.3 36.1 13.8

P2 x Mbuni Resistant 155 148.5 160.9 183.9 1.14 1.170 63.64911]
Susceptible 43 49.5 37.1 14.1

P2 x Kongoni Resistant 165 147.0 159.3 182.0 8.82T1 1.085 22.34411]
Susceptible 31 49.0 36.7 14.0

P3 x Mbuni Resistant 154 141.8 153.6 175.5 4.241 0.005 37.034111
Susceptible 35 47.3 354 13.5

P3 x Kongoni Resistant 137 1425 154.4 176.5 0.85 10.51511 123.756111
Susceptible 53 47.5 35.6 13.5

0 [ Osignificant at P = 0.05, 0.01 and 0.001, respebtiv
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None of the EFpopulations fitted the 15:1 ratio for the two doamt resistance genes

model as indicated by highly significant (P < 0.pglvalues for all crosses.

DISCUSSION

Results from previous studies (Zhaeg al. 1998) suggested that Pl 294994 is
composed of different lines. The results from thtisdy give further support to this
suggestion. The two early maturing plants diffefien the rest in many respects,
including vernalization requirement and AFLP maskeDespite the expressed
differences, the variant plants showed equallyngtn@sistance to Kenyan RWA. The
absence of segregation for resistance to RWA irFthmopulations of the intercrosses
of the P1 294994 variants indicates that they shateast one resistance gene, or that
the genes controlling resistance in these variarggightly linked. The small number
of aphids in line P3 and in its;$ compared with the susceptible Kenyan parent
suggest that the mechanism of resistance in thésidi either antibiosis or antixenosis

as opposed to tolerance.

In different studies, the number of genes confgrresistance to RWA in Pl 294994
has been reported to be one dominant gene, onendotrand one recessive gene and,
at times, two dominant genes. In this study, naewte was found that resistance in
any of the three Pl 294994 derived lines was ctlattdoy two dominant genes. In
both crosses involving P1, the segregation in ta@sisand susceptible; plants fitted
only the 13:3 ratio, indicating that in this linesistance is conferred by two genes,

one dominant and one recessive gene.

It is also likely that RWA resistance in P2 is aofied by one dominant and one
recessive gene. The segregation in resistant ascegtible E plants from P2 x
Mbuni, however, fitted both the 3:1 and 13:3 rafimsthe one dominant gene model
and the one dominant and one recessive gene miedpéctively. A study involving a
larger number of plants would determine whether sbgregation in resistant and
susceptible Fplants fits the 3:1 or 13:3 ratio. The segregafmrthe F, from the P2

x Kongoni cross, however, fitted only the 13:3aatndicating that resistance is due

to one dominant and one recessive gene.
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The two K populations from crosses involving P3 fitted diéfiet segregation ratios.
P3 x Mbuni produced#plants fitting the 13:3 ratio, while the fFom P3 x Kongoni
fitted the 3:1 ratio. A test for homogeneity showtedt the overall proportions of
resistant and susceptible plants fit a 13:3 ratith a pooledy” equal to 0.646 (1 d.f.,

P = 0.25-0.5). There was, however, a large heteite;” equal to 13.036, P = 0.01-
0.025 among the proportions in the fdepulations. This shows that the segregation
ratio in the | population of P3 x Kongoni is significantly difeart from the ratios in
the other k populations. There is no clear explanation fas thscrepancy as it would
suggest that RWA resistance in P3 is expressedrdiftly in different backgrounds.
Since it was not possible in this particular sttmlyheck the segregation ratios in the

backcross populations, further investigations ekthsegregations are needed.
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CHAPTER 6

Possible AFLP marker (s) for Russian wheat aphid resistance gene(s)
in aline selected from Pl 294994

ABSTRACT

The wheat accession Pl 294994 was found to podsghsresistance to Kenyan
isolates of the Russian wheat apHdufaphis noxia Mord.) A line, P3, derived from
Pl 294994 was selected for use in our breedingrprome since it does not require
vernalization and hence is more suitable to Kerg@amditions. The emergence of new
aphid biotypes necessitates combining more than resistance genes in future
varieties. This will be done more efficiently withe use of marker assisted selection.
Two backcross selfed (BS;) populations from crosses between P3 and two Kenya
varieties, Mbuni and Kongoni, were used in AFLP Igsia to identify markers
associated with the RWA resistance. Out of 224 ericombinations that were used
in bulked segregant analysis, only five combinatigmoduced polymorphisms that
could be related to resistance. AFLP analysis dfvidual plants from the bulks
showed the association of the polymorphic marketh thhe resistance to be rather
weak since some susceptible plants also exhibitedoinds specific to the resistant
bulk. More primer combinations should be testeddentify markers more closely

associated with the resistance gene(s) in this line
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INTRODUCTION

Significant economic losses due to the Russian wdyalsid (RWA) Diuraphis noxia
Mordvilko) have been reported in many parts of wald (Du Toit and Walters,
1984; Du Toit, 1988; Stoetzel, 1987; Morrison, 1988iller and Haile, 1988;
Robinson, 1993). Among the damage symptoms caus®WA are longitudinal leaf
chlorosis and leaf rolling. By secluding itselitive rolled leaves, the aphid is partially
or completely protected against contact insectecided natural enemies, making its
control difficult (Hewitt et al. 1984; Kiriac, 1990; Milleret al. 1994; Zweret al.
1994). The need to apply expensive systemic ingde8, coupled with the
environmental concerns on the use of insecticidaessitated the development of
RWA resistant cultivars (Webstetral. 1987).

Several RWA resistance genes have been discovéhey. includeDnl, Dn2 (Du
Toit, 1987),Dn4 (Nkongoloet al., 1991),Dn5 (Marais and Du Toit, 1993) aridn6
(Saidi and Quick, 1996). Developing RWA resistantticars requires a reliable
method of selecting plants containing a resistayaee. Although selection based on
phenotypic expression of leaf damage symptoms e lhused successfully in
breeding for RWA-resistant wheat, the method hasesbmitations. These include
the inability to perform screening in the absent®@WA and having to screen only
under conditions which favour survival of the apl{Mdichels and Behle, 1988).
Environmental influence on symptom expression masult in inaccurate
classification of phenotypes. Milleet al. (2001) reported that an average
misclassification rate of 10% for the greenhouseesung method is possible. It is
highly desirable to employ a screening techniqa ih based on molecular markers
linked to the resistance gene (laal., 1993; 1994).

Genetic variation among Russian wheat aphids haa demonstrated. Preliminary
evidence presented by Buehal. (1989) suggested that there was significant genet
variation among RWA collections obtained in TexaslbP68. Puterkat al. (1992)

also reported biotype differences in RWA collecteam different global locations.
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This raises the possibility that a RWA resistanmerce detected in one location may
not be effective against RWA from other locatiofifie high level of resistance
exhibited by Pl 262660 (Du Toit, 1989), for instanevas not expressed when using
RWA isolates collected in the United States (Nkdaga al., 1989). Recently, the
emergence of a new RWA biotype (Biotype B), whidtacks previously resistant
varieties containing thBn2 or Dn4 resistance genes, has been reported (Ratals
2003; Pengt al., 2003). The presence of RWA biotypes necessitatesporation of
more than one resistance gene in future varielibs calls for the use of marker
assisted selection (MAS), which allows more effitieselection than phenotypic

screening.

The identification of RWA resistance genes anddineclopment of resistant cultivars
may be accelerated through the use of molecularker&r Molecular marker

techniques have been used to identify and map gend8WA resistance in wheat
(Melchinger, 1990; Maet al., 1998; Myburget al., 1998). In recent years, several
molecular marker systems have been developed apliedgo a number of crop

species, including cereals. These include Regindiragment Length Polymorphism
(RFLPs), Random Amplified Polymorphic DNAs (RAPD$equence Tagged Sites
(STS), Amplified Fragment Length Polymorphisms (AHE), Simple Sequence
Repeats (SSRs) or microsatellites and Single Ntideed?olymorphisms (SNPs).

However, RFLP requires large amounts of DNA ank$s amenable to automation,

making AFLPs and SSRs more popular markers in tbreading (Korzun, 2003).

Pl 294994 is one of the accessions that has beerdfto possess a high level of
resistance to RWA. When tested in Kenya, Pl 294@84 resistant to isolates of
RWA from all the wheat growing regions, whereastHal RWA resistant cultivar
from USA, was susceptible. While Halt is known twspess a single dominant RWA-
resistance gené>(\4), there is yet no agreement on the number of R\&istance
genes in Pl 294994: different researchers repdmwdsn one and three resistance
genes (Marais and Du Toit, 1993; Elsidaig and Zw80Q3; Saidi and Quick, 1996;
Zhanget al., 1998).

In our studies, three distict lines (P1, P2 and &3)ved from Pl 294994 were all
equally resistant to Kenyan isolates of RWA. P3 lfael added advantage of not
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requiring vernalization, and thus was chosen fog irs the breeding programme
started at Moi University, Eldoret, Kenya. The albjee of the present study was to
identify AFLP markers linked to the RWA resistarymne(s) of P3.

MATERIALSAND METHODS

The Pl 294994 derived line designated P3 was cdosseMbuni and Kongoni.

Backcrosses of resistant F1 plants and selfingse vdeme following the scheme

below:
Cross A Cross B
P3x Mbuni P3x Kongoni
R x Mbuni fr x Kongoni
BG BG
O O
BGS; (population A) BES: (population B)

140 seeds from each B& were planted in flats in a greenhouse at Moi Ursig,
Eldoret, Kenya. At the two-leaf stage, each segdiias infested with two adult
RWA. The seedlings were scored for RWA damage tweks after infestation. The
seedlings were classified as either resistant sceqtible based on expression of leaf
chlorosis, leaf rolling and leaf folding. (These @ommon symptoms associated with
RWA attack on susceptible wheat). 96 seedlingsclwbbuld clearly be classified as

resistant or susceptible, were selected basedeainghenotypic appearance from the
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BC;S; of each cross for DNA analysis. Leaf samples fddADanalysis were
harvested from individual seedlings by cutting aldam leaf pieces, putting in paper

bags and drying in an oven at’65for three hours.

The dried leaf samples were used at the LaboratoRlant Breeding at Wageningen
University, the Netherlands to search for AFLP neask associated with RWA
resistance. In total, DNA from 81 resistant andsiSceptible seedlings was analyzed
from population A, while from population B DNA wasalyzed from 76 resistant and
20 susceptible seedlings. In addition, DNA from theee parents (P3, Mbuni and

Kongoni) was also analysed.

Small pieces of dried leaves (about 5 Thmere used for DNA extraction. The leaf
samples were ground on a multi-96 grinder and DN&Ss vgolated using the CTAB
method, following the protocol described by Stewant Via (1993). AFLP was
performed following the method of Vasal., (1995). DNA was digested witbcoRl
and Msel as the rare and frequent cutters, respectiveporiligation of adapters,
DNA templates were prepared by performing PCR u&rand M primers with one
selective base each. In the second PCR the E pilmed three selective bases,

whereas the M primers had four selective bases.

Bulked segregant analysis (BSA) (Michelmateal. 1991) was performed on DNA
bulks of resistant and susceptibleBCplants from both populations (A and B). Each
pool was composed of DNA from eight plants. Theereveight resistant and two
susceptible pools for each population. For eacimgricombination, AFLP was
performed using a resistant pool for populationafsusceptible pool for population
A, a resistant pool for population B, and a susbépipool for population B. AFLP
analysis was also performed using DNA from the pzr@3, Mbuni and Kongoni.

The E primers were labelled with either 700 or 8D infra-red dye (IRD 700 and
IRD 800, respectively) for detection with a Licarteamated laser sequencer (Li-cor
inc, Lincoln, NE, USA). A total of 1&coRI primers (E31-E46) and IMsel primers
were used (Table 1). The odd numbered E-primers Vedelled with IRD 800, while
the even numbered primers were labelled with IRD. T total, BSA was conducted

with 224,i.e. (16 x 14) primer combinations. For any primer bamation that showed
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a polymorphic band discriminating resistant andcepsble pools, AFLP was run
using DNA from 16 individual resistant and 16 indival susceptible plants (8 plants
from the pool and 8 additional plants from otherolgd to determine if the

polymorphism is associated with RWA resistance.

Table 1. List of primers used.

Primer type Primer No. Primer sequence
EcoRI universal primer EOO 5-GACTGCGTACCAATTC-3
EcoRI + 1 primer EO1 EOO + A
EcoRI + 3 primers E31 EOO + AAA
E32 EO00 + AAC
E33 EO0O + AAG
E34 EO0O + AAT
E35 EO0O0 + ACA
E36 E00 + ACC
E37 E00 + ACG
E38 EO00 + ACT
E39 EO00 + AGA
E40 EO00 + AGC
E41 EO00 + AGG
E42 EO0O + AGT
E43 EO0O + ATA
E44 EO00 + ATC
E45 EO00 + ATG
E46 EO0O0 + ATT
Msel universal primer MO0 5-GATGAGTCCATGAGTAA-3
Msel + 1 primer MO02 MO0 + C
Msel + 4 primers M48-A MO0 + CAC A
M48-C MO0 + CACC
M48-G MO0 + CAC G
M48-T MO0 + CACT
M52-A MO0 + CCC A
M52-C MO0 + CCC C
M52-G MO0 + CCC G
M52-T MOO+CCCT
M54-A MO0 + CCT A
M54-C MO0 + CCT C
M54-G MO0 + CCT G
M54-T MOO+CCTT
M55-A MO0 + CGA A
M56-A MO0 + CGC A

Nomenclature and sequences according to Keygenahttw.keygene.nl/html/nomenclature.htm
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RESULTSAND DISCUSSION

In our studies, though we ran BSA for as many a& [@2mer combinations, a very
low number of polymorphisms was observed. Out ef 224 primer combinations
used only five combinations generated polymorphiimas could be related to RWA
resistance. These were E32M55-A, E38M55-A, E40M55#41M52-A and
E34M52-G (Table 2). Primer combination E34M52-Gdweed a polymorphic band
in population A, while the other four combinatiopsoduced polymorphisms in
population B. These bands were observed in the DNIs of resistant plants but
were absent in the bulks of susceptible plants. @olgmorphic band, generated by
primer combination E33M52-T, was observed in theceptible bulk in population B
but not in the resistant bulk.

Table 2. Polymorphisms discriminating between rastsand susceptible bulks in populations A and

B. Presence of band is indicated by +, while absénadicated by -.

Primer Band Bulks for population A Bulks for population B
combination size
Resistant Susceptible Resistant Susceptible
E32M55-A 690 - - + -
E33M52-T 305 - - - +
E34M52-G 85 + - - -
E38M55-A 660 - - +
E40M55-A 210 - - +
E41M52-A 124 - - +

When AFLP was run with DNA from individual plantom the five bulks showing a
polymorphic band, the association of the polymapts with RWA resistance was
observed to be weak. The bands observed in th&etaasbulks were not shown by all
the individual plants from those bulks. Each ofsthdands also appeared in some of
the susceptible plants (Table 3). None of the prim@mbinations tested so far
produced polymorphic bands that co-segregatedtivihresistance gene. Some of the
polymorphic bands, such as the one produced byepraambination E40M55-A in
the bulk of resistant plants in population B, haal association with the RWA
resistance when individual plants were tested. Most promising marker was the
one produced by primer combination E41M52-A, altffouthe band was also
expressed in 4 out of 14 susceptible plants. Thetfeat some individual plants did
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not show the polymorphic bands observed in thestasi pool, while some

susceptible plants showed the bands, indicates thieatresistance gene and the
polymorphisms are not close enough, allowing soeeembination to occur between
them. It is also possible that a few plants wersctassified during the resistance
screening. Earlier results (Chapter 2) had indctateat even among susceptible
varieties variations occurred between individuadiegs in the expression of leaf

symptoms.

Table 3. Number of plants showing AFLP polymorphismmong the individual plants.

Primer Plant group Fraction of plants with polymorphic
combination band
Total
Bulked plants  Added plants*
(in the pool) (not in pool)

E32M55-A Population B 5/8 a/7 9/15
(resistant)
Population B 2/8 3/8 5/16
(susceptible)

E34M52-G Population A 4/8 4/8 8/16
(resistant)
Population A 2/8 3/6 5/14
(susceptible)

E38M55A Population B 6/8 6/8 12/16
(resistant)
Population B 2/8 4/8 6/16
(susceptible)

E40M55-A Population B 4/8 3/8 7/16
(resistant)
Population B 1/8 5/8 6/16
(susceptible)

E41M52-A Population B 6/8 5/8 11/16
(resistant)
Population B 2/8 2/6 4/14

(susceptible)

*Plants that were not in the pool of 8 that gave folymorphic band with the specific primer

combination

The low number of polymorphisms may be explainedths nature of the wheat
genome. Molecular genetics developments have belatively slow in wheat as
compared to other crops, such as maize, due tpdlyploidy, the genome size, the
very high percentage of repetitive sequences aedldiv level of polymorphism

(Hoisingtonet al., 2002). The line P3 was derived from a singlenptef Pl 294994

that differed morphologically and genetically witbspect to AFLP markers from
other Pl 294994 plants. It was later observed thatAFLP banding patterns of P3
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were generally more similar to those of the two yan varieties than the other Pl
294994 derived lines. This could have contributed the low number of

polymorphisms observed between the resistant aswkptible bulks.

The AFLP polymorphisms observed so far are notliigimked to the resistance gene
and may not be useful in a marker assisted sefeqgirogramme. More primer

combinations need to be tested to obtain more Lseftkers.
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CHAPTER 7

General Discussions

The Russian wheat aphid problem

Unlike many problematic cereal aphids, the Russideat aphid (RWA) is not a
known transmitter of diseases. Since the mid 19B0wjever, it has been ranked as
one of the most important aphid pests of wheatlkeatey in an increasing number of
countries (Blackman and Eastop, 1984; Miller andld{al988; Saidi and Quick,
1996). The devastating effect of RWA in wheat ifidwed to be caused by a toxin
that is injected into the plants during feedinghea than transmission of diseases
(Smithet al. 1991). Killing of the aphids usually leads toaeery of the plants and
disappearance of the symptoms. The symptoms asswaisth RWA attack are leaf
chlorosis, leaf rolling and leaf folding, which amecompanied by plant stunting. In
extreme cases plants are killed, especially if they attacked at the seedling stage.
Leaf rolling in adult plants leads to ear trappamgl floret sterility.

Infestations that occur after the tillering stadfec the plants differently than those
that occur at the seedling stage. Apart from caushlorosis, leaf rolling and

reducing plant height, RWA infestation of adult \aheplants also causes ear
deformation, accompanied by a reduction in seedaset subsequently a reduction in

grain yield.

The control of RWA using insecticides is possildleough not usually successful
since the aphid secludes itself in the rolled lsaaed is protected from contact
insecticides (Du Toit and Walters, 1984). Effectiggstemic insecticides are
expensive, making chemical control of RWA econoiycainattractive. Due to
economic and environmental concerns, the contrdRWA by means of resistant
varieties has been favoured over the use of ingdesi. Several resistance genes have
been found in wheat lines from the area of oridinhe aphid in central Asia. In the

USA and South Africa, where the aphid has beenoalpm since the 1980s, large
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areas are now planted with RWA resistant wheatetias (Thomast al., 2002;
Tolmay and Mar’e, 2000).

Biotypes of RWA

The existence of different biotypes of RWA is gamiprominence as a phenomenon
that needs to be addressed in resistance breedigggmmes. Although the presence
of biotypes of RWA had been reported more than 4@ry ago (Buslet al. 1989;
Puterkaet al. 1992), RWA resistant cultivars with a single doamt resistance gene
(Dn4) developed at Colorado State University were éifean controlling the aphid
in the USA. Since 2003, however, varieties with el gene have succumbed to a
new RWA biotype that has been designated biotyfeeairset al., 2003).

The two RWA resistant winter wheats (Halt and PA2®) tested with the Kenyan
varieties differed in their reactions to RWA infatsbn. Halt gave a susceptible
reaction, whereas Pl 294994 was highly resistaalt il a resistant variety developed
in the USA and has the resistance gé&md, originally from Pl 372129, while PI
294994 has been reported to have@nd resistance gene. In our tests, Halt was just
as susceptible as the Kenyan varieties with regpettost traits contrasting between
resistance and susceptibility. In fact Halt hadhighest score for leaf rolling among
the varieties tested. Similar results were obtaiméen infestation was done with
aphids from different wheat growing regions of Kanyhe observation that Halt was
susceptible to the Kenyan RWA, whereas it was tasisn the USA, indicated that
the Kenyan RWA was different from the USA one amahde it is further evidence
that different biotypes of RWA exist.

The emergence of the resistance breaking RWA beotppthe USA suggests that
extra measures are needed upon development of RMgigtant varieties to minimize
chances of development of new biotypes. The extensse of resistant varieties may
enhance the development of resistance breakingypast by exerting selection
pressure on the aphid (Kindler and Hays, 1999; Nettad., 2000). The emergence of
resistance breaking biotypes is dependent on thdenud resistance (Baenziger,
2001). Antibiosis exerts the highest pressure artié most likely to lead to biotype
development. Antixenosis exerts little pressuregnghs tolerance exerts no pressure,
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resulting in more durable resistance. RWA resisgtatmnferred by th®n4 gene is
mainly through tolerance combined with a low lewélantixenosis (Quick, 1989;
Nkongoloet al., 1989). The emergence of the biotype B aphichenWSA indicates
that even with this mode of resistance additionaasures need to be taken to reduce
chances of emergence of resistance breaking bmtyjieese measures include the use
of different resistance genes, such as throughnpgiag or gene deployment, and
combining the use of resistance genes with the afisehemical sprays (Van der
Arend, 2003). Another strategy, which may be effecagainst the aphid but which is
difficult to apply is to ensure that part of theograrea is planted with susceptible

varieties to sustain the main avirulent aphid papoh (Sloderbeck, 1997).

RWA effect on seedlings of Kenyan wheat varieties

In Kenya, the RWA problem started in 1995 whendp&id was first reported. The
symptoms of RWA attack in the field are usually etved after the crop has attained
the tillering stage. The delay in the time of sesimutbreaks may be due to the fact
that there is only one cropping season per yeavjrig a dry spell of more than six
months between crops. This dry spell ensures bHeaetis little substrate the aphids
can live on. These conditions drastically redudacgpumbers prior to the start of the

next season.

Results of RWA infestation on Kenyan varieties aadéd that most of the current
commercial varieties are susceptible to the aphiden infested at the two leaf stage,
leaf chlorosis and leaf rolling scores on the Kenyarieties increased steadily until
seven weeks after infestation, when some of thetpleere beginning to die. Leaf
folding scores initially increased but dropped ¢éhrgeeks after infestation. By the
seventh week after infestation, the infested plamse virtually showing no leaf

folding at all. The Kenyan varieties showed smadiriations in the speed of
expression of RWA damage such that, during they ezbkervations, some varieties
were significantly more susceptible than others.eseh differences however
disappeared, with all the varieties exhibiting higlhels of susceptibility. Plant to

plant differences in the expression of leaf chlmoseaf rolling and leaf folding

existed such that, even within a variety, sometplaad high scores for chlorosis but

109



Chapter 7

low scores for leaf rolling and vice versa. Meanrss per plot, however showed a

high correlation between leaf chlorosis and leding.

Although the Kenyan varieties were all susceptiioleRWA, significant variations
occasionally occurred between them with respectidmage scores. The variety
Fahari, for example, exhibited a significantly regHevel of chlorosis than all the
other varieties. While this is a result that watsamrther verification, the existence of
such differences among the Kenyan varieties camudsgl to recommend the less
affected varieties to the farmers who are unableoturol the RWA. This, however,
offers little consolation since the bottom linghat all the varieties are almost equally
susceptible. The solution to the Kenyan problemsdoet lie in selecting more
tolerant/resistant varieties among the existingspbeat in introducing resistance from

truly resistant sources.

RWA effect on adult plants of Kenyan varieties

When the eight Kenyan wheat varieties screenedhighdtudy were infested at the
early tillering stage, significant varietal diffei@es with respect to leaf chlorosis and
leaf rolling were observed at the early bootinggstaDrought-stressed plants had
higher scores for chlorosis and leaf rolling thagllwatered plants. This corresponds
to observations in farmers’ fields in Kenya wheM/R infestations are reported to be
more severe during dry spells. The leaf damage &ymg) especially chlorosis,
became more difficult to assess as the plants dpgdlbeyond the booting stage.

Although varietal differences were observed, tHeatfof infestation on number of
tillers and number of leaves per plant was not@awvict the early booting stage under
both well-watered and drought-stressed conditidnslater stages the effect of
infestation on these two traits began to showhatdnthesis stage, infestation had
affected the well-watered and the drought-stregsiedits differently. Infestation
resulted in increased numbers of leaves and tiiletee well-watered plots, whereas
in the drought stressed plots the numbers of leandstillers were reduced. The fact
that infestation reduced the growth of existindets, as shown by reduced plant

height, could induce the plants to produce motersil Production of more tillers,
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however, is only possible when there is sufficieoit moisture and hence the higher

number of leaves and tillers in well-watered plants

The most devastating effect of RWA infestation afula plants of the Kenyan
varieties was the reduction in seed set. The tiglihg of flag leaves caused by the
aphid delays ear emergence, leading to floretlisgeWithin the rolled flag leaves,
rapid aphid multiplication occurs with some of tehids residing on the ears after
emergence. The ear trapping associated with RWAraptly interferes with pollen
development as most of the involved florets hathe@nst without pollen grains. During
the delayed emergence of these ears, the awnsrrérapped much longer, causing

the ears to bend and become deformed.

Seed quality

Apart from affecting plant development, infestatialso reduces the quality of the
seeds produced by the infested plants. Infestentplaad significantly lower 1000-

seed weight and seedling vigour than non-infestezb pindicating that the effects of
infestation occur both in the infested crop anthmsubsequent crop if sown with the

harvested seed.

For both well-watered and drought-stressed planfsstation significantly reduced
1000-seed weight with reductions of 29 and 32 %peetively. However, contrary to
expectation, drought-stressed plants produced se#@bshigher 1000-seed weight
than the well-watered plants, whether infested amn-imfested. Apparently, since the
treatments were discontinued during the grainnfillistage, drought stress affected
seed set but did not last long enough to negativélyence seed weight. The higher
seed weight for the drought-stressed plants coeldttributed to the reduction in seed
set, which results in reduced sink size and henbett@r grain filling. The negative
correlation between seed set and individual seedhivdas been observed by many
researchers (Slafet al., 1996). The most widely accepted explanation tfos
negative correlation is that the lower the numbérseeds rf the greater the
availability of photoassimilates for each seed.sTlkads to increased individual seed
weight. Drought stress may also contribute to higheerage seed weights by
discouraging the positioning of seeds in more ttaitions, which tend to produce

small sized seeds.
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Seed size did not influence the speed of seedlimgrgence in a laboratory
germination test. Although the seeds from infegtiathits were smaller and / or lighter
than those from non-infested plants, all the sesdsrged after 3 days at°80 The
effect of seed size was, however, evident with eesgo seedling vigour. The
seedlings derived from non-infested plants grewtefashan those derived from
infested plants, resulting in greater plant heightl seedling dry weight five days
after emergence. Infestation also resulted in hdrigate of deterioration when seeds
were exposed to accelerated ageing conditions. eptg, when parental plants are
exposed to drought stress, the vigour of the speattuced is reduced more than the
germination ability. Vierat al. (1992) observed that extreme drought stress gtnag
rise to very small, shrivelled and misshaped s@aniseeds, negatively affected seed

vigour, but not germination ability.

Although drought stress did not reduce seed weggddlings derived from drought-
stressed plants were generally slower in growthteatta lower percentage of normal
seedlings than seedlings derived from well-watgreaits. Similarly, when the seeds
were exposed to accelerated ageing conditionsas @bserved that the viability of
seeds derived from drought stressed plants desggmifaster than those from well-
watered plants. Apparently drought stress affectagental plants leads to reduction
in seed quality with respect to aspects that da@'visually assessed. Consequently,
germination ability and vigour tests of seed qyaldre progressively more
discriminating estimates of seed quality than Jissgtimates (AOSA, 1983). This
may be a result of elemental deficiencies and ian@s associated with seed
development in stressful conditions (Dornbos J895). In soybean, for instance,
drought stress resulted in reduced calcium coniterdeeds, leading to impaired
membrane integrity. This resulted in reduced geatiom percentage and reduction in
seedling dry weight (Powell, 1986; Hecht-Buchhdl279).

Variation within Pl 294994

Although Pl 294994 can be a good source of registéor a Kenyan wheat breeding
programme, there is still a strong debate on theeties of the resistance. Different

researchers have come up with different resultegarding the number and types of
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resistance gene(s) present in Pl 294994. MaraiDandoit (1993) reported that the
resistance of Pl 294994 was controlled by one danmigene, while Saidi and Quick
(1996) reported that it was controlled by two doamihgenes. Elsidaig and Zwer
(1993) reported that resistance of Pl 294994 wasralled by one dominant and one
recessive gene. Dong and Quick (1995) obtainesegregation data which strongly
supported the latter hypothesis. Zhahgl. (1998) concluded that the different results
reported by the different researchers on the itdmere of resistance and the allelism
of the resistance genes of Pl 294994 were dueedmthsence of different RWA-
resistant selections within Pl 294994.

Because of the conflicting reports on the numbegehes in Pl 294994 and the
suggested possibility that the accession is contpotdifferent lines, morphological
and molecular marker analysis by means of Amplififdagment Length
Polymorphisms (AFLP) of single plants were condddte study variation within the
accession. Morphological observations on 40 plahtBl 294994 in the greenhouse
clearly identified two types of plants based onlieass. Two plants were distinctly
earlier maturing than the rest. This distinctionswanfirmed when AFLP analysis
showed the two plants to have similar banding pagtewhich were distinctly
different from those of the late maturing plantheTearly maturing plants were
further distinguished from the late maturing ond®wit was observed that they were
of the spring type (requiring no vernalization)@sposed to the latter group, which
were of the winter type. Apart from distinguishifgetween the early and late
maturing plants, AFLP analysis also showed thatateematuring plants separate into
two groups based on their banding patterns. It #pmears that among the 40 closely
observed Pl 294994 plants, there are at leasf&elift plant types.

Previously, variation within Pl 294994 was reportedy with respect to the genetic
basis of RWA resistance. This is the first repdrtl@velopmental and morphological
differences among Pl 294994 plants. Results framdtudy, especially with respect
to developmental and morphological observationsyiges strong evidence that Pl
294994 is a composite of different lines. In thigdy, the two groups of late maturing
plants that only differed with respect to AFLP famgrints were designated 1 and 2 ,
while the group of early maturing plants was deaigd 3. Plants from the three

groups were equally resistant to Kenyan RWA. Simdgat derived lines P1, P2 and
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P3, were obtained from the three groups, respdgti@eosses between P1, P2 and P3
with two Kenyan varieties (Mbuni and Kongoni) preéd F plants that were as
resistant as the Pl 294994 parents based on olisered chlorosis and leaf rolling.
Aphid counts on the P3 plants and theknts resulting from the crosses P3 x Mbuni
and P3 x Kongoni were much lower compared with éhos the Kenyan parents,
suggesting that the resistance is due to eitha@biasis or antixenosis as opposed to

tolerance.

It was necessary to investigate whether the obdemverphological and molecular
differences within Pl 294994 may explain the repdrdiscrepancies on the number
and type of RWA resistance genes in the line. tmtesses between Pl 294994 plants
from the three groups did not segregate for RWAstasce in the fgeneration. This
indicates that the three groups share at leastesigtance gene or that the resistance
genes are in tight linkage. The segregation for RW#istance in the Fpopulations
from crosses involving P1, P2 and P3 with Kenyarieti@s Mbuni and Kongoni
fitted two genetic models in Chi-square tests. sses with both Mbuni and
Kongoni, P1 and P2 produced Pplants fitting a 13 resistant: 3 susceptible ratio
indicating the presence of one dominant and oness#e resistance gene. This
agrees with the results of Elsidaig and Zwer (1993)e crosses involving P3,
however, produced ;Fplants with different segregation ratios. While R3Mbuni
produced E plants fitting the 13:3 ratio, the; Pplants from P3 x Kongoni fitted the
3:1 ratio. There is no clear explanation for thisccepancy as it would suggest that
RWA resistance in P3 is expressed differently iffiedent backgrounds. This needs
further investigation using a larger number efgfants and further confirmation by

study of the segregation in the B@pulations.

The emergence of resistance breaking RWA biotypeticates that breeding
programmes should not rely on one resistance geneshmould look for ways of
combining resistance genes. This can be done nificeeetly if molecular markers
for resistance genes are available. Our efforideatify Amplified Fragment Length
(AFLP) polymorphisms associated to RWA resistanc®3, the spring type wheat
line, have so far not been very successful as thgrwrphisms observed are only

loosely associated with the resistance.

114



Chapter 7

I mplications of our results

Leaf symptoms of chlorosis, leaf rolling and leafding are useful in separating
RWA resistant and susceptible genotypes. Chlorasid leaf rolling scores for
susceptible varieties increase with time and héineg become easier to score in later
observations. Scoring of leaf folding needs clasenitoring as it is expressed over a
short time before the scores fall again. Leaf daamagnptoms are less obvious and
more difficult to score in adult plants. A more fudetrait for identification of
susceptible varieties at the adult stage is theatezh in seed set, which is caused
mainly by the trapping of the ear, leading to fisterility. This problem can easily be
noticed in the field by the appearance of deforreats and a breeder may select

against lines/plants with a high percentage of mheéal ears.

Although all the Kenyan varieties tested were spsSik to RWA, the small
differences that were observed among them may éRilus selecting a variety to be

used use as the recurrent parent in a backcrogsapnme.

The fact that Halt was susceptible to the Kenyastybe underscores the fact that
breeders should first test resistance sources thghlocal RWA biotypes before

utilizing them in their breeding programmes.

The RWA resistance in line P3 was effective agaihetKenyan RWA isolates and
has been chosen as the source of resistance ibréleeling programme started in
Eldoret, Kenya. Due to the low number of aphidseobsd in this line, its resistance is
probably based on antibiosis or antixenosis. Type tof resistance has been reported
as being more likely to be broken by new biotypes@mpared with resistance based
on tolerance. There is therefore need to searcbthar sources of resistance that can
be incorporated to make the resistance more durdible work on the study of
genetics of resistance in P3 and the developmenmnalkcular markers for the
resistance gene(s) should continue to facilitataréuintrogressive RWA resistance

breeding.
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Summary

The Russian wheat aphid (RWADi(raphis noxia Mord.) is a major pest of wheat
and barley in many parts of the world. In Southiéy where it was first reported as a
pest of wheat, yield losses ranging from 35 to G@®@e been reported. In the USA,
cumulative losses of about $1 billion were attrédzlito the RWA between 1986 and
1991. Unlike many important cereal aphids, RWA & a known transmitter of

diseases, but causes damage by injecting a totarthe plants during feeding. This
toxin causes longitudinal leaf chlorosis, leaf i@l and leaf folding. Beyond the

seedling stage, the aphid causes plant stuntingraging and floret sterility.

Wheat {Triticum aestivum L.) is the most important cereal crop in Kenyaafhaize.

It is mainly used for bread making. The countryrently produces less than 50 % of
the required wheat and aims at improving productoiomeet the rising demand. The
RWA has been a problem in Kenya since 1995, whemag first detected. It has
spread to all the wheat producing areas and sirargy rfarmers are ill equipped to
control the aphid, significant yield losses haverbeeported. All the current Kenyan
wheat varieties are susceptible, with attacks b&mpmoticeable mainly during the
tillering stage. The rolling of leaves caused by #phid ensures that the aphids are
protected from contact insecticides. This neceassitdhe use of more expensive
systemic insecticides. Notwithstanding the posgybito control the RWA by
chemical spraying, many Kenyan farmers fail to gpaspray late due to financial
constraints. Due to both economic and environmerdakterns, the development of
RWA resistant wheat varieties is seen as the mastable option for controlling the

aphid.

In our studies, we compared eight popular Kenyaeawkarieties for their reaction to
RWA infestation at the seedling and adult plangeta The varieties used were
91B33, Fahari, Kwale, Mbuni, Chiriku, Kongoni, Nyami and Mbega. The

objectives were to determine whether there werestardifferences in the levels of
susceptibility and whether the varieties reactdtedintly at the seedling and adult

plant stages. The tests for adult plants were domeéer well-watered and dry
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conditions to study whether drought stress, whiclhaquently experienced in Kenyan
wheat fields, influences the severity of damage tu®WA attack. Most Kenyan

farmers use the seed harvested from their fielgdaot the next crop. Since most of
the farmers’ crops suffer from various levels of R\kifestation there is a chance that
the quality of the harvested seed is affected. Tvas tested by determining the
quality of seeds produced by infested plants umadi-watered and drought-stressed
conditions. Two RWA resistance sources, Halt and®$1994, were tested against
Kenyan RWA isolates. The number and inheritancéepa of the RWA resistance
genes in three Pl 294994 derived lines were studtedther, Amplified Fragment

Length Polymorphism (AFLP) markers for RWA resistam one Pl 294994 derived
line were studied in two selfed backcross poputetitom crosses between the line

and the Kenyan wheat varieties, Mbuni and Kongoni.

Based on the leaf symptoms of chlorosis, leafngliand leaf folding, all the Kenyan
varieties tested were found to be susceptible toARWhen compared with the
resistant line Pl 294994. Halt, which is a resistariety developed in the USA, was
susceptible to Kenyan isolates of RWA. This indesathat the Kenyan RWA isolates
are different from the USA ones. Generally, theootsis and leaf rolling scores in the
Kenyan varieties increased with time, although felding began to drop five weeks
after infestation. Differences among the Kenyanietes in the extent of leaf
chlorosis emerged as early as one week after aifest These differences, however,
appeared to be due to the differences in the timenset of the expression of
chlorosis among the varieties. Fahari was alwaysngnthe varieties with the highest
chlorosis score. Seven weeks after infestationafrddad a significantly higher score
for chlorosis than all the other varieties. Sigrafit phenotypic correlations existed
between chlorosis, leaf rolling, leaf folding andnmber of aphids per plant. Apart
from the leaf symptoms, infestation reduced plamwgh and development in the
Kenyan varieties as shown by reduction in plangliginumber of leaves per plant,
total leaf length per plant, number of tillers péant and shoot and root fresh and dry
weights. Significant varietal differences occuradong infested plants with respect
to plant height, number of leaves per plant, tt#af length and number of tillers per

plant. The varieties also differed with respecstioot and root dry weight.
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In the adult plants, drought-stressed plants hgtidmni scores for chlorosis and leaf
rolling than well-watered plants. This correspotasbservations in farmers’ fields in
Kenya where RWA infestations are reported to beensewvere during dry spells. The
effect of infestation in the well-watered and drbtigtressed plants with respect to
number of leaves and number of tillers per plard wat immediately evident. By the
time the plants attained the milk development stdgawever, infestation had
produced different effects in the well-watered a@nought-stressed plants. Infestation
resulted in increased numbers of leaves and tilletke well-watered plots, whereas
in the drought stressed plots the numbers of leamdstillers were reduced. The fact
that infestation reduced the growth of existindetd, as shown by reduced plant
height, could induce the plants to produce mottersil Production of more tillers,
however, is only possible when there is sufficisoil moisture and hence the

occurrence of a higher number of leaves and tillergell-watered plants only.

The most devastating effect of RWA infestation afula plants of the Kenyan
varieties was the reduction in seed set. The tigltihg of flag leaves caused by the
aphid delays ear emergence, leading to floretlisgerThe ear trapping associated
with RWA apparently interferes with pollen develoggmh as most of the involved

florets had anthers without pollen grains.

RWA infestation reduced the quality of the seedglpced as shown by increased rate
of seed deterioration under accelerated ageingitomsl Infestation also resulted in

reduced seedling vigour. This implies that in ateayswhere the harvested grain is
used as the seed for the next crop, the effeatfestation is carried forward to the

next generation. The effect of infestation on sgeality was more pronounced under
dry conditions, resulting in significant reductiam percentage of normal seedlings
and a greater deterioration of the seeds givingwel percentage of viable seeds

following the accelerated ageing test.

Variations within Pl 294994 were identified duringrphological observations in the
greenhouse and by AFLP analysis in the lab. The98B94 plants tested could be
separated into three distinct groups, all of whiddd equally high resistance to
Kenyan RWA. A single line was extracted from ea€hhe three groups to obtain

three lines P1, P2 and P3. The line P3 was disedvier require no vernalization and
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therefore to be suitable for use in a Kenyan breggirogramme. Low numbers of
aphids were counted in P3 plants and in thpl&nts produced in crosses between P3
and Kenyan varieties, suggesting that the resistancP3 was based on either
antibiosis or antixenosis as opposed to toleraSegregation in theFpopulations
indicated that resistance in P1 and P2 was coetrdll two genes (one dominant and
one recessive). For P3, the results were inconegusince in one Fpopulation the
segregation indicated that the resistance was atadr by one dominant gene,
whereas in another population the segregation éelitthat resistance was due to one

dominant and one recessive gene.

To date, AFLP analysis has not generated AFLP msaurtkeat are closely associated
with the RWA resistance gene(s) in the Pl 29499#vdd line P3. Out of 224 primer
combinations used in Bulked Segregant Analysisy dink combinations generated
bands that were related to resistance. On runnkigPAanalysis for individual plants
it was found that none of the polymorphic bandsegated by the five primer
combinations co-segregated with the resistance (gesénce the bands were also
present in some susceptible plants. This suggkatstiie resistance gene(s) and the
polymorphic bands observed so far are not tighthkdd, resulting in some

recombination between them.
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Samenvatting

De Russische tarweluis (in het Engels: “Russian awvtephid” en daarom hier
afgekort als: RWA),Diuraphis noxia Mord., is in vele delen van de wereld een
belangrijke plaag van tarwe en gerst. In Zuid-Adrikvaar RWA als eerste als een
tarweplaag beschreven werd, zijn opbrengstveriezn 35 tot 60% gerapporteerd.
In de Verenigde Staten werd tussen 1986 en 199twenlatieve schade ter grootte
van ongeveer $ 1 miljard toegeschreven aan RWA.telgenstelling tot vele
belangrijke graanluizen staat RWA niet bekend als wector van ziekten: de schade
wordt veroorzaakt doordat tijdens het zuigen edtiggi stof wordt ingespoten. Dit
toxine veroorzaakt streepvormige chlorose van tet, lmpgerold blijven van het blad
en opstropen van het blad. Na het kiemplantstadiuenoorzaakt de luis
groeibelemmeringen van de plant, insluiting varadein de schijnhalm en steriliteit

van het bloempje.

Tarwe (Triticum aestivum L.) is, na mais, het belangrijkste graangewaseani& Het
wordt vooral gebruikt voor het bakken van broodt K&d produceert momenteel
minder dan 50% van de vereiste hoeveelheid tarwsreeft er naar de productie te
verhogen ten einde te voorzien in de toenemendegvi@inds 1955, toen RWA voor
het eerst werd aangetroffen, is de plaag een moblgeweest in Kenia. De plaag
heeft zich naar alle gebieden waar tarwe geproddogerdt verspreid en aangezien
veel boeren slecht uitgerust zijn om de luis ordeduim te houden, zijn aanzienlijke
opbrengstverliezen gerapporteerd. Alle gangbardaéase tarwerassen zijn vatbaar.
De aantasting treedt vooral tijdens de uitstoel@mn het licht. Het door de luis
veroorzaakte oprollen van het blad verzekert des luan bescherming tegen
contactinsecticiden. Dit vergt gebruik van duurdgrstemisch werkende insecticiden.
Ondanks de mogelijkheid RWA door chemische bestigide beheersen komen veel
Keniaanse boeren er niet toe te spuiten, of ze¢espwegens financiéle beperkingen
te laat. Uit zowel economische als milieu-overweggim wordt de ontwikkeling van
RWA-resistente tarwerassen gezien als de aantigiddtelkeuze voor beheersing van
de luis.

In ons onderzoek vergeleken we acht populaire Kesia tarwerassen ten aanzien

van hun reactie op inoculatie met RWA tijdens hemilngstadium en in volwassen
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plantstadia. De gebruikte rassen waren 91B33, kaKavale, Mbuni, Chiriku,
Kongoni, Nyangumi en Mbega. De doeleinden warent vas stellen of er
rasverschillen zijn in de mate van vatbaarheidfestreaassen verschillend reageren in
het zaailingstadium en in volwassen plantstadia. tOetsen voor volwassen
plantstadia werden uitgevoerd bij goede waterveoing (zeg: vochtig) en onder
droge omstandigheden (zeg: droog) teneinde na de gé droogte, hetgeen vaak
voorkomt in Keniaanse tarwevelden, de ernst varsalede ten gevolge van een
RWA aantasting beinvioedt. De meeste Keniaanseehogebruiken het zaad dat ze
van hun velden oogsten voor uitzaai van het volgegedwas. Omdat de meeste
tarwegewassen te lijden hebben van RWA besmetirgy een kans dat de kwaliteit
van het geoogste zaad beinvloed is. Dit werd gettaetor de kwaliteit van de zaden
die door besmette planten bij vochtige en bij drogestandigheden geproduceerd
waren vast te stellen. Twee RWA-resistente herkemdtalt en Pl 294994, werden
beproefd ten aanzien van Keniaanse RWA-isolatent Hantal en het
overervingspatroon van de RWA-resistentiegenenria dit Pl 294994 verkregen
linen werden bestudeerd. Een uit Pl 294994 vedmeRWA-resistente lijn werd
gebruikt als donor in een terugkruisingsprogramne de Keniaanse rassen Mbuni
en Kongoni. Aan de twee populaties die door zelfbehting van
terugkruisingsfamilies waren verkregen werden “Aifrgd Fragment Length
Polymorphism (AFLP)” analyses uitgevoerd teneinderkars voor RWA-resistentie

op te sporen.

Gebaseerd op de bladsymptomen betreffende chloopsellen en opstropen bleken
alle onderzochte Keniaanse rassen vatbaar terzijargelijking met de resistente lijn
Pl 294944. Halt, een resistent ras dat ontwikksldni de Verenigde Staten, bleek
vatbaar te zijn voor de Keniaanse isolaten van RWiAgeeft aan dat de Keniaanse
isolaten verschillen van de isolaten in de VS. ¢t dlgemeen namen de scores voor
chlorose en bladoprolling van de Keniaanse rasse&e iloop van de tijd toe, hoewel
de bladopstroping vanaf vijf weken na de inoculafeam. Verschillen tussen de
Keniaanse rassen ten aanzien van de mate van ldezkghwerden al vanaf één week
na de inoculatie zichtbaar. Deze verschillen warechter toe te schrijven aan de
verschillen tussen de rassen in het tijdstip vanvamag van de expressie van de
chlorose. Fahari was steeds één van de rassenentedagjste score voor chlorose.

Fahari had zeven weken na de inoculatie een signifihogere score voor chlorose
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dan elk van de andere rassen. Er bestonden smméacorrelaties tussen chlorose,
bladoprolling, bladopstroping en aantal luizen plant. De inoculatie leidde, behalve
tot bladsymptomen, ook tot verminderde plantgroai -@ntwikkeling van de
Keniaanse rassen (dit bleek uit verminderde plagtks een lager aantal bladeren per
plant, een gereduceerde totale bladlengte, eengged uitstoeling en een lager vers
en droog spruit- en wortelgewicht). Voor plantlengiantal bladeren per plant, totale
bladlengte en aantal halmen per plant vertoonden gd&noculeerde planten
significante rasverschillen. De rassen verschiloek ten aanzien van droog gewicht

van spruiten en wortels.

Bij de volwassen planten hadden de droog opgekweglkinten hogere scores voor
chlorose en bladoprolling dan de vochtig opgekweekinten. Dat stemt overeen met
waarnemingen van praktijkvelden in Kenia, waarvakdmd is dat RWA-aantastingen
gedurende droge perioden ernstiger zijn. Het effeat inoculatie van de 'droge’
planten en van de 'vochtige' planten ten aanzaenhet aantal bladeren en het aantal
halmen per plant werd niet onmiddellijk duidelijkegen de tijd dat de korrels het
melkstadium bereikten bleek echter dat inoculaijel® 'vochtige' planten en bij de
'droge’ planten tot verschillende effecten leidbieculatie leidde in de vochtige
veldjes tot een hoger aantal bladeren en halmeijlteij de droge veldjes het aantal
bladeren en halmen afnam. Daar de groei van dededt halmen bij inoculatie
verminderde, hetgeen uit de geringere plantlendgekb induceerde de inoculatie
wellicht de productie van een groter aantal halnfenoductie van meer halmen is
echter alleen mogelijk wanneer er voldoende bodeimvis en daarom deed deze

toename van het aantal bladeren en halmen ziatnalieor bij de 'vochtige' planten.

Het meest verwoestende effect van RWA-inoculatie valwassen planten van de
Keniaanse rassen was de verminderde zaadzettingddde de luizen veroorzaakte
strakke oprollen van de vlagbladeren vertraagtuitaten, hetgeen tot steriliteit van
de bloempjes leidt. De bij RWA optredende inslyjtvan de aar heeft effect op de
pollengenese hetgeen blijkt uit het feit dat de steean de betrokken helmdraden
geen pollenkorrels bevatten.

RWA-inoculatie verminderde de kwaliteit van de gehrceerde zaden. Dit bleek uit

de toegenomen snelheid van zaadverslechtering kbipstmatig versnelde
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veroudering. Inoculatie verminderde ook de kieanplitaliteit. Voor een systeem
waarbij het geoogste graan gebruikt wordt als zemizvoor het volgende gewas
betekent dit dat het effect van aantasting oveapgsir wordt op de volgende
generatie. Het effect op de zaadkwaliteit van decutatie was meer uitgesproken
onder droge omstandigheden en dat resulteerdenirsigaificante afname van het
percentage normale kiemplanten alsmede in een eséerkaadverslechtering bij

kunstmatig versnelde veroudering, hetgeen leideeotlager percentage vitale zaden.

Binnen Pl 294994 werden variaties vastgesteld, Ebwbet doen van morfologische
waarnemingen als bij AFLP analyse in het laboratariDe onderzochte Pl 294994
planten konden in drie disjuncte groepen, die wschilden in hun hoge resistentie
tegen Keniaanse RWA, worden ondergebracht. Uivatkde drie groepen werd een
liin getrokken. Hiermee werden de drie lijnen P2,dx P3 verkregen. Lijn P3 bleek
geen vernalisatie-behoefte te hebben en was daagéschikt voor gebruik in een
Keniaans veredelingsprogramma. Op zowel P3-plardkn op F1l-planten, die
verkregen werden uit kruisingen tussen P3-planteKeniaanse rassen, werden lage
aantallen luizen werden geteld. Dit suggereertdgatesistentie van P3 op antibiose
dan wel antixenose berustte, en niet op tolerabtee splitsing in de F2 populaties
wees uit dat de resistentie van P1 en P2 berustteee genen (één dominant en één
recessief). Voor P3 waren de resultaten niet oigatul omdat de splitsing in één F2-
populatie erop wees dat de resistentie gereguleerd door één dominant gen;
terwijl de splitsing van een andere populatie ahdga de resistentie berustte op een

dominant en een recessief gen.

Tot op heden heeft AFLP-analyse geen AFLP merkegeleverd die sterk gekoppeld
zijn met het/de RWA-resistentie gen(en) in de U2®994 verkregen lijn P3. Op een
totaal van 224 'primer' combinaties die gebruikt m “Bulked Segregant Analyses”

waren er slechts vijf combinaties die bandjes gesrelen welke te relateren waren
aan resistentie. Bij AFLP-analyse van individuelengen bleek dat geen enkele van
de polymorfe banden die door die vijf 'primer' conabies werden voortgebracht co-
segregeerde met de resistentie gen(en) omdat dgebayok in enkele vatbare planten
aanwezig waren. Dit suggereert dat de resistentie(esp) en de tot dusverre
waargenomen polymorfe bandjes niet sterk gekoprgidwaardoor er recombinatie

optreedt.
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