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Abstract

The infestation of the cultivated grain crops by phloem feeding aphids has
generated a great deal of interest over the years, due to the serious damage
they cause to the crops and yield losses that result. The mechanism of the
interaction between aphids and host plants remains largely unknown in
spite of efforts to understand the basis of aphid feeding on grain crops.
Greater efforts are required to explain the mechanism(s) of this interaction
in order to achieve sustainable agriculture. This thesis focused on an
investigation of the mechanism of feeding by the Russian wheat aphid,
Diuraphis noxia Mordvilko (RWA) and the bird cherry-oat aphid,
Rhopalosiphum padi L. (BCA) on barley and wheat cultivars. These two
aphids co-occur naturally, but they inflict very different feeding effects on
host plants. Structural and functional approaches were employed to
investigate their feeding habits and these were then related to the observed
differences in their host plants. Transmission electron microscopy (TEM)
techniques were used to study the ultrastructural damage, while
fluorescence microscopy techniques — using aniline blue fluorochrome (a
specific stain for callose) and 5, 6-CFDA (a phloem-mobile fluorophore) —
were employed to investigate the functional response to damage via
wound callose formation and phloem transport capacity respectively. RT-
PCR and quantitative real-time RT-PCR techniques were used to
investigate the regulation of the genes involved in callose synthesis and

degradation at the transcriptional level.
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Morphological observation of the damage caused by the aphids show that
infestation by RWA results in extensive leaf chlorosis, necrosis and
rolling, while infestation by BCA does not lead to any observable
symptoms within the same period. Interestingly, the population study
shows that BCA breeds faster than RWA within the two-week
experimental period. The ultrastructural study of feeding damage caused
by the two aphids on the vascular bundles of susceptible barley cv Clipper,
shows a different patterns of damage. Probing the vascular bundles results
in the puncturing of vascular parenchyma by both aphids, but severe
damage occurs in sieve tubes-companion cell complex during sustained
feeding by RWA. In contrast, less damage occurs when BCA feeds on the
phloem. Drinking from the xylem by RWA results in deposition of a large
quantity of electron-dense watery saliva, which apparently seals the xylem
vessels completely, by blocking all the pit membrane fields between the
xylem vessels and associated parenchyma cells. In contrast, drinking from
xylem by BCA results in deposition of a dense, granular saliva into the
xylem vessels only, which does not appear to totally occlude the pit
membrane fields. This is the first known report in which ultrastructural
evidence of aphids’ drinking in xylem is provided. The comparative
effects of RWA feeding on a susceptible Betta and resistant Betta-Dn/
wheat cultivars showed that after two weeks, the Betta cultivar expressed
damage symptoms such as chlorosis, necrosis and leaf roll, while few

chlorotic patches and necrotic spots occur in resistant Betta-Dn/ cultivars.
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An ultrastructural investigation of the feeding damage caused to all leaf
tissues revealed, for the first time, that RWA is capable of both intra- and
inter-cellular probing within mesophyll cells. Probing in the mesophyll
cells induces a more severe damage in susceptible Betta than in the
resistant Betta-Dn/ counterpart. Similar differences in damage occurred
during feeding in the thin-walled sieve tubes of the phloem, with the sieve
tubes of the Betta showing more damage than that of the resistant Betta-
Dnl. However, drinking from xylem resulted in the characteristic
occlusion of metaxylem vessels by copious deposition of saliva by RWA
in both Betta and Betta-Dn/ cultivars. In all cases of probing, feeding, and
drinking by RWA in both cultivars, all probed cells with evidence of
salivary material deposit and those cells adjacent to salivary material
deposit, exhibit significant damage in susceptible Betta cultivar, whereas

similar cells in Betta-Dn/ cultivars do not show as damage as severe.

Investigation of the functional response of the plants to feeding by aphids
through the deposition of wound-induced callose shows that formation and
deposition of wound callose occurs in both longitudinal and cross veins
within 24h of feeding by RWA. This deposition increases through short-
term feeding (72h) and prolonged feeding (14d). This is in sharp contrast
to the observations with BCA feeding, where little or no callose formation
occurs within the same time frame. Callose formation and deposition
occurs only when a higher population of BCA feeds on barley leaves. This

is the first report of aphid-induced wound callose by BCA. In all cases of
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callose deposition, aphid stylet tracks were associated with callose and the
deposition of callose appears to be a permanent feature, because wound
callose remained in the leaf tissues even after 120h of the aphids’ removal.
Wound callose signals (defence and anti-defence) are discovered to be
transported in the phloem tissues and are dependent on the direction of
assimilate flow. Examination of the possible regulation of wound callose
genes at the transcriptional level shows that the two expressed glucan
synthase gene sequences (GSL — genes involved in callose formation)
analysed did not show any significant increase or regulation upon aphid
infestation. Contrary to expectation, all three aphid-induced A1, 3-
glucanases (genes which are thought to be involved in callose degradation)
showed higher expression in RWA-infested tissue than in BCA-infested
tissue. The results of the feeding damage on the transport capacity of the
phloem shows that BCA infestation does not lead to a significant
reduction in the phloem transport capacity during short-term feeding
(72h), while RWA-infested leaves showed considerable reduction in the
transport capacity of the phloem within the same period. However,
prolonged feeding (14d) by BCA induces a considerable reduction on the
transport capacity of the phloem on the infested tissues. In contrast, a
marked reduction in the transport capacity of the phloem occurs in RWA-

infested leaves and in most cases, complete cessation of transport ensues.

In conclusion, these data collectively suggest that RWA 1is a serious and

most destructive phloem feeder in comparison to the BCA. RWA causes



severe damage to all cellular tissues of the host plants, which result in
apoplasmic and symplasmic isolation of xylem and phloem tissues, while
BCA infestation does not result in such isolation within the same time and
population levels. Resistance genes appear to function by conferring
resistance to cell damage on the resistant cultivars during aphid feeding.
Responses by plants to aphid infestation via wound callose deposition are
again shown to be species-specific. A quick response results when RWA
feeds, even at a very low population level, while a response occurs only at
a higher infestation level by BCA, and this response was shown as not
regulated at the transcriptional level. Differences in the damage to leaf
tissues and wound callose deposition eventually lead to varying degrees of
damage to the transport capacity of the phloem. These differences in the
damage signatures are hereby suggested to be the cause of the diversity in
the observed damage symptoms and the yield losses upon infestation by

the two aphid species.
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1 Chapter 1: General introduction

1.1 Plant and aphid interactions — the background

In their natural environment, plants encounter various biotic and abiotic
challenges, which usually lead to interactions between them, such as those
that occur between plants and aphids. The interactions between plants and
their predators are very complex and these affect crop protection, selection
and cultivation. Studies of plant-insect interactions have generated keen
interest among scientists over the years and research into this area has
incorporated many fields of study including ecology, evolution, behaviour,
physiology and biochemistry. These disciplines form the foundation for the
development of phytocentric, or plant-based hypotheses that are used to
explain the diverse and complex form of herbivory (Moran et al., 2002 and
references cited). Plants are known to undergo various chemical and
morphological changes in their response to herbivores or pathogens attack
(Karban and Baldwin, 1997). These responses could be either constitutive or
induced and may serve as a defence mechanism by deterring subsequent
herbivory. However, in some cases, prior infestation can improve the
performance of later-arriving herbivores (Gange and Brown, 1989;
Underwood, 1998; Agrawal and Sheriffs, 2001). Increasing evidence suggests
that induced responses and their consequences are highly species-specific
(Walling, 2000). Plants have been reported to show some ecologically induced

response to aphid attack. For example, Chamberlain et al., (2001) reported



that volatiles released by the plants in response to aphids’ attack might elicit a
response from the aphid predators, which may then attack the aphids, thereby

resulting in an advantage for the plants.

1.2 The aphids

‘Aphids’ is a broad term referring to any members of the Aphidoidea, though
there are some uncertainties about the families to be included (Ilharco and van
Harten, 1987). However, most work that has involved the study of aphid
feeding has been concerned with the species in the order Homoptera and the
family aphididae; this is because feeding strategies vary significantly between
these families (Miles, 1999). The aphids in this family produce no gall
structures. They feed from the sieve elements of the phloem and they produce
large amount of honeydew as excreta. In addition, they lead a fully mobile life
(Miles, 1999). Most aphid species that are within the group of Aphidoidea
according to Miles, (1999), do little perceptible damage to plants, which serve
as a source of food to them, providing they exist in small numbers and do not
carry plant viruses. There are exceptions though, which include the greenbug
Schizaphis graminum, and the Russian wheat aphid, Diuraphis noxia. Miles,
(1999) suggests that some components of the aphid saliva might be

responsible for the toxicoses caused by some species.



1.2.1 The Russian wheat aphid (RWA — Diuraphis noxia
Mordvilko)

1.2.1.1 History and distribution

The Russian wheat aphid (RWA) is indigenous to Southern Russia and some
countries bordering the Mediterranean Sea, Iran and Afghanistan. RWAs are
serious pests to wheat and barley in Russia since 1900, as well as minor pests
to other small grains in countries in the Middle East and the Mediterranean
littoral of North Africa and Europe. It was first recorded as a pest to wheat in
South Africa during 1978 (Walters et al., 1980), and by the end of 1979 it had
becomes a serious pest, spreading throughout the wheat producing areas of
eastern and western Orange Free State of South Africa as well as Lesotho
(Walters et al., 1980). The RWA was first discovered in USA in 1986
(Webster et al., 1987) but it has now spread throughout North and South
America (Peairs et al., 1989; Ortego and Delfino, 1994) causing extensive
damage to barley, bread wheat as well as pasta wheat (Castro et al., 1996).
Damage evaluation runs into billions of US dollars annually with costs arising
from yield losses and insecticide inputs (Morrison and Peairs, 1998; Webster
et al., 2000). Because of the stated destructive effects, the RWA has been
described as a major pest of small grains in South Africa, United States,

Canada and many countries of the world (Walters, 1984; Hein et al., 1990).

1.2.1.2 Morphology and life cycle

The RWA is a relatively small aphid. It is less than 2mm in length, green to

grey coloured and possesses an elongated and spindle-shaped body. It has



extremely short antennae, reduced cornicles sometimes called tailpipes, a
characteristic projection above the cauda (tail) of a forked tail or “double tail”
and the absence of prominent siphunculi, which is common in other aphid
species. These clearly distinguish the RWA from the rest of Southern African
wheat aphids (Walters et al., 1980). The RWA lives in one of two forms, the
winged (alate) and the wingless (apterous) females. Male forms are not known
to occur locally normally, as they reproduce only parthenogenetically without
fertilization (Walters et al., 1980; Schotzko and Smith, 1991). The winged
females mostly develop when the host plant conditions become unfavourable
either by being under stress or when the host plant has reached a certain
growth stage when it can no longer provide a favourable habitat, most
especially with the respect to source of food for the aphid. The winged form
then relocates to a more favourable habitat, spreading to nearby fields or
further afield. They do not ordinarily have the capacity to fly long distances
on their own, but the RWA can migrate to distant fields many kilometres
away, with the use of convection currents and prevailing winds (Walters et al.,
1980; Kriel et al., 1984; Schotzko and Smith, 1991). The winged females
settle on the new suitable host and began to feed immediately, producing
nymphs which grow into wingless females, which start reproducing new
nymphs within two weeks, provided the conditions remain favourable
(Walters et al., 1980). These new individuals live for up to 60 to 80 days and
they are capable of producing about 80 offspring in their lifetime, producing

up to four nymphs per day (Walters et al., 1980; Peairs, 1998). The new



offspring then infest the host plant’s new leaves as they emerge, forming
dense colonies within the rolled leaves, which are prevented from unrolling, a
strategy that protect the aphids from their predators, parasites as well as
sprayed insecticides (Webster et al., 1987). Once the host plants’ ears appear,
the aphid population begins to decline and they develop into winged forms,

which then migrate in search of new favourable host (Walters et al., 1980).

The RWA tolerates extremely low temperatures, explaining its winter survival
in the southern Russia where it originates, and particularly the northern part of
United States (Peairs, 1998; CAPS Program, 1994). The aphid can survive a
temperature as low as -25°C; however, its lifespan and reproductive rate
reduce when the temperatures fall below -10°C, while higher temperatures and
rainfall lead to high mortality and reductions in their numbers (Walters et al.,
1980). The ability to survive the oversummering period between small grain
harvest and autum planting on Bromus spp and volunteer wheat plants is a
critical advantage to the survival of the aphid. The fact that the infested
Bromus plants were found during the summer period when no infested wheat
plant were found in wheat growing regions of the Free State in South Africa
indicates the importance of this grass on the seasonal cycle of the aphid
(Aalbersberg et al., 1988). It should be noted that, irrespective of the ability of
the RWA to either oversummer or overwinter, its ability to disperse rapidly
and reproduce quickly gives it an advantage to re-infest any areas where it

may have been eliminated by the lack of oversummering hosts, severe winter



and any possible unfavourable environmental factors. These are factors known
to contribute to its spread throughout the western United States (Peairs, 1998).
The rapid infestation of wheat fields by the RWA can be from 20% to 80%

within two weeks when the conditions are favourable (Walters et al., 1980).

1.2.1.3 Symptoms of infestation

The infestation of plants by RWA has been shown to be accompanied by
extensive chlorosis and necrosis as well as other visible damage symptoms.
These symptoms include distinct white, yellow, purple, or at times reddish-
purple longitudinal streaks, with severe leaf roll in fully expanded leaves and
the prevention of unrolling of new developing leaves (Walters et al., 1980;
Hewitt et al., 1984; Riedell, 1989; Saheed et al., 2007a). A single aphid may
cause distinct symptoms, but heavy infestation of the host plants often result
in a flattened appearance as young tillers may lie almost parallel to the
ground. The flag leaf, is most often infested if the host plant is at the later
growth stage. This results in the leaf ear becoming bent and turning white, an
indication that poor yields will result (Walters et al., 1980). Walters (1984),
Rybicki and Von Wechmar, (1984) have reported that RWA is equally
capable of transmitting viral diseases like other grain aphids. Damsteegt et al.,
(1992) later reported a clone of the RWA that has the ability to transmit some
plant pathogenic viruses, such as barley mosaic virus (BMV), barley yellow
dwarf virus (BYDV) as well as sugarcane mosaic virus (SMV). The feeding
and associated symptoms have been reported globally to lead to significant

quality and yield losses in the infested plant (Du Toit and Walters, 1984; Pike



and Allison, 1991), with yield losses ranging between 30% and 60% in the
infested plants recorded in South Africa (Du Toit and Walters, 1984).

1.2.2 The bird cherry-oat aphid (BCA — Rhopalosiphum
padi L.)

1.2.2.1 History and distribution

BCA is also a serious pest of many cereal crops. It could be a direct pest of the
crops or an important vector of viruses. The aphid is described as one of the
most serious pests of spring-sown cereals in Sweden (Wiktelius et al., 1990).
However, the aphid does not cause serious direct damage to cereals in most
part of continental Europe: its principal effect on crops is the transmission of
barley yellow dwarf virus (BYDV) along with others — up to 15 have been
reported (Chan et al., 1991). This BYDV virus has been reported as the cause
of one of the more serious diseases of grain crops globally resulting in about
87% yield losses (Canning et al., 1995). BCA has been reported as an
infrequent problem in Ontario (Agronomy guide, 2002), but is known to be a
pest of many grain crops, such as wheat, barley, oats, rye, and triticale in the
United States (UCIPM, 2002), and sometimes it may attack sorghum and corn

(Stoetzel and Miller, 2001).

1.2.2.2 Morphology and life cycle

Like RWA, BCA is also a small aphid about 2 mm long or less. The body is
bulb-shaped, dull olive-green in colour, and has patches of red-orange near the

rear of the abdomen between a pair of tubes called cornicles. The cornicles



and legs are pale green, and the antennae are long and black. The young
aphids are usually light green in colour. Like the RWA, the BCA also consist
of two forms, winged — alate; and the wingless — apterous (Agronomy Guide,
2002). The aphids normally cluster on the upper sides of the leaves near the
base of young plants; they later climb to the top up to the leaf whorls. In
Sweden, where the BCA was regarded as a serious pest of cereal crops, it is
holocyclic, exhibiting a complete cycle of reproducing both
parthenogenetically and sexually, but the aphid is anholocyclic in the rest of
continental Europe, where it is permanently parthenogenic (Dixon, 1971;
Wiktelius et al., 1990). The BCA is monophagous on its primary host, which
is Prunus padus (Bird Cherry) in Sweden and the rest of Europe (Wiktelius et
al., 1990), but it is Prunus virginiana in United States (Stoetzel and Miller,
2001). The aphid overwinters as an egg on its primary hosts. However, the
aphid is oligophagous (broad hosts) on its secondary hosts during summer.
These hosts consist of most cereals such as barley, wheat, oats, rye, and
triticale (Wiktelius et al., 1990; UCIPM, 2002). The name, bird cherry-oat
aphid, was a coinage from its primary and one of its secondary hosts (bird

cherry and oat).

1.2.2.3 Symptoms of infestation

The infestation of cereal crops by the BCA do not result in severe symptoms
and damage to the infested plants. Heavy populations have, however, been
reported to cause a golden yellow streaking on the leaves, which may appear

to have a large bronze patch on the field (Agronomy Guide, 2002; UCIPM,



2002). The infestation by the BCA does lead to substantial loss in terms of
yield (Leather et al., 1989; Riedell et al., 1999). This could be about 21% due
to the aphid feeding in wheat alone, but a yield loss of about 58% could result
when the combination of the effects of BYDV with aphid feeding is
considered (Riedell et al., 1999). However, Riedell et al., (1999) reported that
experiments conducted under field environments generally show larger yield
losses due to BYDV damage than those seen in greenhouse experiments

reported.

1.3 The host plants

The aphids have a variety of secondary hosts; in this case, most of the
cultivated cereals that are grain crops serve as their host, including barley,
wheat, rye, oats, triticale, maize and at times sorghum. The focus of this
research is on two of the most widely cultivated cereal crops, barley and

wheat; they both belong to the same family graminae — Poaceae.

1.3.1 The secondary host — barley (Hordeum vulgare L.)

Barley is an ancient domesticated crop and one of the first crops in old world
agriculture. This crop was first discovered growing wild as a grass in Asia
many thousands of years ago. The Chinese cultivated barley, thus making it
one of their first commercially grown crops (Washington Barley Commission,
2007). The Egyptians and Greeks consumed barley for medicinal purposes in
ancient times and it serves as source of nourishing food. However, the crop is

thought to have found its way to North America with Christopher Columbus



during the journey to the New World (Washington Barley Commission,
2007). Badr et al., (2000) suggested that the Israel-Jordan area in the southern
part of the Fertile Crescent is the region where the crop was brought into
culture and that the Himalayas are the region of domesticated barley
diversification. Irrespective of the place of origin or center of domestication,
barley is one of the most cultivated grain crops of the world today, providing a

good source of nutrition for people and livestock.

Barley grain consists of mostly starch and protein. There are three common
uses of barley: the grain is primarily used as animal feed, such as in feeding
cattle, swine, and poultry animals. In most cases, barley kernel may be rolled,
ground, or flaked, prior to being fed to the animals. The second most
important use of barley is in the making of malt, which is used in liquor such
as beer, also in malted milk and as flavourings of variety of foods. The third
and the least common use of barley is as food for humans. It may be
purchased in several forms like pearl barley, where the outer hull and part of
the bran layer has been removed, and this is sold in many supermarkets.
Barley flour, flakes, and grits are other barley foods, available in health food
and specialty stores. Barley may be used commercially as ingredients or
additives to many of the prepared foods, such as breakfast cereals, breads,

cookies and snack bars (Washington Barley Commission, 2007).
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1.3.2 The secondary host —wheat (Triticum aestivum L.)

Wheat is known to originate from southwestern Asia, where earliest remains
of the crop was found in Syria, Jordan, and Turkey (Gibson and Benson,
2002). Present-day wheat has been linked to primitive relatives discovered in
some of the oldest excavations of the world in eastern Iraq, and this dates back
to about 9 000 years (Gibson and Benson, 2002). Areas such as the Nile
Valley, India, China and even England have revealed archaeological findings
that show that bread wheat was grown in about 5000 B.C. However, wheat
was reported to be first grown in the United States in 1602 on an island off the
Massachusetts coast (Gibson and Benson, 2002). Since that time, human
beings have depended on wheat as a source of nutritious food for themselves

and their animals.

Wheat is one of the leading cereal crops that have been produced, consumed
and marketed in the world today. The crop provides about 35% staple food
and about 20% of the calories for the world’s populations (FAO, 1998;
Gibson and Benson, 2002). World wheat production during the year 2000 was
more than 570 million metric tones (Gibson and Benson, 2002). This was
grown on approximately 520 million acres. Cultivated wheat crops are mainly
used as food for humans. These consist of two types: bread wheat (7.
aestivum), this is also known as common wheat, and pasta wheat (7. durum),
which is used in making pastas. The common wheat, unlike other plant-

derived food, contains gluten protein, which makes leavened dough rise by
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forming minute gas cells that hold carbon dioxide during fermentation, an

attribute which favoured its use in making bread and biscuits.

1.3.3 The anatomy of the host plants

Understanding the anatomy of the leaves of the host plant is very important, as
this allows a more precise investigation of the activity of the aphids and the
mechanisms involved in aphid feeding on its host plant and in the primary site
of feeding — the vascular bundles. The anatomy of barley leaf is typical of any
of the grasses in the Poaceae (Blackman, 1971; Ellis, 1987; Evert et al.,
1996). Therefore, the knowledge of the anatomy of the barley leaf blade can
be extended to other members of the family — like wheat, in this case.
Anatomical descriptions of mature barley leaves undertaken in the past years
have been few, prior to the work of Dannenhoffer et al., (1990). Many articles
before it only mentioned the vasculature, or described the anatomy of barley
leaf superficially, or only as it relates to the aspects of their immediate interest

(Rovenska and Natr, 1981; Cherney and Marten, 1982).

The mature barley leaf, typical of grasses, is an elongated structure that
divides morphologically into leaf blade and sheath. The leaf contains a system
of longitudinal vascular strands that are interconnected by numerous
transverse veins, which are widely separated by loosely arranged mesophyll
cells arranged in more or less three distinct layers (Dannenhoffer et al., 1990;
Evert et al.,, 1996). In a cross-section of the mature leaf, three orders of

longitudinal vascular bundles can be recognised; large, intermediate and small
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bundles, based on their size, the composition of their xylem and phloem and
the nature of their contiguous tissues (Dannenhoffer et al., 1990; Evert et al.,
1996). In barley, most strands intergrade from one bundle type into another as
they descend the leaf, beginning with small bundle anatomy at their distal
ends (Dannenhoffer et al., 1990, 1994). As in other grasses, large and
intermediate bundles in the barley leaf are associated with girders or strands of
hypodermal sclerenchyma (Botha et al., 1982; Dannenhoffer et al., 1990;
Evert et al., 1996). The longitudinal strands in mature leaves are surrounded
for the most part or at times, partly, by two bundle sheaths, consisting of an
outer parenchymatous and inner mestome sheath cells (Evert et al., 1996). At
maturity, the third leaf of barley has about 21-28 vascular strands in the widest

portion of the leaf blade (Dannenhoffer et al., 1990).

However, the anatomy of the leaf sheath is rather different from that of the
blade: while the leaf blade has longitudinal vascular bundles located in ridges,
the sheath has the bundles in abaxial furrows embedded in ground tissues and
ridges that contain large lacunae (Dannenhoffer et al., 1990) separate them
from one another. In addition to the mestome sheath, the vascular bundles in
the leaf sheath contain parenchymatous bundle sheaths which were poorly
differentiated. They intergrade with the surrounding ground tissue in
appearance, including the colourless cells above and the chlorenchymatous
cells below. Only two types of longitudinal bundles occur in the sheath of

barley leaf: large and intermediate. However, they are the continuations of
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corresponding strands from the leaf blade. In addition, the sheath of the flag
leaf is only different from that of the third leaf primarily in the degree of the

chlorophyllous tissue development (Dannenhoffer et al., 1990).

1.3.4 The vascular bundles — primary site of aphid feeding

In a cross-section of the vascular bundles in barley, large bundles are
characterized by the presence of two large metaxylem vessels and a
protoxylem lacuna; the xylem vessels are distributed one on each side of the
lacuna and they have a distinct metaphloem. The intermediate bundles on the
other hand, lack protoxylem and conspicuous large metaxylem vessels, but
protophloem is often present, though it could be obliterated in mature bundles.
Metaphloem is always present. The bundles are usually surrounded by
mestome sheath (Botha et al., 1982; Dannenhoffer et al., 1990; Evert et al.,
1996). The small bundles, however, are generally smaller than the
intermediate bundles. They do contain metaxylem vessels and the largest of
the small bundle may contain protoxylem. Bundles may be surrounded by a
mestome sheath, which may be disrupted on the xylem side. For most of the
length of the leaf blade, the marginal strands are small bundles (Dannenhoffer

et al., 1990).

Metaphloem typically consist of two distinct sieve tubes — thin and thick-
walled — though thick-walled sieve tubes may be absent in the smallest of the
small bundles (Dannenhoffer et al., 1990). The thin-walled sieve tubes are so

called because their cell wall is thin. They are associated with companion cells
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and, are usually described as the first to mature or the first-formed
metaphloem (Evert et al., 1978; Botha et al., 1982; Botha and Evert 1988;
Dannenhoffer et al., 1990). The thick-wall sieve tubes, on the other hand, are
described as the late-formed metaphloem. They usually consist of one or
sometimes two sieve tubes that occur in close proximity to metaxylem. Thick-
wall sieve tubes lack companion cells and they have thickened cell walls
(Evert et al., 1978; Dannenhoffer et al., 1990; Evert et al., 1996). A number of
studies have shown that barley and other members of Poaceae, which include
wheat, sugarcane, maize and the southern African grasses like Themeda
triandra, contain both thin- and thick-walled sieve tubes at least in the
intermediate and small bundles (Botha et al., 1982; Colbert and Evert, 1982;

Dannenhoffer et al., 1990).

Studies have shown that the different orders of bundle in the leaf blades of
both C; and C4 grasses have largely different functions (Lush, 1976; Altus and
Canny, 1982; Fritz, et al., 1989). The small and intermediate bundles
primarily function as loading bundles, while large bundles are primarily
involved in longitudinal transport (Altus and Canny, 1982; Evert et al., 1996).
The structure and as well as the functions of the sieve tube elements (both
thin- and thick-walled) in the members of the Poaceae family have also been
under critical review. Fritz et al., (1983) reported that thick-walled sieve tubes
might be involved in the photosynthates’ retrieval from the transpiration

stream and/ or from the apoplast, but the thin-wall sieve tubes have been
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demonstrated to be most functional in terms of transport and phloem loading
than the thick-wall counterpart (Matsiliza and Botha, 2002). In addition, the
studies conducted by Evert et al., (1996), Botha and Cross, (1997) in the small
and intermediate bundles of barley source leaves revealed that the common
wall between the thick-wall sieve tubes and other cell types contain very few
plasmodesmata. They therefore concluded that both sieve tube-companion cell
complexes and thick wall sieve tubes might be virtually symplastically
isolated from the rest of the leaf. In contrast, the report of the investigation by
Haupt et al., (2001) shows that both the intermediate and large bundles of sink
leaves in barley contain relatively high frequencies of plasmodesmata between
cells in the vascular bundles and that, connections between thick-walled sieve
tubes and adjoining cells were abundant unlike source leaves where this is not
the case. This suggests that apoplastic solute loading mostly occurs in source

leaves and symplastic loading occurs in sink leaves.

1.4 Aphid feeding on host plants

1.4.1 Antibiosis, antixenosis and tolerance

Feeding on host plants by the aphids has generated many issues and concerns
for decades. Scientists have used different approaches to obtain a better
understanding of the mechanisms involved in this interaction in an attempt to
proffer explanations for these complex interactions and to eventually find

solutions to the problems generated by aphid feeding. In spite of these
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enormous efforts, these mechanisms are not yet fully understood. There have
been many attempts to study and understand the mechanism underlining the
plant-aphid interactions: Leszczynski et al., (1989) concisely described the
three different resistant mechanisms of plants against aphids, which were
antixenosis, antibiosis and tolerance. Leszczynski et al., (1989) described
antixenosis as the mechanism that occurs when resistant plants deter the
aphids from settling on and colonizing them. Antibiosis occurs when the plant
restricts the rate of the aphid’s increase, while tolerance occurs when the plant
is able to tolerate the nutrient drain caused by the aphids. Plant responses to
aphid feeding have been reported to be largely species-specific; the signals
which elucidate these plant responses have been suggested to be aphid
derived, particularly from the aphid saliva secreted during stylet penetration,
probing and subsequent feeding activities (Gill and Metcalfe, 1977). This
position was established during their study of antibiosis as an effective means
of resistance in barley to corn leaf aphid (Rhopalosiphum maidis). Antibiosis
has been reported to play a crucial role in the interaction with this aphid, as
mortality levels are high, but only for the corn leaf aphid, as the resistant
strain of barley used in their study was found not be resistant to other aphid
species (Gill and Metcalfe, 1977). This report gives an insight into different
behavioural mechanisms during infestation of a host plant by the aphid, a

critical focus of this thesis.
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1.4.2 Physiological effects of aphid feeding on host plants

The physiological effects of feeding by aphids on host plants vary greatly.
When aphids feed, redirection of assimilates into the aphid gut occurs instead
of these been transported through the veins. This redirection to the gut results
in the formation of secondary sinks by the feeding aphids (Botha and
Matsiliza, 2004). The drain of assimilates has been demonstrated to be very
strong and localized, as plants react to such redirection to the aphid’s gut in
some respects as if it were a bud (Hill, 1962). The aphids in this case are
competing with other parts of the plant, which are as a result of the aphid
feeding, denied assimilates, eventually resulting in observable deficiency
symptoms in the infested plants. There is evidence that plant height, shoot
weight and number of spike are significantly reduced when the RWA feeds in
wheat (Girma et al., 1993) and these are in addition to the earlier reported
visible symptoms characteristic of the RWA infestation. It is important to
state here that devastating yield losses result when drought and aphid
infestation occur simultaneously. Aphid infestation causes drought-stress
symptoms in leaves of infested barley, even in the presence of sufficient root
moisture (Cabrera et al., 1994). Cabrera et al., (1994) eventually conclude that
some of the metabolic changes that occur in barley cv Aramir under aphid
infestation could be due to water stress induced by the aphid. RWA
infestations have equally been shown, to decrease the water potential in barley
leaves and increase proline and glycine-betaine accumulation in leaves

(Riedell, 1989). In the same vein, the efficiency of light capturing in barley
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has been reported to be decreased by Sitobion avenae (Blanco et al., 1992),
while the greenbug aphid, Schizaphis graminum, has been shown to decrease
the photosynthesis during the infestation of barley leaves (Gerloff and

Ortmann, 1971).

1.4.3 Damage control through callose formation

Plants have been shown to respond to the disruption of their cell structure by
herbivore probing and feeding, by the formation of callose. Callose production
and deposition in plant tissues has been shown to be a very important and
effective plant response to wounding. Callose is B-1, 3-glucan. It was first
discovered in the mid-1800s (see Currier 1957; Evert and Derr, 1964) and was
described as a soft carbohydrate blockage found in intercellular connections
(Currier, 1957). Callose synthesis is initiated when -1, 3-glucan synthase is
activated subsequent to the disruption of plasma membrane integrity (Kauss,
1985). Callose formation occurs quite rapidly, mostly within a minute of
wound initiation (Radford et al., 1998, Nakashima et al., 2003). It is deposited
between the plasma membrane and the cell wall of the plant. Callose is
generally electron-lucent when viewed in electron micrographs (Stone and
Clarke, 1992) and it fluoresces under UV light when stained with the aniline
blue fluorochrome (Stone et al., 1985). Wounding of plant cells and the
initiation of wound callose formation seems to be as a result of elevated
calcium ion levels in a mechanism involving calmodulin (Botha and Cross,
2001 and references cited). Callose has been used in several studies to identify

phloem elements that are active in sap transport (Evert and Derr, 1964; Botha
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et al., 2000). They (callose) are largely produced in the sieve elements of the
phloem to restrict the flow of sap through cells (Currier, 1957) and thus seal
the pores in damaged phloem to prevent assimilate loss (Sjolund, 1997).
Callose synthesis and deposition in plant-microbe interaction have also been
demonstrated (Donofrio and Delaney, 2001; Jacobs et al., 2003), during which
plant cells respond to attack by synthesizing and subsequently depositing
callose, rapidly, as plugs or plates which are deposited close to the site of
pathogen invasion (see Ryals et al., 1996; Donofrio and Delaney, 2001 and
references cited). These callosic deposits seem to function as a physical
barrier against microbial penetration (Stone and Clarke, 1992) and this could

be achieved by either immobilizing or slowing the invading microorganisms.

1.4.4 Ultrastructure reveals functional damage

Structural and functional damage of cereal crops under aphid infestation have
been poorly investigated. While several papers partly address the damage to
host plant ultrastructure during aphid feeding, they do not focus in detail on
structural damage or more importantly on the functional aspect of probing-
related damage. For example, Fouché (1983) and Fouché et al., (1984) were
concerned with the changes which occurred to mesophyll cell organization,
more especially to the chloroplasts. The study was conducted by treating
leaves with whole-body extracts of the RWA. No attempt was made to show
structural details or the pattern of the damage with respect to feeding aphids or
possible responses by the host plants. The work by Al-Mousawi et al., (1983)

on the ultrastructural damage caused by greenbug aphid (Schizaphis
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graminum Rondani), in resistant and susceptible wheat cultivars shows
different damage in the mesophyll cells of the host plant by the probing
aphids. However, damage to the vascular bundles was not shown by this
study. It is pertinent to note that conclusions relating to the effects of feeding
aphids on the plant may not therefore be justified, unless they include studies
based on probing and feeding activities, as these should illustrate feeding
effects. Apart from the studies mentioned above, other structural and
ultrastructural studies conducted in the past rarely explain plant and aphid
interactions, or more importantly, plant reactions or defences to aphid attack
based on changes or damage to cell structure. Several of these studies, such as
those by Botha and Mabindisa 1977, Botha et al., 1977, Botha and Evert 1978,
Matsiliza and Botha 2002, focused primarily on using feeding aphids to
examine the probing pathways and preferential feeding sites. This thesis
represents one of the first studies of cell damage, in which ultrastructural
assessment of the damage has been attempted.

1.4.5 Rationale behind the use of the RWA and BCA on
wheat and barley

The RWA and BCA are, as stated elsewhere, serious cereal crops pests,
especially of wheat and barley. These aphids have diverse effects on host
plants. RWA is known to cause observable, severe symptoms such as
longitudinal streaking of the leaves, rolling of fully expanded leaves and
prevention of unrolling of newly formed leaves. The RWA also causes

extensive chlorosis and necrosis in infested plants. Single aphids have been
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reported to be capable of causing distinct symptoms (Walters et al., 1980). In
contrast, small colonies of the BCA do not generally cause any observable
symptoms, except for some evidence of a golden yellow streaking, reported to
occur upon infestation of the field by heavy populations (Agronomy Guide,
2002; UCIPM, 2002). RWA and BCA have different ecological strategies.
RWA escapes periods when the host cereals (winter-grown) are not available
by oversummering on grasses like Bromus spp and BCA overwinters on
Prunus spp when the host cereals (spring-sown) are not accessible. In
addition, BCA also prefers to feed on the lower parts of the plant and forms
smaller aggregates than does RWA (Wiktelius et al., 1990; Pettersson, 1994),
whereas RWA feeds in dense aggregates, preferentially in rolled leaves

(Walters et al., 1980; Burd and Burton, 1992).

Despite the differences in their ecology and also in the elicited symptoms in
host plants, the two aphid species are known to cause substantial yield loss
upon infestation and have been reported to naturally co-occur on the same
host plant (Feng et al., 1992; Wraight et al., 1993). Substantial efforts are
being made globally to curb the huge losses due to the infestation by
establishing efficient control methods. The methods that were used in the past,
and which are still partly used now, involved the use of insecticides (contact
or more expensive systemic insecticides), along with the cultural practice of
delayed planting, growing of non-host crops, eradication of oversummering or

overwintering hosts (Walters, 1984; Pike, 1988; Du Toit, 1989a). The most
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effective, economical and environmentally sound methods of control
obtainable today involve the use of resistant cultivars. Many resistant cereal
cultivars are now available (Du Toit, 1987; Liu et al., 2001), although there is
a disturbing evolution of new, more virulent biotypes of these aphids with the
ability to overcome the existing resistant cultivars (Quick et al., 2001; Haley
et al., 2004; Tolmay et al., 2007). There is, therefore, an increasing need for
more profound knowledge of the mechanism and effects of aphid feeding on
these cereal crops. The differences with respect to damage, as outlined above
between the RWA and BCA, provide us with an opportunity to effectively
explore their mechanisms of feeding on cereals, thereby enabling us to attempt
to relate the effects on the host plants in terms of the observable symptoms,
growth and feeding pattern to their structural damage. The result of a
structure-function study such as this one, should be of some use to breeders in
determining what strategies to employ to totally or partially, curtail the
damage caused to vegetative barley and wheat plants. Examination of
structural damage to transport systems could possibly enable or serve as a
basis for the inclusion of more targeted resistance which would result in plants

with greater survivability.
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1.5 Research objectives

Given the background above, the focus of this work was to gain additional
primary knowledge about the structural and functional relationships of the
damage caused by both RWA and BCA using non-resistant and resistant
cultivars. It was felt that this will help to give a deeper insight into the
mechanisms deployed by these aphids during their infestation of the plants, as
well into the responses initiated by the plants to survive these attacks. It was
obvious that in order to understand the mechanism involved in plant-aphid
interactions, it would be essential to have detailed knowledge of damage at the
ultrastructural level to vascular bundles and associated tissues in the leaves
where the aphids feed. The susceptible barley cultivar cv Clipper used in this
study (except in Chapter Four, where wheat cultivars are used as a
comparison) provides us the opportunity of investigating the effects of these
feeding aphids on the plants with little or no interference from any resistance
genes. In the same light, the use of susceptible wheat Betta and resistant Betta
Dnl, provides the opportunity to evaluate the effect of the resistant gene Dnl
as contained in this resistant cultivar over the near-isogenic susceptible
counterpart Betta. These two cultivars were selected to provide baseline
information on the mechanisms involved in resistant cultivars that could be
extended to other cultivars containing other genes. Given the differences
between the aphids (BCA and RWA), as well as the non-resistant and resistant
barley and wheat cultivars discussed here, it was felt that an in-depth study of

subcellular and cellular damage was necessary in order to gain more
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information regarding damage caused by these aphid pests. In part, the
damage, or damage limitation, is under molecular control, thus experiments
were conducted to investigate regulation at the transcriptional level of the
callose genes to see how much correspondence could be obtained between
what could be seen at the wide field fluorescence microscopic level, as

compared to molecular approach.

This study therefore involved evaluating structural and functional damage
caused by these aphids by:

1. The evaluation of the damage to the cell and tissue ultrastructure of
barley by RWA and BCA, using transmission electron microscope
(TEM) techniques, with a view to gain clear understanding of the
differences in the patterns of ultrastructural damage. This is related to
observed differences in the visible symptoms of their host plants
(Chapter Three).

2. The investigation of the ultrastructural damage caused by RWA in the
susceptible and resistant wheat cultivars selected for RWA. This was
aimed at gaining more knowledge about the mechanism of resistance,
by comparing the observed differences in the damage to cell
ultrastructure in the more resistant Betta-Dnl/ to the susceptible near-
isogenic counterpart, Betta cultivar (Chapter Four).

3. The investigation of the functional response of the plant to the feeding

by the aphids, through the formation of aphid-induced wound callose.
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Here 1 examined the wound callose formation resultant from aphid
probing, report on the up- and downstream movement of wound
callose signals, as well as investigate the sustainability or otherwise of
the deposited callose in plant tissues as caused by the two aphid
species. Fluorescence microscope techniques are used in these
experiments to examine the patterns of the plant’s response to the
aphid feeding and relate it to its functions in the observed differences
in damage symptoms (Chapter Five).

A molecular investigation of the expression of wound callose genes
(callose synthase and 3, 1, 3 glucanase) was carried out to establish the
differences in up- or down-regulation of the genes responsible for
wound callose formation. These comparative studies add new
information to our understanding of the expression and regulation of
specific genes induced after aphid infestation (Chapter Six).

The functional effects of the feeding damage to the transport of
assimilate via the phloem in the plants’ vascular bundles was
investigated using fluorescence microscope techniques. This provides
additional information about the comparative damage to the export
capacities of the phloem. This is to gain further knowledge about the
mechanism of different patterns of feeding by these two aphid species
and the effects this has on the transport of assimilates by the infested

plants (Chapter Seven).
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In summary, this thesis represents my effort to gain a clear understanding
of the differences and similarities of the effect of RWA and BCA feeding
on cereals. The study brings together a structural, functional and molecular
approach, providing some unique new insight into aphid feeding, causes

and the effects of the feeding.

1.6 Hypotheses

The hypotheses upon which this study is based were:

1. The RWA would cause more severe structural and functional damage
to the infested leaf, because it is highly aggressive and will elicit
distinct symptoms on the host plant, than BCA, which is recognised as
a less aggressive and non-symptomatic aphid.

2. There would be more extensive structural damage to vascular bundles
and other leaf tissues in the susceptible cultivars than in the resistant

cultivars.
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2 Chapter 2. Materials and methods

2.1 Host plant material

Barley seeds (Hordeum vulgare L. cv Clipper) and the seeds of the susceptible
and resistant wheat cultivars (7riticum aestivum L. cv Betta and Betta-Dnl
respectively) were obtained from the Agricultural Research Council-Small
Grain Institute, Bethlehem, South Africa. The seeds were pre-germinated in
Petri dishes and sown in potting soil (60:40, peat: vermiculite mixture —
Greenfingers, Port Elizabeth, South Africa) in plastic pots. The plants were
watered twice a week with Long-Aston nutrient solution (Hewitt, 1966), and
grown under controlled environment (Conviron S10H Controlled
Environments Limited, Winnipeg, Manitoba, Canada) at 24°C, 66% RH (day)
and 22°C, 60% RH (night) with a 14h photoperiod. Light sources were a
combination of fluorescent tubes (F48T12.CW/VHO1500, Sylvania, USA)
and frosted incandescent 60W bulbs (Philips, Eindhoven, The Netherlands)

and irradiance levels were 250pmol m™~ s at 20 cm above soil level.

2.2 Aphid colony maintenance
The Russian wheat aphids (Diuraphis noxia Mordvilko SA-1) and Bird
cherry-oat aphids (Rhopalosiphum padi L.) were also obtained from The ARC
— Small Grain Institute, Bethlehem, South Africa. Colonies of the two aphids
were maintained separately on young susceptible barley (for barley-based
experiments) and susceptible wheat (for wheat-based experiments) plants. The

colonies were kept in insect cages in separate growth cabinets. These aphid
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colonies were raised on feeder plants for at least three generations to avoid the
effects of previous hosts (Shufran et al., 1992). New, young feeder plants were
introduced to the colonies every two weeks to ensure that healthy host plants
were available for the aphid colonies to feed from constantly. The growth
cabinets used in the aphid experiments were set at 18°C, 66% RH (day) and
15.5°C, 66% RH (night) and 14h photoperiods. A small, single-leaf aphid
cage was used to keep the aphids on leaves of interest during the transmission
electron microscopic experiments (Chapters Three and Four), while Clipcage
of 2cm in diameter, as described by Noble (1958), were used in fluorescence

microscopy and molecular biology experiments (Chapters Five to Seven).

2.3 Transmission electron microscopy procedures

2.3.1 Experimental set-up and aphid infestation

In this thesis, two experiments were conducted, which involved using
transmission electron microscope procedures. The first experiment is reported
in Chapter Three, and it deals with ultrastructural differences caused when
BCA and RWA feed on a susceptible barley cultivar, Clipper. The second
experiment is reported in Chapter Four, and this deals with ultrastructural
investigation of feeding damage caused by RWA when it feeds on susceptible
(Betta) what cultivars and resistant (Betta-Dnl) wheat cultivars. These two
experiments have similar experimental set-ups. Five aphids each (unless
otherwise stated) were carefully transferred to either the second or the third

leaf above the coleoptiles with a camel hairbrush. After the aphids were
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allowed to settle on the leaves, a small, single-leaf aphid cage was used to
cover the aphids and keep them on the leaves of of their choice. Ten replicate
plants were established for each treatment. The aphids were allowed to feed
and reproduce for two weeks, after which the visible damage symptoms were
noted, before the infested leaves and those of the control were selected for the
transmission electron microscopic study of feeding-related damage. In the
case of barley cv Clipper experiments (see Chapter Three), aphid population
increases from the original five aphids during the two-week course of the

experiments were determined.

2.3.2 Leaf material treatment

Leaf material was cut into strips from leaves of control as well as infested
plants. The strips were then carefully trimmed and diced into smaller pieces
(approximately 2 x 2mm) into cold 6% parafomaldehyde-glutaraldehyde in
0.05M sodium cacodylate buffer, using a sharp, clean, single-edge razor
blade. The leaf segments were placed in small vials, and subjected to a very
slight vacuum (17000 kg/m sec?) for 1h before being placed in the refrigerator
at 4°C in a fresh change of fixative overnight. The segments were then washed
in three changes of cold 0.05M sodium cacodylate buffer pH 7, after which
they were immediately transferred to cold 2% osmium tetroxide in 0.05M
sodium cacodylate buffer and kept in the refrigerator overnight. The leaf
segments were then washed in cold buffer and dehydrated in a cold graded
ethanol series, followed by two changes in propylene oxide. Spurr’s (1969)

epoxy resin was used in embedment of the leaf tissues. Ulthrathin sections
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(silver to gold) were cut using a diamond knife (Drukker, Netherlands) and
the sections were collected on 300 mesh copper grids (SPI suppliers,
Philadelphia, USA). The sections were stained with uranyl acetate followed
by lead citrate, and they were viewed and photographed at 80KV using a

JEOL JEM 1210 transmission electron microscope (JEOL, Tokyo, Japan).

2.4 Fluorescence microscopy — Aniline blue
treatments

2.4.1 Experimental set-up and aphid infestation

Unless otherwise stated, five adult aphids were confined in clipcage to the
mid-region of a fully expanded leaf for each of the aphid feeding treatments.
In addition, investigation of the effect of feeding by a large BCA population
feeding on barley leaves involved introducing 50 adult aphids to clipcage. An
empty cage served as control. Ten replicate plants were set up per treatment.
A mature leaf (second leaf above coleoptile) and newly expanded leaf (fourth
or fifth leaves above coleoptiles) were selected as source and sink leaf
respectively during the short-term feeding experiments, while the second or

third leaf above coleoptiles was selected for long-term feeding experiments.

For the wound callose formation and signal transport experiments, the
enclosed aphids were allowed to feed for 24, 48 and 72 hours (short-term
feeding responses), and 7 and 14 days (long-term feeding responses). After

this the leaves were sacrificed for the study of feeding-related wound callose
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formation using the aniline blue fluorochrome treatments and fluorescence

microscope to visualize the wound callose.

For the wound callose formation pattern resulting from high BCA population
feeding experiments, two procedures were adopted. The first treatment
extended the long-term experiments (14d) for an additional one week (21d).
On average, the aphid population under the extended conditions was about 70
aphids (see Table 3.1). In the second treatment, 50 adult aphids were allowed
to feed for 72h, after which the leaves were selected for study of wound

callose formation.

For the wound callose persistence experiments, only RWA was used in this
study. The aphids were allowed to feed for 96h (4 days) after which all aphids
were gently and carefully removed from the leaves and the clipcages replaced.
Leaves were then randomly selected for the study of wound callose presence

0, 24, 48, 72, 96 and 120 h after removal of the aphids from the leaves.

2.4.2 Preparation of aniline blue fluorochrome

Aniline blue fluorochrome (4’4-[carbonyl bis (benzene 4,1-diyl) bis (imino)]
bis benzensulphonic acid ( Biosupplies Australia Pty Ltd) was made up as
follows: 0.1 mg of the compound was diluted in 1 ml of distilled water to
make the stock solution that was foil wrapped and stored at 4°C. The stock

solution was diluted in a ratio of 1:3 with distilled water to produce the
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working stock (427 uM in distilled water), and was kept foil-wrapped at 4°C

until needed.

2.4.3 Leaf material treatment

In the aniline blue fluorochrome experiments, whole leaves were cut from the
plant, after which the clipcage was gently removed and the area where the
aphids were feeding was marked for the aphid infestation treatment. The area
covered by the clipcage was marked in the control treatment. The leaves were
transferred immediately into Ca" free buffer (10mM MES (2-[morpholino]
ethanesulfonic acid), 0.5 mM MgCl,, 0.5 mM KCIl and 125 mM mannitol,
adjusted to pH 7.2). The abaxial surface of the leaves was gently scraped
under the buffer on a glass plate using a single-edge razor blade in order to
remove the cuticle and the underlying epidermal tissue in order to expose
“windows” into the underlying mesophyll and vascular tissues. Working
solution of the aniline blue fluorochrome was applied dropwise to the leaf
strips on glass slide and covered with 20 x 50mm coverslips. The tissue was
incubated with the fluorochrome solution for 30 minutes at 20°C, and then
washed with a fresh Ca’ free MES buffer. Examination of callose fluorescence
was carried out under UV light, using an Olympus BX61 wide-field
fluorescence Digital Imaging Microscope (Olympus Tokyo Japan, supplied by
Wirsam Scientific Johannesburg, South Africa), fitted with aniline blue filter
cube (with an excitation of 425-440 nm and emission of 475 nm). Images

were saved in a database using the program analySIS (Soft Imaging System
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GmHb, Germany), and imported as bitmaps to Corel Draw 12 (Corel 2003)

for presentation.

2.5 Fluorescence microscopy — 5, 6-CFDA treatments

2.5.1 Experimental set —up and aphid infestation

The experiments where the xenobiotic 5, 6-CFDA was used to monitor
phloem transport (reported in Chapter Seven) involved infestation of barley
leaves with five adult aphids each of BCA and RWA. The aphids were
confined using clipcage to the mid-region of a fully-expanded leaf for each of
the aphid feeding treatments after the aphids have settled on the leaves while
the control leaves carry empty cage. The aphids were allowed to feed for 72h
(short-term) and 14d (long-term) before the leaves were further subjected to 5,
6-CFDA treatment in order to investigate the phloem transport capacity of the
leaves in each treatment. Source and sink leaves were used during short-term
feeding experiments, while only source leaves were used for long-term
experiments, with 20 replicate plants established for each treatments.

2.5.2 Preparation of 5, 6-CFDA (5, 6-carboxyfluorescein
diacetate)

The stock solution of 5, 6-CFDA (C-195, Molecular Probes, Eugen, Oregon
USA) was first made by adding Iml of 0.2% dimethylsulphuroxide (DMSO)
to 100mg units of 5,6CFDA. This was foil wrapped and stored at -5°C until

needed. A working solution was then made by adding 1uL aliquots of the
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stock solution to 1ml of distilled water, foil wrapped and stored in -5°C until
needed. The working solution was added directly to the abraded leaf surface
and once loaded, the acetate moiety cleaved and the resultant 5,6CF

eventually transported within the phloem.

2.5.3 Leaf material treatment

The experiments involving the use of 5, 6-CFDA were carried out using intact
plants. The leaves were gently abraded, to allow access of the fluorophore, on
the abaxial surface with a sterilized needle. Source leaves were abraded on the
part above the clipcage, while sink leaves were abraded on the part below the
clipcage. This is taking into consideration the classical pattern of assimilates
movement, which is known to be basipetal (lamina tip to base) in source
leaves and acropetal (lamina base to tip) in sink leaves (Turgeon, 1989). The
abraded portion was then rinsed with distilled water before 100uL of working
strength 5, 6-CFDA was added and covered with transparent polythene film
(Housebrand, Brackenfell, South Africa) to prevent evaporation. The 5, 6-
CFDA was allowed to be taken up through the abrasion and transported for
3h. At the end of the loading and transportation time, the leaves were
detached, placed on a glass slide and covered with silicone oil, to prevent 5, 6-
CFDA from leaking from the leaf. The fluorescence front, the distribution and
the distance transported from the point of application of 5, 6-CFDA in control,
as well as aphid infested, leaves were observed under UV light. The Olympus
BX61 wide-field fluorescence microscope described above was used with a

U-YFP filter set (10C/Topaz 41028, Chroma technologies, Battlebro USA)
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with excitation of 513 nm and an emission of 527 nm. The images were also
saved in a database and presented as described in the aniline blue treatment

above.

2.6 Callose genes expression

2.6.1 Experimental set-up and aphid infestation

Ten-day-old plants were infested with aphids, BCA and RWA, by placing the
clipcages around the second leaf above coleoptiles and placing 20 adult aphids
per plant within the clipcages. 24 replicate plants were set up for each
treatment. At time zero (same day as putting aphid cages on) plant tissues
equivalent to the tissue caged-in were harvested into 15ml sterilized falcon
tubes, frozen immediately in liquid nitrogen and stored at —80°C. After 24, 48
and 72h, aphids were brushed off the infested leaves and the plant tissue
within the clipcages was harvested as described above and stored at —80°C
until further use. Controls were treated the same way, except for the presence
of aphids. Eight plants per treatment were pooled together in a 15ml falcon
tube in triplicate, immediately frozen in liquid nitrogen, and then kept at —
80°C. Total RNA was extracted from the plant materials thus harvested and

subjected to RT-PCR as well as real-time RT-PCR procedures.

2.6.2 RNA extraction

Plant material from barley cv. Clipper was harvested in 2 biological replicates
with 8 individual plants in each. Total RNA was isolated from 100mg frozen

plant powder using Total RNA Purification from Plant (Macherey-Nagel,
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USA), according to the kit protocol. DNA was digested during the purification

and purified RNA was eluted in RNase-free water.

2.6.3 RT-PCR

RT-PCR was performed by using SuperScript™ One-Step RT-PCR System
with Platinum® 7Tag DNA polymerase (Invitrogen, USA). Thirty ng of total
RNA was used as template. For callose synthases, specific primers were
designed for all three sequences potentially coding for callose synthase that
are present on the Barleyl GeneChip (Affymetrix). For f-1, 3-glucanases,
specific primers were designed for four of the sequences potentially coding
for p-1, 3-glucanases that are present on the Barleyl GeneChip. The
sequences were chosen among all sequences on the chip with similarity to S-1,
3-glucanases because they were expressed in barley leaves with aphids in a
microarray experiments (Delp G, Gradin T, Ahman I, Jonsson LMV,
unpublished). Primer sequences are given in Table 2.1. Cycling conditions on
PTC-100™ Programmable Thermal Controller, MJ Research, Inc. were: 45°C
for 30 min. and 94°C for 2 min., 35 cycles (actin, all callose synthases and
glucanase 10477) or 32 cycles (glucanases 1636, 1637 s and 1639) of 94°C
for 30 sec., 57°C for 30 sec. and 72°C for 1 min., and finally 72°C for 5 min.
Different cycle numbers were chosen to avoid over-amplification. Products
were run on 2% agarose gels run in 1 x TBE (Sambrook et al., 1989) and

visualized by ethidium bromide.
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Table 2.1 Sequences of primers used for RT-PCR

Contig | Primer sequences
no.
Callose 4949 F1 5’-CCACCATCGTGATCCTTATCGTGAT-3’
synthases R1 5’ CATGATCGCCGGCTTCAGTGCCTGA-3’
8428 F1 5"-GTGGAAAACAGTGCGCTCGTTGGCT-3’
R1 5-GCCTGGTTGAACAGTAGCCGTGTCT-3"
13152 | F1 5"-AGTGCACTAGCATTCTTAGCAACTG-3’
R1 5'-CAGCGTCGTACATCCGAGAGAT-3’
S-1,3- 1636 F1 5-GTTCCTGAGGCCCATCCTTAACTT-3"
glucanases R15-CGTCGAAGAGGTTGGTGTATGTCAA-3
1637 s | F1 5"-GAGAGGAGCTTCGGGCTCTTCAA-3’

R15-AGTTAACGCATGCTTGGTTGCACTC-3’

1639 F2 5'-ACGCGCAGGCGTACAACCAGGGATT-3'
R2 5'-ACGACGCAGCTTATTCGACCACGAA-3'
10477 | F1 5'-TCCGGCTCCTACTGAGCACTGAAAG-3'

R1 5-ATGCACTACGCCTGTACAGAGCTGC-3'
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2.6.4 Real-time RT-PCR

Real-time RT-PCR was performed using iScript™ One-Step RT-PCR Kit
with SYBR® Green (BIO-RAD, USA) according to kit protocol. Thirty ng of
total RNA was used as template. Only one replicate (with 8 plant individuals)
was analyzed for the basic f-1, 3-glucanase AJ271367 (1637 _s) since real-
time data was going to serve only as a complement to the RT-PCR data. For
contigl 639, potentially coding for an acidic f-1, 3-glucanase, two replicates
was analyzed and the mean for both calculated. All reactions were prepared as
duplicates. Actin was used as a reference gene to ensure normalization of
expression levels (primers; Actin F 5'9-TTCTCGACTCTGGTGATGGTGT-
3" and ActinR 5'-CAAGCTTCTCCTTGATGTCCCT-3"). Also, a no template
control was run. Cycling conditions on MyIQ™ Single-Color Real-Time PCR
Detection System (BIO-RAD) were 50°C for 10 min., 95°C for 5 min., and 45
cycles of 95°C for 10 sec. and 59°C for 30 sec. A melting curve was run after
the PCR, starting at 95°C for 1 min., 55°C for 1 min. and then 80 cycles,
increasing each cycle by 0.5°C, starting at 55°C for 10 sec. For calculating the
relative transcription ratio between sample and control compared to reference
gene, a formula by Pfaffl (2001) was used (ratio = (Eager) "0 (conrobsample)
(Epe) ACPTer (controlsampledy “pogults were correlated with primer efficiency by

using LinRegPCR software (Ramakers et al., 2003).
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3 Chapter 3: Ultrastructural damage caused by
RWA and BCA in a susceptible barley cultivar

Preamble

The data presented in this Chapter are in part, as published in Saheed et al.,

2007a (Appendix A).

3.1 Introduction

Aphids are phloem-feeding insects, so tend to cause little serious perceptible
damage to the plants that serve as their source of food. As previously
discussed in Chapter One, BCA appears to cause no visible host plant damage
when feeding, although its infestation is known to result in substantial yield
loss (Leather et al., 1989 Riedell et al., 1999). In contrast, the RWA is known
to cause an extensive chlorosis and necrosis upon infestation (Walters et al.,
1980; Riedell, 1989). Investigations have shown that RWA and BCA do not
only elicit different effects on their host plants, but also that they have
different ecologies (Walters et al., 1980; Wiktelius et al., 1990). An example
of this differing ecology is that BCA prefers to feed on the lower parts of the
plant and in smaller aggregates (Wiktelius et al., 1990; Pettersson, 1994),
whereas RWA feeds in dense aggregates and prefers to remain in rolled leaves

(Walters et al., 1980; Burd and Burton, 1992).
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Studies that involve investigations at the enzyme, protein and transcriptional
level have demonstrated that both aphid species induce responses in their host
plants. The RWA and the BCA have both been shown to induce pathogenesis-
related proteins, such as -glucanases and chitinases, and it has been reported
that the induced responses are stronger and at higher levels in resistant
cultivars than in susceptible cultivars (Van der Westhuizen et al., 1998a, b;
Forslund et al., 2000). There are also marked differences in these induced
responses. An example is the amino acid composition of the phloem sap of
wheat, which was found to change upon RWA infestation, whereas BCA
infestation had no such effect in the same wheat cultivars (Sandstrém et al.,
2000). There are also differences in oxidative responses between the two
aphid species. For example, RWA have been reported to induce peroxidase
activity in infested plants (Van der Westhuizen et al., 1998a, Ni et al., 2001),
but this is not the case in BCA-infested plants (Forslund et al., 2000; Ni et al.,
2001). Peroxidase results lend support to the earlier observations of the
formation of chlorotic yellow spots, which appear after RWA infestation, and
the absence of these regions after BCA infestation. There is at the time of this
investigation no explanation to the curling of the leaves and the yellow

streaking in the RWA-infested susceptible plant.

Miles (1999) suggests that aphid saliva might be responsible at least in part

for some of the observed damage. Saliva is ejected during probing as well as

during feeding activities (Prado and Tjallingii, 1994; Martin et al., 1997;
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Matsiliza and Botha, 2002). Aphid saliva is known to be of two types. The
first forms the solid and supportive stylet sheath, which is left behind during
probing, and the second is described as non-gelling watery saliva (Miles,
1999). The salivary sheath apparently contains proteins with active sulphydryl
groups and exhibits enzyme activity, including polyphenol oxidase,
peroxidase as well as glucanase. In addition, oxidases and pectinases have

been reported present in the watery saliva (Miles, 1999).

It is clear that two distinct sources of damage must exist: the first one is
phloem-related and the second is xylem-related damage. There is evidence
that phloem probing causes substantial damage to the capacity of the phloem
to transport assimilate. However, the question remains — how much damage is
caused to the phloem? A second and equally important aspect is the evidence
of ‘drinking’ from xylem by aphids. The principal question addressed in this
chapter is what level of damage the leaves sustain — especially the vascular
system - during aphid probing and feeding. The investigation of feeding
effects at the TEM level were considered to be important for several reasons,
chief of which is that little if any detailed information relating to cell and
tissue damage exists in the literature. Past structural and ultrastructural studies
were primarily used to examine the pathway of aphid stylets in the plant tissue
during feeding activities. Some of these studies used the aphids to examine the

potential functionality of specific phloem structures (Evert et al., 1968; 1973;
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Botha and Mabindisa, 1977; Botha et al., 1977; Botha and Evert, 1978;

Matsiliza and Botha 2002; Botha and Matsiliza 2004).

In this chapter, the investigations were based on the hypothesis that leaf
curling, necrosis and chlorosis were caused by changes to the transport
system, as a result of aphid feeding and subsequent saliva deposition. This is
because, while aphid-induced phloem damage causes reduction of assimilate
transport, which the plant may well be able to compensate for. Additionally,
drinking water from functional xylem elements causes severe damage,
possibly blockage within the vessels themselves, and precluding exit of water
to surrounding parenchymatous elements that may preclude movements and /
or recycling of nutrients. Little attention has been given to the damage
occurring at the cellular level as a result of aphid feeding which could explain
aphid-feeding symptoms such as leaf curling and yellow streaking. In this
chapter, the cell damage inflicted by RWA was examined in a susceptible
barley cultivar (cv Clipper) and this was compared with the apparently less
damaging BCA. The aim was to use the novel tool of leaf ultrastructures to
gain a better understanding of diverse mechanisms of aphid feeding. The use
of the susceptible barley cultivar (cv Clipper) in the experiments reported here
could hopefully serve as a reliable basis for future ultrastructural studies on

other less susceptible cultivars.
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3.2 Experimental overview

It is pertinent to recap briefly the materials and methods used in these
experiments. Unless otherwise stated, second or third leaves above the
coleoptiles were infested with five juveniles each of RWA or BCA, single-leaf
aphid cage was used to cover and keep the aphids on leaves of interest. The
aphids were allowed to feed and reproduce for two weeks, after which the
leaves were selected and processed for the electron microscopy investigation
of feeding-related damage. Aphid population increase from the original (five
aphids) during the two-week time course was determined from ten replicate

plants.

3.3 Results

3.3.1 Visible symptoms of infestation

The experiments confirm that there are differences in the visible symptoms of
infestation exhibited by the two aphids. These include the distinct chlorosis
and necrosis, as well as rolling of leaves that were observed in RWA-infested
leaves (Fig. 3.1A). These symptoms did not develop in BCA-infested leaves

throughout the two-week experimental period (Figure 3.1B).
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Fig. 3.1 Feeding aphids and their associated symptoms after two weeks

Figure 3.1 shows differences in symptoms of infestation by the aphids.

Fig. A is a RWA-infested leaf in which leaf rolling, chlorosis (arrowheads)
and necrotic regions (arrows) are evident.

Fig. B shows a BCA infested leaf with no observable symptoms.
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3.3.2 Population counts

An interesting observation was the differences in the rate of increase in
population by the two aphids from the starting number of five aphids within
the two-week period. The BCA population increased more rapidly than that of

RWA (Table 3.1).

Table 3.1 Russian wheat aphid (RWA) and Bird cherry-oat aphid (BCA) populations
per leaf, two weeks post-infestation with five aphids per leaf from ten replicates

Aphid type Mean populations
RWA 349+26
BCA 69.6 £ 3.7

p-values < 0.05 (<.0001), ClI for difference of means =[-44.3, -25.1], + SE.
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3.3.3 Ultrastructural investigation

The details of the ultrastructural damage to vascular tissue from barley leaf

blades are presented in this chapter.

3.3.3.1 Vascular system of control tissue

In the control leaf tissue; as expected, all the vascular structures appear intact,
normal and are assumed functional (Fig. 3.2). Figs 3.2 A-C shows details of
part of an intermediate vascular bundle where two thick walled sieve tubes
(solid circles) as well as a thin-walled sieve tube (open circle) are visible. In
Figs. 3.2 D and E, pore-plasmodesmal fields (pore-pd, PD) between a

companion cell and sieve tubes are unoccluded.

Fig. 3.2 Transmission electron micrographs of vasculature from control barley leaves
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In Fig. 3.2 (A-E), TEM images of control barley leaves, intermediate vascular
bundles are illustrated.

Figs. A-B show a close spatial relationship between the thick-walled sieve
tubes (solid circles) and the xylem vessels (XV), as well as to a thin-walled
sieve tube (open circle). Vascular parenchyma cells (VP), and companion
cells (CC) are associated with the thin-walled sieve tubes.

Fig. C illustrates a thin-wall sieve tube (open circle) and thick-walled sieve
tubes (solid circles)

Figs. D-E Unoccluded, presumably functional, characteristically-branched
pore plasmodesmal connections between thin-walled sieve tubes (ST) and
companion cell (CC), the mitochondria are intact.

Scale bars; A-C=5 um; D-E =1 pm.
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3.3.3.2 Damage to vascular system during RWA feeding

The characteristic damage caused by RWA to the vasculature in barley leaves
is illustrated in Figure 3.3. The probing of the xylem vessels (XV) during
feeding results in the vessels being sealed with electron-dense material (Fig.
3.3A), which is characteristic of RWA-probed vessels. The vascular
parenchyma cells exhibit signs of severe plasmolysis upon probing by the
aphids and possibly tasting from their contents. The plasmamembrane and
cytoplasm are withdrawn from the cell wall in most cases (Fig. 3.3B).
Accretion of salivary material (SS) often obliterated the xylem parenchyma
cells adjacent to punctured tracheary elements. Along with this, adjacent
mesophyll cells were often damaged during the probes of xylem (Fig. 3.3C).
The sieve tubes showed various degrees of damage; for example, in Fig. 3.3D,
thin-walled sieve tubes (ST) show evidence of having been punctured. The
endoplasmic reticulum in the middle sieve tube, however, remains parietally
localized (open dart), whilst in the uppermost sieve tube, the ER appears
interspersed with deposits of electron-dense material; and amorphous callose
(solid dart). The sieve tubes also suffer from plasmolysis, from mild to severe,
in which the plasmamembrane and the underlying cytoplasm was disrupted
and pulled away from the cell walls (Figs. 3.3 M-N). The extensive formation
of callose (C) was mostly associated with punctured and disrupted sieve tubes,
which occurs in associated companion cell where encapsulation of the

plasmodesmatal is evident (Figs. 3.3K, L). In many instances, plasmodesmatal
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and pore plasmodesmatal connections were occluded with electron-dense and

electron lucent material (Figs. 3.3L, J).

Fig. 3.3 Transmission electron micrographs from RWA-infested barley leaves
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Figure 3.3 (A-N) reveals ultrastructural damage caused by RWA feeding:

Fig. A. illustrates typical punctured xylem vessels, with electron-dense
salivary ejecta encasing the walls of the vessels, occluding the pit membrane
between the vessels. Surrounding parenchymatous cells appear unaffected.
Part of an undamaged bundle sheath cell (BS) appears unaffected.

Fig. B. shows vascular parenchyma (VP) in which the central cell is severely
plasmolysed, presumably after aphid puncture.

Fig. C shows part of an intermediate vascular bundle in which salivary sheath
material (SS) has completely obliterated the xylem parenchyma cells adjacent
to xylem vessels. Mesophyll cells to the right have also been punctured and
contain salivary material.

Fig. D shows three thin-walled sieve tubes from a small, intermediate vascular
bundle. Damage is extensive, but endoplasmic reticulum remains parietally
localized (open dart). In the uppermost sieve tube, the ER is interspersed with
extensive electron-dense deposits. Pore connections to the upper sieve tube
are obliterated by electron-dense material. Amorphous callose is deposited at
the neck of pores in contrast to open pores between sieve elements in control
tissue (Figs. 3.2 D-E).

Fig. E shows part of an intermediate vascular bundle. Multivesicular bodies
(box and detailed in Fig. F) are present in the companion cell.

Fig. F shows that all plasmodesmata appear closed and are associated with
distorted plasma membranes.

Fig. G reveals a multilayered salivary material deposit on either side of the
common wall between two vascular parenchyma cells. (ML = middle
lamella.)

Fig. H shows a multivesicular body adjacent to plasmodesmata between a
mestome sheath cell (above) and a vascular parenchyma cell (below). The
suberin lamella (SL) forms a compound middle lamella between these cell
layers. Plasmodesmata are occluded by electron-dense material.

Fig. I: high resolution of a single plasmodesma from Fig. J.

Fig. J: plasmodesmata between parenchymatous elements appear blocked by
electron lucent and electron dense material. Plasmodesmal apertures are
associated with callose (C).

Fig. K shows thin-wall sieve tube, companion cell and associated vascular
parenchyma. There is no plasmolysis or obvious damage to sieve tube but
there is callose encapsulation in companion cell (box).

Fig. L shows a higher magnification (from Fig. K) of plasmodesmata between
parenchyma and companion cell with heavy encapsulation by callose and
salivary constituents.

Fig. M shows part of a probed thin-walled sieve tube where the plasma
membrane and cytoplasm have pulled away from the cell wall (arrows).

Fig. N is a part of the Fig. M. showing electron-dense material, as well as
callose (C) that is intermixed with extensive salivary deposits associated with
the plugged pore-plasmodesma.

Scale bars: A—C=5um; D=3 pm; E=5 pm; F=2 pm; G =2pum; H=100
nm; [ =100 nm; J =250 nm; K=5 pm; L =100 nm; M =3 pm; N =1 pm.
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Saliva ejected by probing or feeding aphids often appeared layered or
polylamellate (Fig. 3.3G) where the common wall between the adjacent
parenchymatous cells have been punctured. This results in the deposition of
salivary material on both sides of the wall. Feeding by RWA results in
formation of multivesicular bodies (MVB, details in Fig. 3.3H), which usually
develop as a result of sudden pressure loss often associated with the vascular
parenchyma linked to damaged sieve tubes. (See box in Fig. 3.3E and at

higher magnification in Fig. 3.3F.)

3.3.3.3 Damage to vascular system during BCA feeding

The ultrastructural damage associated with BCA feeding is as illustrated in
Figure 3.4 (A-K). Comparison of the data presented in Fig. 3.4 with the
damage caused by RWA (Fig. 3.3) leaves little doubt that BCA causes or
induces less structural damage to the vascular system in barley leaves.
Damage caused by BCA is mostly partial plasmolysis, which was often
evident, as was obliteration of xylem (Figs. 3.4A-C). In Fig. 3.4B, the extent
of the damage to the xylem vessels is evident. The xylem probed by BCA
often contained granular salivary material, which occupies much of the lumen
of the vessel in this case (Figs. 3.4A-C). The damage that occurs here appears
less severe than is the case in RWA-probed xylem. It should be noted that the
adjacent thick-wall sieve tube (TST, Fig. 3.4B) is apparently partially

plasmolysed, similar plasmolysis occurs in companion cells (Figs. 3.4D, K).
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Fig. 3.4 Transmission electron micrographs from BCA-infested barley leaves
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Figure 3.4 (A-K) illustrates aspects of damage caused by the BCA feeding:
Fig. A. shows details of part of a small vascular bundle. Cells within this
vascular bundle show limited aphid-associated damage. Xylem vessels (XV)
have been probed for water. Salivary deposits are loosely granular and
electron-dense, but do not encapsulate cell walls, as is the case with RWA
xylem probes (see Fig.3.3A for comparison).

Fig. B shows that vessels are not totally occluded by the loosely granular
salivary deposit. The thick-walled sieve tube (TST) is partially plasmolysed.
Fig. C shows a detail of the vascular bundle with granular salivary deposit in
the xylem and partial plasmolysis of adjacent cells.

Fig. D shows details showing xylem vascular parenchyma (XVP) adjacent to
a companion cell (CC) with cells variously-plasmolysed.

Fig. E shows a higher magnification (from Fig. D) of a thick-wall sieve tube
and adjacent xylem vascular parenchyma cell with salivary deposits.

Fig. F show two aphid-probed thin-walled sieve tubes (ST), the sieve tube to
the right shows more evidence of plasmamembrane disruption and lateral
sieve areas between these cells are plugged with callose. Plasmodesmata
between the sieve tube at the centre and its associated vascular parenchyma
cell appear unoccluded.

Fig. G shows salivary sheath material (SS) deposited on either side of the
vascular parenchyma-companion cell wall interface.

Fig. H Pore-plasmodesmata between a thin-walled sieve tube (below) and a
companion cell (above) are occluded. Pore plasmodesmata are partially
occluded.

Fig. |1 shows deposition of salivary constituents splitting the wall of the
vascular parenchyma and its adjacent cell. Note the disruption of the plasma
membrane from the cell wall.

Fig. J shows electron-dense salivary material deposited along cell wall and
middle lamella (ML) of companion cells.

Fig. K shows plasmodesmata partly occluded between a vascular parenchyma
cell (above) and a companion cell (below).

Scale bars: A =20 pm; B =10 pm; C = 15um; D =5um; E = 2pum; F = Sum;
G=2pm; H-K = lpm.
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The probing and eventual feeding by BCA in the thin-walled sieve tubes
(Figs. 3.4F, H) resulted in the sieve area pores that connect the two sieve tubes
to be partially occluded by callose; this is far less than observed in RWA-
probed phloem. However, damage to vascular parenchyma and companion
cells was often more extensive (Figs. 3.4E, G, I-J). Note that salivary sheath
material (SS) is often deposited along the walls of the cells separating the
cytoplasm from the wall (Figs. 3.41-J) and also the deposition of saliva
constituents as well as the disruption of organelles within the companion cell

(Fig. 3.4G) and xylem vascular parenchyma (Fig. 3.4E).

55



3.4 Discussion

It was of interest that the population growth study of the two aphid species
showed that BCA reproduced more quickly than RWA did over the two-week
period (Table 3.1). However, these results are consistent with the observation
by Messina et al., (2002) where BCA population growth was shown to
increase faster than that of RWA after infestation on wheat. The logical
conclusion would be that more feeding associated damage would be observed
with BCA due to the larger number of feeding aphids. This is because damage
to plants is assumed to be caused by the puncturing of cells by the aphid
stylet, feeding in the phloem and subsequent salivary constituents’ deposition
(Miles, 1999). However, this was not the case. Leaves fed on by the larger
BCA population remained visibly healthy (Fig. 3.1B). In contrast, in leaves
infested by smaller populations of RWA, marked symptoms of chlorosis,

necrosis, as well as leaf roll occurred (Fig. 3.1A).

The experiments conducted by Prado and Tjallingii (1994) as well as Martin
et al., (1997) have both demonstrated that puncturing of parenchyma cells by
aphids during their probing activities before they eventually reach sieve tubes
(the primary feeding site), involves the discharge of watery saliva. Penetration
of plant leaves by aphid stylets has been reported to vary from an apparently
highly precise process, to one which, at times, appears haphazard (Matsiliza
and Botha, 2002 and references cited therein). The studies conducted by

Fouché, 1983 and Fouché et al., (1984) have demonstrated that changes
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occurred in the cell organization of wheat tissue when wheat leaves were
treated with extracts from whole body of RWA. Their results cannot,
however, be compared directly to the present study, which focuses on the
damage caused by stylet penetration during probing and subsequent aphid
feeding. Aphids have been reported to drink from xylem (Tjallingii, 1994)
during electrical penetration graph (EPG) recordings. The results presented in
this chapter might be the first ultrastructural evidence for a confirmation of
drinking from xylem elements. Puncture and drinking from xylem elements
by the RWA and BCA resulted in markedly different damage signatures.
RWA seem to eject a large quantity of electron-dense, fluid (‘watery’) saliva.
This, in all instances, appears to completely seal the xylem vessel (see Fig.
3.3A), and in particular the saliva blocks all membrane pit fields between
xylem vessels and other associated parenchyma cells. In contrast, BCA
appear to deposit dense granular saliva in the xylem vessels (see Figs. 3.4 A-
C). This saliva matrix does not appear to occlude the membrane of xylem
vessels — such as xylem parenchyma pit fields. It is tempting therefore, to
speculate that the less aggregated deposits resulting from BCA drinking
induces less physiological degrading of the apoplasmic transport system than
would seem to be the case with RWA water drinking processes. In the case of
RWA-feeding, the xylem elements are ensheathed by an amorphous, electron-
dense layer, which seems to completely isolate these elements from
surrounding xylem parenchyma, thereby precluding the exchange of vital

water and mineral nutrients with adjacent cells. As a result of blocking parts
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of the xylem system and thus preventing solute exchange in these regions, leaf

roll and chlorosis / necrosis could develop.

There are differences in the pattern of damage produced by probing, feeding
and water-drinking aphids. In all cases, RWA elicits more visible structural
damage than does BCA, when probes of comparative tissues are examined
(compare Fig 3.3 to Fig. 3.4). Cell wall probing produces similar results, with
a polylamellate salivary deposit commonly found associated with inter- as
well as intracellular probes. In both cases, RWA and BCA can separate cells
along the middle lamella. The results presented here also confirm that both
RWA and BCA puncture parenchyma cells during their search for functional
sieve tubes within the phloem tissue and that the cells probed by RWA (Figs.
3.3 B, C, E and F) appear to be more affected by probing and may be rendered
non-functional. In contrast, similar vascular parenchyma and associated

phloem probes by BCA do not seem to be as marked or severe (Figs 3.4 A-G).

Clearing (blowing) of stylets (evidenced by deposition of salivary material
observed here both inter- as well as intracellularly) suggests that the aphids
might analyse the substrate contained in the cells that they penetrate (see also
Klingauf, 1987; Tjallingii, 1995; Miles, 1999 among others). Probing and
puncturing of cells along the pathway may help direct the aphids towards their
food source (phloem tissue) and water source (xylem vessels). When the aphid

reaches the sieve tubes, salivary sheath production stops, but feeding is

58



preceded by ejection of watery saliva. The aphids then start to ingest cell sap
and maintain a sustained feeding pattern (Tjallingii, 1995; Prado and
Tjallingii, 1997; Miles, 1999). This present study shows that the sustained
feeding by RWA from sieve elements results in complete and apparently
irreversible damage (Figs. 3.3 D, M and N) whereas BCA does not appear to
cause such irreversible damage to the sieve elements from where they feed

(Figs. 3.4 F and H).

The evidence reported in this chapter provides useful and novel information
relating to the damage inflicted by the aphids on the transport tissues of barley
leaves. In the absence of positive identification of virus populations, the data
presented demonstrate that the physical puncturing of the cells by the aphid
stylets and the subsequent deposition of saliva during the feeding process
elicit differing response. The results reported here demonstrate that much of
the damage inflicted by RWA in comparison to BCA could be due to
complete destruction of the cells. Resultant rapid pressure loss can precede
irreversible physiological damage, in addition to reported effects associated
with saliva deposition itself. The sealing of xylem vessels by blocking the pit
field membranes by watery saliva material and the extensive damage to sieve

tube-companion cells complex of the phloem cannot be ignored.

Considering the above evidence, I therefore suggest that leaf rolling and

streaking symptoms shown by plants infested with RWA might, in part, be

59



due to the apoplasmic and symplasmic isolation of both xylem and phloem
respectively, leading to limitation in nutrient exchange from these cells into
adjacent cells. It is further suggested that chlorosis and necrosis might appear
during probing, where puncturing of cells could induce oxidative stress while
the sealing of xylem and phloem can generate leaf rolling and streaking

symptoms.
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4 Chapter 4: Ultrastructural damage caused by
RWA in susceptible and resistant wheat
cultivars

Preamble

This chapter explores the use of wheat cultivars that were susceptible or
resistant to RWA and investigates ultrastructural damage during RWA
feeding. This is because there is no commercial cultivar of barley available in
South Africa that is resistant to RWA and that could be used for this study.
Hence, the use of the two near-isogenic wheat cultivars, since wheat and
barley has similar ultrastructures. However, the data presented in this chapter

are in part, as published in Saheed et al., 2007b (Appendix B).

4.1 Introduction

The Russian wheat aphid became a significant problem in South Africa in
1978 (Walters et al., 1980) and still causes major economic losses not only in
South Africa, but also in North and South America. The RWA has been
described as one of the most destructive pests of small grains (Kovalev et al.,
1991), due to the extensive chlorosis, necrosis and leaf roll it caused upon
infestation, apart from the substantial yield loss. Because of these serious
effects, a series of efforts has been engineered into breeding for resistance to
this aphid. To date, about 10 genes conferring resistance to RWA have been
identified from wheat and other related cereals (Liu et al., 2002, 2005). Many

of the resistant accessions and their near-isogenic counterparts carrying
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resistance genes have been used in various studies with the aim of unravelling
the mechanisms for RWA-induced plant damage and that of resistance

mechanisms.

The resistance gene Dnl is one of the resistance genes that have been
incorporated into many cultivars of wheat. It was first identified in South
Africa in the common wheat accession PI 137739 from Iran (Du Toit, 1987,
1988, 1989a, b). Dnl has been introduced into different wheat cultivars such
as Betta, Tugela and Molopo, creating near-isogenic lines (Du Toit, 1989a).
The effect of the Dnl gene has been reported to be mostly antibiotic. This
operates by causing a reduction in the growth rate of the feeding aphid’s
population, as well as a reduction in fecundity and aphid biomass (Du Toit,
1987, 1989b; Budak et al., 1999; Heng-Moss et al., 2003). These are the
effects that could be observed in the resistant Betta- Dn/ wheat as compared
to susceptible Betta cultivar. The reduction in aphid biomass was also reported
in Tugela-Dnl as compared to Tugela near-isogenic line (Wang et al., 2004).
In addition, apart from antibiosis effects, Du Toit (1987) reported some levels
of antixenosis in Betta-Dnl, but this was not confirmed in the experiments
conducted by Budak et al., (1999). However, tolerance effects were found to
be absent in the wheat lines containing Dn/ genes (Du Toit, 1989b; Budak et
al., 1999). Lines carrying the Dnl/ gene have been reported to exhibit

symptoms such as chlorotic spots and leaf streaks, but the symptom rating is
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lower than on the corresponding susceptible lines (Du Toit, 1988; Wang et al.,

2004; Botha et al., 2006).

Extensive studies of the biochemical effects of RWA infestation have been
carried out using many near-isogenic lines of wheat as well as barley
cultivars. Some hydrolytic enzymes that belong to the pathogenesis-related
proteins group, such as -1, 3-glucanase (Van der Westhuizen et al., 1998a),
peroxidase as well as chitinase (Van der Westhuizen et al., 1998b) have been
found to be induced by RWA infestation in the resistant Dn/ lines. In contrast,
no induction, a very late induction, or a lower degree of induction can occur in
the corresponding susceptible lines. This suggests that RWA induces a
hypersensitivity response in resistant lines, an idea that was further supported
by the early accumulation of hydrogen peroxide and increased levels of
NADPH oxidase activity in RWA-infested resistant Tugela-Dn/ lines (Moloi
and Van der Westhuizen, 2006). Other studies have focused on the chlorosis
and changes in ultrastructure of the chloroplasts (Fouché et al., 1984) as well
as the levels of chlorophyll and carotenoids in susceptible and resistant lines
upon RWA infestation (Heng-Moss et al., 2003; Wang et al., 2004; Botha et
al., 2006). RWA often co-occurs with the non-symptomatic BCA, but RWA-
resistant Dn/ lines do not show any antibiosis effects against this aphid
(Messina and Bloxham, 2004), indicating that the resistance mechanism is not
activated by the bird cherry-oat aphid or that it acts specifically against RWA.

In Chapter Three (Saheed et al., 2007a), the differences in damage at the
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ultrastructural level caused by the RWA and BCA, when they both feed on
vascular bundles of the susceptible barley cultivar cv Clipper, were clearly
demonstrated. The damage to conducting elements may partly explain the
severe symptoms caused by RWA infestation and the absence of such

symptoms upon infestation by the BCA.

In this chapter, the investigation focuses on further ultrastructural effects of
RWA infestation on susceptible wheat cultivar Betta and the resistant Betta-
Dnl. This is with a view to gain further understanding of:
1. The mechanisms of the RWA feeding which leads to the severe visible
symptoms observed in susceptible plants.
2. The resistant mechanism that prevents RWA proliferation (antibiosis)
as well as reduces or possibly, delays such symptoms in the resistance

cultivar.

The hypothesis behind this investigation is that less structural damage will be
visible in the resistant than in the susceptible cultivars and that the ejection of
saliva into the xylem, as previously reported in Chapter Three, is a causal
factor in the visible symptoms during infestation. This is because copious
salivary deposition would effectively limit if not totally block the transfer of
water and essential nutrients that occurs during the transpirationally driven ion
exchange and recycling process. In addition to the known hypersensitivity

induced by the Dnl gene, leaf roll is slower to appear, and other effects
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associated with RWA feeding are delayed in Dnl, due to lower aphid

population growth rates than in the non-resistant Betta.

4.2 Experimental overview

In the experiments reported in this chapter, the second or third fully expanded
leaf of the susceptible (Betta) and resistant (Betta-Dn/) wheat cultivars were
infested with five adult aphids, and single-leaf aphid cages were placed over
the infested leaves. Empty aphid cages were placed on the control leaves and
10 replicate plants were established for each treatment. The aphids were
allowed to feed and reproduce for two weeks, after which visible damage
symptoms were noted before the infested leaves and those of the control were
selected for the transmission electron microscopic study of feeding-related

damage.

4.3 Results

4.3.1 Symptoms of infestation

The probing and feeding activities of RWA resulted in noticeable damage to
susceptible Betta, but was less evident in resistant Betta-Dn/ cultivar.
Symptoms such as chlorosis, necrosis and leaf roll were observed in the
susceptible cultivar Betta within the two-week experimental period, while the
resistant cultivar Betta-Dn/ exhibited few chlorotic patches and necrotic spots

within the same time frame.
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4.3.2 Ultrastructural damage

4.3.2.1 Control tissue

The details of ultrastructure from the control susceptible Betta and the near
isogenic resistant Betta-Dn/ cultivars are not different and they are as
illustrated in Figure 4.1 (A-E), the cells structures are intact and are apparently
functional. Figures 4.1 A-B shows details of part of an intermediate vein,
which includes thin-walled sieve tube elements, associated vascular
parenchyma and companion cells that appear normal and undisturbed.
Vascular parenchyma and companion cells associated with thin-walled sieve
tube elements at higher magnification (Figs. 4.1 C-D) show undamaged
mitochondria, intact endoplasmic reticulum and middle lamella. Figure 4.1E
illustrates a thick-walled sieve tube with a plasma membrane that is parietal

and intact.
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Fig 4.1 Transmission electron micrographs illustrating vasculature from control wheat
leaves

Figure 4.1 (A-E) show details of control, non-infested wheat cv Betta and
Betta-Dnl.

Figs. A and B: part of an intermediate vein including thin-walled sieve tube
element (ST), associated vascular parenchyma (VP), companion cells (CC)
and bundle sheath cells (BS). Note that the thin-walled sieve tube elements
and other cells are intact.

Figs. C and D: details of vascular parenchyma (VP) and companion cells
(CC) associated with thin-walled sieve tube elements (ST). Mitochondria (M),
endoplasmic reticulum (ER) and middle lamella (ML) are intact.

Fig. E: thick-walled sieve tube element (TST) showing plasma membrane that
is parietal and intact.

Scale bars A-E =5 pm.
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4.3.2.2 Probing in mesophyll cells

Probing of mesophyll cell by RWA during its pathway to the vascular bundle
results in severe cell damage to the cells probed and punctured. Figure 4.2 (A-
D) illustrates the damage caused by RWA in the susceptible Betta cultivar,
while Fig. 4.2 D shows similar probing in resistant Betta-Dn/. The mesophyll
tissue penetrated or punctured in the susceptible cultivar (Figs. 4.2 A, C)
shows evidence of damage to cell walls, disruption of cell cytoplasm and
destruction of constituent and organelles. Probing by RWA usually results in
mesophyll cells being split apart and the cleavage of the plasmodesmatal
fields ensues, while the saliva sheath that is usually left behind occupies the
middle lamella region (Figs. 4.2 B-E). In addition, probed mesophyll cells in
susceptible Betta have the walls of adjacent cells as well as the cytoplasm
destroyed while plasmolysis is often evident (Figs. 4.2 B-D). In few instances,
organelles like chloroplast can appear intact (Fig 4.2 D). In contrast,

mesophyll cell damage was not as severe in Betta-Dnl leaf blade (Fig. 4.2 E).
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Fig. 4.2 Ultrastructural damage in mesophyll cells and phloem systems in wheat
cultivars
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Figure 4.2 (A-L) illustrates aspects of RWA probing and feeding damage to
mesophyll and phloem systems, in Betta and Betta-Dnl. Fig. A shows
junction between probed mesophyll cells (MES) in Betta cultivar. Cell walls
were destroyed and cell contents disrupted and intermixed with salivary
material (SS). Fig. B shows part of a stylet sheath between two mesophyll
cells in the leaf blade of Betta cultivar. Note that the cell walls have been
punctured and saliva is present within the mesophyll cell to the left (SS). Fig.
C: a stylet sheath is in the intercellular space between mesophyll cells (MES)
of a Betta cultivar. Both walls in contact with the sheath show damage at the
contact zone (arrows) and saliva (SS) has leaked into the cells. Fig. D shows a
probe between two mesophyll cells of a Betta cultivar leaf in which the aphid
has split the cells (presumably along, or in the middle lamella region)
separating plasmodesmata in the process (arrowheads). The mesophyll cells
show signs of disruption, yet the chloroplast in the cell to the right appears
normal. Fig. E shows probing in Betta-Dnl leaf blade. Stylet sheath (SS)
deposition occurs between mesophyll cells, which apparently are neither
plasmolysed nor otherwise damaged.

Fig. F shows detail of a probe near a large metaxylem vessel (XV) of a large
vascular bundle in a Betta-Dn/ leaf blade. Copious saliva (SS) was deposited,
as the aphid appeared to puncture a number of cells sequentially while probing
for phloem. Despite the presence of saliva, the punctured xylem parenchyma
cell to the right (XVP) does not appear to be damaged or plasmolysed.

Fig. G shows completely disrupted vascular parenchyma in an intermediate
vascular bundle of a Betta cultivar.

Fig. H shows details of obliteration of the phloem tissue due to extensive
feeding in a vascular bundle of a Betta cultivar. Two thin-walled sieve tubes
(SS) were completely obscured by saliva and plasmolysis was evident in other
sieve tubes. Companion cells and phloem parenchyma were extensively
damaged in this large intermediate vascular bundle.

Fig. | shows three adjacent thin-walled sieve tubes (ST) from an intermediate
bundle of a Betta cultivar with cytoplasmic damage and callose deposition
(arrowheads) in lateral sieve area pores.

Fig. J shows part of a small intermediate vascular bundle in Betta-Dnl leaf
blade. A metaxylem vessel (XV), several xylem parenchyma cells (XVP), one
thick-walled sieve tube (solid dot), several thin-walled sieve tubes (open
circles) and associated companion cells (CC) and vascular parenchyma (VP).
Mestome sheath (MS) cells are visible inside the bundle sheath (BS); damage
is limited to only cells with saliva deposits (arrowheads).

Fig. K shows thin-walled sieve tubes in a large bundle of Betta-Dnl, which
are undamaged, in contrast to adjacent elements, which contain saliva.

Fig. L shows details of undamaged thick- and thin-walled sieve tubes in an
intermediate vascular bundle of Betta-Dn/ after being probed. Salivary
complex (SS) is vesiculated. Surrounding cells do not appear to have been
damaged.

Scale bars: A=2 um; B=5pum; C=5pum; D=3 pm; E=5 pm; F =5 pm;
G=3um; H=10 pm; [ =5 pm; J = 15pum; K=3 pm; L =35 pm.
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4.3.2.3 Probing and puncturing of vascular parenchyma
Vascular parenchyma are often probed and obliterated during penetration by

RWA on the way to the phloem and xylem tissues. These probes resulted in
deposition of a great deal of salivary sheath material, often in the region of the
middle lamella. This often resulted in the separation of the plasmodesma of
adjacent cells. At times, salivary ejecta are often deposited inside the
punctured cell. In the susceptible Betta cultivar, punctured vascular
parenchyma cells (Fig. 4.2 G) show severe damage to the cytoplasm and
organelles. The common observation in this cultivar is that cells adjacent to
salivary deposit show severe damage to cell walls, including the cytoplasm as
well as organelles. Damage was to all intents, similar to that in the mesophyll
cells (see Fig. 4.2 C). In contrast, inter- as well as intra-cellular probes of
intermediate and small bundles in Betta-Dn/ cultivar do not appear to result in
severe damage to vascular parenchyma (Fig. 4.2 F). In this case, the vascular
parenchyma (right) adjacent to the salivary deposit (left) does not appear to
show signs of damage in this image as compared to what was observed in
susceptible cultivar. It appeared as if cell disruption was an isolated event in
some instances, with individual, rather than whole groups of cells, destroyed

during feeding (see also Figs. 4.2 J, L for similar examples in vascular

bundle).

4.3.2.4 Phloem feeding — thin-walled sieve tubes

The primary site of aphid feeding is the sieve tubes of the phloem. In the

susceptible and resistant cultivars used in this study, the RWA probed and fed
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from the thin-walled sieve tubes extensively. In Betta cultivar, this feeding
resulted in severe damage to the phloem, as shown in Fig. 4.2 H, in this
example, four sieve tubes, a companion cell as well as phloem parenchyma
have been punctured. These sieve tubes show severe plasmolysis, as their
plasma membranes have ruptured and torn away from the cell walls in places.
In addition, two thin-walled sieve tubes are occluded with salivary sheath
material, while the remaining parenchyma cells are variously plasmolysed.
Callose deposition in the lateral sieve area pores of the punctured,
plasmolysed sieve tubes (Fig. 4.2 ) was very common. In sharp contrast, thin-
walled sieve tubes in the vascular bundle of Betta-Dn/ leaf blade usually
show little or no evidence of plasmolysis (Figs. 4.2 J-L), as they appeared
undamaged, including those adjacent to salivary material deposit. However,

obliterated thin-walled sieve tubes were occasionally encountered.

4.3.2.5 Phloem feeding — thick-walled sieve tubes

Thick-walled sieve tubes do not appear to be favoured site of feeding by
aphids. It seemed that they were probed through, while searching for the thin-
walled sieve tubes. However, probing in the thick-walled sieve tubes of the
susceptible Betta cultivar sometimes resulted in the plasmolysis of the sieve
tube. Figure 4.3 B shows the thick-walled sieve tube (solid circle), which was
plasmolysed during what is interpreted as an extensive probe. In contrast,
plasmolysis of thick-walled sieve tubes was not often seen in Betta-Dn/ leaf
blade bundles, even when stylet probes (Figs. 4.2 J, L and 4.3A) obliterated

vascular parenchyma cells adjacent to the thick-walled sieve tubes.
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Fig. 4.3 Ultrastructural damage in part of phloem, xylem and plasmodesmatal in wheat
cultivars
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Figure 4.3 (A-I) shows aspects of damage caused by RWA probing in thick-
wall sieve tubes and drinking from xylem in Betta and Betta-Dn/.

Fig. A shows detail of undamaged thick-walled sieve tubes (solid dots) in a
Betta-Dnl leaf blade which is adjacent to thin-walled sieve tubes in which the
content has been disrupted and plasmolysed.

Fig. B shows an extensive probing of the phloem tissue in an intermediate
vein of a Betta leaf blade. Both thin- and thick-walled sieve tubes were
probed. Saliva (SS) has obliterated several cells.

Fig. C shows part of a group of metaxylem vessels from an intermediate
bundle of a Betta cultivar. Note that saliva completely encases the inner walls
of the xylem elements and occludes pit membranes between the vessels
(arrowheads) as well as the pit membrane between the lowermost vessel and
its associated vascular parenchyma cell (paired arrowheads).

Fig. D shows detail of pit membrane in rectangle in Fig. C. Note that the
saliva has not crossed the fenestrated wall structure associated with the xylem
parenchyma, and that saliva completely blocks the pit membrane on the
metaxylem vessel side of the wall.

Fig. E shows details of a transverse vein in a Betta leaf blade, which was
probed, leaving a stylet sheath (SS). The solitary xylem vessel is ensheathed
by saliva, as is the pit membrane between this cell and its associated vascular
parenchyma cell (VP). The right-most vascular parenchyma cell was
punctured — saliva occupies part of the cell (arrowhead) and the cytoplasm has
been disrupted.

Fig. F shows detail of the pit membrane from Fig. E. Saliva (SS) has occluded
the pit membrane, and ejecta have crossed the membrane, exuding into the
parenchyma cell. The plasma membrane has separated from the cell wall
(arrowheads point to plasma membrane). The space between the cell wall and
the plasma membrane is occupied by saliva and granular, electron-dense
material. W = cell wall.

Fig. G shows detail of plasmodesmatal field between a bundle sheath (right)
and vascular parenchyma cell (left) in an intermediate bundle in Betta leaf
blade. Ectodesmata (arrowheads) have formed, possibly due to plasmolysis
caused by probing.

Fig. H a plasmodesmatal field between two vascular parenchyma in the leaf
blade Betta cultivars, the cells shows occlusion of plasmodesmata.

Fig. | shows plasmodesmatal field between two mesophyll cells in a Betta-
Dnl leaf blade. Plasmolysis has resulted in extrusion of the plasmodesmata
(forming ectodesmata); some vesciculation of the cytoplasm has occurred.
Scale bars: A=5pum; B=5pum; C=5 pm; D=500 nm; E =5 pm; F =2 pum;
G =500 nm; H= 800 nm; I =250 nm.
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4.3.2.6 Drinking from xylem

It has been argued in Chapters One, Three, and some previously cited
references that aphids are capable of drinking from the xylem and feeding
from the phloem. In the experiments reported in this chapter, there was no
apparent difference when RWA probed the xylem in either Betta or Betta-
Dnl. The xylem vessel walls in both cultivars were lined with an amorphous,
electron-dense layer of saliva. This, as earlier reported in Chapter Three, is
characteristic of RWA, and these saliva deposits appear to seal the xylem
vessels and occlude pit membrane connections between the vessels and their
surrounding xylem parenchyma (Figs. 4.3 C-F). The pit fields between
metaxylem vessels, as well as those between the xylem and associated xylem
parenchyma, were occluded and plugged with these salivary deposits (Figs.

43 C-D).

4.3.2.7 Plasmodesmal fields

Plasmodesmata suffer severe disruption and damage during probing and
feeding by the aphids. Figures 4.3 G-I illustrate aspects of disruptions between
plasmodesmal fields in both Betta and Betta-Dn/ cultivars. In the Betta
cultivar, plasmodesmata were often blocked and/or occluded with callose
(Fig. 4.3 H), and formation of ectodesmata is very common (Fig. 4.3 G). This
is possibly as a result of the rapid plasmolysis of the cells in question. Partial
disruption of plasmodesma are the common observations in Betta-Dnl

cultivar, while ectodesmal formation is rare. Fig. 4.3 1 shows the
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plasmodesmata between two mesophyll cells of a Betta-Dn/ that are partially

plugged and some plasmolysis of cells can be seen.

4.4 Discussion

4.4.1 Stylet-related damage

RWA subsists primarily on the fluid contents of the plant cells. Its principal
feeding site is the sieve element, which can be reached via either stomata or
puncturing of the epidermal or mesophyll cells. The penetration of the
mesophyll cell of wheat during RWA probing has been proposed to be
entirely intercellular (Fouch¢, 1983; Fouché et al., 1984). In the work reported
here and based upon TEM investigation, there is strong evidence of
intercellular (Figs. 4.2 B-E) as well as intracellular (Figs. 4.2 A, C) probing of

mesophyll tissue.

In the susceptible Betta cultivar, both inter- and intracellular cellular probing
resulted in severe cellular damage to the mesophyll cells. The mesophyll cells
that were adjacent to salivary material deposits were equally damaged, as
plasmolysis, disruption of the cytoplasm and its organelles, as well as cell wall
damage ensue (Figs. 4.2 B-D). The punctured cells containing salivary
deposits displayed severe damage to the cell cytoplasm and its organelles (Fig.
4.2 A). Interestingly, this did not appear to be the case and was not obvious in

the resistant Betta-Dnl/ cultivar, where mesophyll cells that were probed
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intracellularly, or those adjacent to salivary sheath deposits (Fig. 4.2 E), or
even those which had been punctured, do not show signs of damage to

cytoplasm or constituent organelles.

4.4.2 Phloem damage

After probing the mesophyll, the aphids reach the vascular bundles, where
penetration appears to be entirely intracellular. The sequence of probing
begins with the bundle sheath, followed by the vascular parenchyma, xylem
elements and sieve element-companion cell (SE-CC) complex (Evert et al.,

1973; Fouché et al., 1984; Matsiliza and Botha, 2002).

In Chapter Three it was suggested that the sealing of xylem by RWA during
the process of blowing or clearing of their stylets, as well as severe phloem
damage they caused during feeding, could lead to isolation of xylem and
phloem conducting elements, and that this could induce leaf roll and streaking
symptoms (Saheed et al., 2007a). These observations are further confirmed in
the results reported in this chapter, where severe plasmolysis, damage to the
plasma membrane, cytoplasmic contents, cell walls and organelles in
intracellularly-probed cells, as well as to cells adjacent to salivary material
deposition and to those containing saliva, was more evident in the susceptible
cultivar (Figs. 4.2G-]) than in the resistant cultivar, which showed reduced

damage to cell walls, cytoplasm and organelles (Figs. 4.2 F, J-L).
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Damage to thin-walled sieve tubes of the phloem due to multiple probing and
feeding was severe in susceptible Betta cultivar (Figs. 4.2 H-I). This is not
surprising, because thin-walled sieve tubes and their associated companion
cells in Poaceae family are the prime target for feeding by aphids (Botha and
Matsiliza, 2004). In contrast, this damage appears to be not as severe in
resistant Betta-Dn/ (Figs. 4.2 J-L) where the phloem shows little or no
damage. However, damage to thick-walled sieve tubes appears to be minimal
in both susceptible and resistant cultivars. This is also not unexpected, as
thick-walled sieve tubes are generally symplasmically isolated from the thin-
walled sieve tube-companion cell complexes in many grasses (Botha, 2005)
and they are not the preferred site of feeding by the aphids (Matsiliza and
Botha, 2002). Some thick-walled sieve tubes show plasmolysis in susceptible
Betta cultivar (Fig. 4.3 B), but not so in the resistant Betta-Dn/ (Figs. 4.2 J, L

and 4.3 A).

4.4.3 Saliva damage

Copious saliva was found in the entire probing and feeding pathway,
including sieve elements in both the susceptible and resistant cultivars.
However, all cells probed with salivary material deposit, or adjacent to
salivary deposit, show significant damage in susceptible Betta cultivar,
whereas similar cells in Betta-Dn/ cultivars do not show as severe damage as
seen in Betta. It appeared as if cell disruption was in a resistant cultivar, an
isolated event in many instances, with individual cells, rather than whole

groups of cells, destroyed during probing and feeding.
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The results presented in this chapter suggest that reduced, cell and organelle
damage (resistance to cell damage) occurs in the resistant Betta -Dnl plants.
This resistance to damage might be because of the accumulation of higher
levels of PR-proteins, peroxidase and / or defence-related products reportedly
found in the cell apoplast of some resistant wheat cultivars, including Betta-
Dnl (Van der Westhuizen and Pretorius, 1996; Van der Westhuizen et al.,
1998a). Peroxidase has been shown to be involved in direct defence, such as
lignification, formation of intermolecular crosslinking and suberin formation,
as well as the production of reactive oxygen species associated with eliciting,
and signalling events inducing defence mechanism (Bowles, 1990; Mehdy,
1994). Therefore, by limiting penetration of salivary components, as part of
hypersensitive response (HR) (Moloi and van der Westhuizen, 2006),
peroxidase may confer some protection to probed cells in the resistant
cultivar, thereby preventing subsequent damage to the cells and their

organelles.

4.4.4 Xylem-related damage

Aphids in general have been previously reported to drink periodically from
the xylem (Tjallingii, 1994) while they feed from the phloem. In Chapter
Three (Saheed et al., 2007a), RWA and Bird cherry-oat aphid (BCA) have
been shown tap the xylem in barley in order to drink water, and in the process
that they eject salivary material. RWA have been shown to deposit watery,

smooth saliva that, in all cases, completely coats the inner face of the walls of

79



3

xylem vessels. The extensive coating supports the argument for “watery”
saliva. This is not the case when BCA taps the xylem. Here, the aphids eject a
more granular salivary matrix, which does not appear to occlude the pit
membrane or pit apertures between metaxylem vessels and adjacent xylem
parenchyma. The occlusion through deposition of copious saliva, a
characteristic of RWA, was observed within the metaxylem vessels of all vein
classes within Betta and Betta-Dn/ plants. It is unlikely that gelling saliva
would spread as evenly or effectively to seal up the pit membranes, as is the
case when RWA taps the xylem for water. Evidence for complete blocking of
pit membranes by saliva (see Figs. 4.3 D, F) lends overwhelming support for
the suggestion that streaking and wilting in Betta and Betta-Dn/ may be
caused through the prevention of water and nutrient flow to parenchymatous
elements from the xylem when RWA feeds on leaves of the plant.
Symplasmic transport of assimilates could also be disrupted due to occlusion
of plasmodesmata and callose deposition within sieve tubes. Ectodesmata
formation is usually associated with plasmolysis (Fig. 4.3 G) and it is
generally taken as an indicator of severe damage to plasmodesmata. This often
occurred in Betta cultivars, but not in Betta-Dn/. Limited plasmodesmatal
disruptions (Fig. 4.3 L), by partial or no occlusion by callose, were commonly

observed in resistant cultivar.

The apparent lack of occlusion of plasmodesmata in the Betta-Dn/ cultivar

could perhaps be attributed to -1, 3-glucanase (an enzyme that degrades
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callose), which has been shown to accumulate to a greater extent in the
resistant cultivars (Van der Westhuizen et al., 1998a). Despite the evidence
presented here, some assimilates could still be symplasmically trafficked in
adjacent cells despite significant redirection to the aphid’s gut in resistant
Betta-Dnl cultivar, but that reduction of phloem related transport could be

greater in the non-resistant Betta cultivar.

In conclusion, the extensive cellular and subcellular damage caused by RWA
to mesophyll and vascular tissues of Betta and to a lesser extent in Betta-Dn/
leaves is confirmed by the observed morphological symptoms. The disruption
of the phloem and xylem transport systems by aggressive feeding and probing
of the RWA suggests a marked loss in the physiological function of these
transport systems in the susceptible Betta, in comparison to the resistant Betta-
Dnl, where this appears reduced. This reduction in observed damage in
resistant Betta-Dn/ could perhaps be a combination of a reduced number of
feeding aphids (antibiosis) and enhanced cell wall strengthening effects due to

the activity of PR-proteins such as peroxidase.

Tapping the xylem for water, as a result of the aphid’s habit of egesting or
regurgitating watery saliva has an additional, fatal effect. The consequence of
xylem vessels sealing is loss of functionality, which will result in the cessation
of water offloading to vascular parenchyma cells and as a result reduction in

the available water supply well to the phloem, where loading will be adversely
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affected. The decrease in water availability, associated nutrient recycling and
phloem loading leads to water and nutrient stress in the plant and decreases
assimilate flow. The visible result is leaf streaking, necrosis and leaf curling.
These are manifestations of severe stress that do not preclude any potential

hypersensitivity response.
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5 Chapter 5: Wound callose formation in
response to RWA and BCA feeding in barley
leaves

Preamble
The data presented in this chapter are in most part, published as part of data

presented in Saheed et al., 2007¢; submitted to Physiologia Plantarum.

5.1 Introduction

Wound callose formation and deposition have been reported to be a rapid
response, which may occur within a minute of cell wounding (Gunning and
Steer, 1996; Radford et al., 1998; Nakashima et al., 2003). Callose is
deposited between the cell wall and the plasmamembrane and it is associated
with sieve plates and pore-plasmodesma between the companion cells and
associated sieve tubes. In addition, locally deposited callose in sieve pores and
plasmodesmata could occur either as a response to wounding or some other
physiological stress, and it could be deposited as plugs or plates (normally
referred to as papillae) in response to pathogen infection (Stone and Clarke,
1992; Donofrio and Delaney, 2001). The formation of callose during
wounding has been shown to lead to a reduced rate of transport in phloem
tissues of wheat leaves (Botha and Matsiliza, 2004). The rapid formation of
callose in sieve pores of the phloem has for years been considered to be an

effective means by which plants respond to wounding. Callose, therefore,
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helps to seal the pores in damaged phloem tissue thereby preventing the loss

of assimilates (Sjolund, 1997).

Recent studies have shown that some aphid species cause wound callose
formation (Botha and Matsiliza, 2004; De Wet and Botha, 2007). These
aphids include RWA and the grass aphid — Sitobion yakini (Eastop). In
addition, these aphid species have been reported to cause wound callose
formation in wheat cultivars known to be susceptible to RWA. However, no
evidence of wound callose formation was observed in a resistant cultivar
which contains resistance gene against RWA when been fed upon by S. yakini
(de Wet and Botha, 2007). Aphids, which damage the phloem tissue during
penetration and subsequent feeding, can feed from sieve tubes of the phloem
for prolonged periods. It has been suggested that aphids can prevent wounding
reactions, such as callose formation and protein plugging, by sealing the stylet
puncture site with sheath saliva and that the watery saliva injected into the
sieve elements may interact with sap constituents in some unexplained way

(Will and Van Bel, 2006; Will et al., 2007).

Wound callose formation suggests that its formation may at least partly
explain the severe symptoms caused by RWA infestation. This notion finds
support from the results of the ultrastructural study (Chapter 3), where the
effects of feeding by RWA and BCA were compared and in Saheed et al.,

(2007a). BCA can co-occur with RWA on wheat and other cereals, but on its
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own does not appear to cause any visible damage symptoms (Messina et al.,
2002), especially at low levels of infestation. This is unlike RWA, which is
capable of causing distinct symptoms even as a result of a single aphid
feeding (Walters et al., 1980; Saheed et al., 2007a). In Chapter 3, it was shown
that the differences in the salivary egestion into xylem elements by RWA and
BCA, together with effects on phloem tissue, cause distinct differences. RWA
causes formation of callose in sieve pores and also in plasmodesmata and pore
plasmodesmata between companion cells and sieve tubes, whereas in BCA-
infested tissue, only sieve pores appeared to contain callose (Chapter 3; and in
Saheed et al., 2007a). However, a study has shown that -1, 3 glucanase (an
enzyme that is suggested to digest callose) accumulates in higher levels in
resistant cultivars when compared with the susceptible type during RWA
infestation of wheat (Van der Westhuizen et al., 2002), and during BCA

infestation of barley cultivars (Forslund et al., 2000).

In this chapter, I report on my experiments to further elucidate the underlining
mechanism of aphid feeding and the response by plants to the damage caused.
Understanding the synthesis and distribution pattern of wound callose
formation (the response to wounding) by these two aphid species (RWA and
BCA) was considered important. Using a susceptible barley cultivar (Clipper)
in this study presented a unique opportunity to evaluate wound callose
induction with little or no masking and/or interference due to induced p-1, 3

glucanase activity. In this chapter, the functional response of plant to aphid
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feeding through formation of wound callose was investigated and the results
of these investigations are presented here. The aim was to explore the pattern
of wound callose formation during short- and long-term feeding by the two
aphid species using a callose-specific fluorochrome. In addition, the
investigation of the persistence, or possible removal of the wound callose after
it has been deposited were carried out; and lastly, the examination of the
movement of the wound callose signals, whether up- or down-stream of the

assimilate flow was carried out, and the results presented here.

5.2 Experimental overview

Given that the formation and distribution patterns of callose in aphid-fed
leaves would indicate the level of wounding and its spread as a result of signal
transmission, it was felt that callose distribution could best be investigated in
the following ways:

(a) Wound callose formation and distribution during short- as well as
long-term feeding by RWA and BCA, using a callose-specific
fluorochrome (aniline blue fluorochrome; details of this fluorochrome
are recorded in the ‘Materials and Methods’ section).

(b) Wound callose formation by higher populations of BCA feeding in
short-term as well as long-term experiments.

(c) Persistence of deposited wound callose after aphid removal. Here,
experiments involved allowing feeding for a pre-determined time and
after the removal of the aphids, leaf recovery was examined at fixed

time intervals.
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(d) Signal transport in the phloem needed to be investigated downstream
and upstream of aphid infestation in mature source leaves, and in

immature sink leaves.

5.3 Results

5.3.1 Distribution of wound callose in control leaf tissues

The development of wound callose associated with the damage caused by
scraping of the leaves was effectively minimised by scraping the leaf surface
under Ca’ free MES buffer at pH 7.2. Figs. 5.1 A-D show part of the leaf
blade from control, uninfested leaf tissue after 72h, which is the time used for
short-term response. Similar response results were observed after 24 and 48h
(data not shown). Fig. 5.1 A and C illustrate part of the leaf blade occupied by
the clipcage in source leaves, while Figs. 5.1 B and D show similar parts in
sink leaves. There is little or no callose-associated fluorescence, except that
which was associated with sieve plates and pore-plasmodesmal units (PPUs)
in small (SV), intermediate (IV) vascular bundles and in cross veins (XV). As
expected, callose-associated fluorescence did not show any marked increase

(data not shown), even in the 14d control leaves.
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Fig. 5.1 Callose formation in control barley leaves

Figure 5.1 (A-D) shows distribution of callose formed as a result of scraping
in control barley leaves. The portions occupied by the aphid cage in source
leaves are shown in Figs. A and C, while similar portions in sink leaves are
shown in Figs. B and D. Note that there is no evidence of wound callose
formation in intermediate vein (IV), small vein (SV) as well as cross vein
(XV) in these leaves, except callose associated with sieve plates (SP) and pore
plasmodesma units (PPUs).

Scale bars: A =200 pm; B =200 um; C =100 um; D =200 um.
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5.3.2 Formation of wound callose in BCA-infested leaves

Interestingly, infestation of sink as well as source leaves by BCA for short-
term (24 - 72h) does not result in any noticeable formation of wound callose
in all classes of longitudinal vein orders or in cross veins. Limited wound
callose formation was, however, observed along longitudinal veins after long-
term (14d) feeding, but little evidence of formation was found in cross veins.
Figure 5.2 A-D show parts of the leaves where the aphids were feeding in
source (Figs. 5.2 A and C) and sink (Figs. 5.2 B and D) leaves. No wound
callose-associated fluorescence was observed in all the small (SV),
intermediate (IV) and cross (XV) veins. Sieve plates were, however,
associated with callose as well as PPUs. These results were similar to those
observed in control, uninfested leaves (Fig. 5.1). Little or no formation of
wound callose was observed even after 7d (data not shown) of BCA feeding.
However, after 14d (long-term) of continuous feeding by BCA, some wound
callose was observed. It should be noted here that sink leaves would have
transit into source leaves within 14d of growth. Figs. 5.2 E-H illustrate aspects
of wound callose-associated fluorescence developed in source leaves, but
examined after 14d (long-term) of BCA feeding. The distribution of wound
callose in longitudinal veins where the aphids were allowed to feed shows that
the formation of wound callose in these tissues is limited. Smaller deposits, or
punctate spots, mark callose deposition associated with PPUs and

plasmodesmatal fields.
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Fig. 5.2 Wound callose formation during short- and long-term feeding by BCA in barley
leaves
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Figure 5.2 (A-H) illustrates aspects of wound callose formation by BCA, after
72h (short-term) as well as after 14d (long-term) of feeding on barley leaves.
Figs. A and C show the portion of the leaves where the aphids were feeding
after 72h in the source leaves, while similar portion in sink leaves are shown
in Figs. B and D. There is no wound callose formation in the tissues of these
leaves, except those associated with sieve plate pores and PPU. This is similar
to the formation found in the control, uninfested leaves (see Fig. 5.1).

Figs. E-H show aspects of wound callose formation after 14d of feeding
(long-term feeding). The tissues of these leaves show limited wound callose in
longitudinal intermediate veins (IV), as well as cross vein in the area of aphid
feeding, and within sieve plates and PPUs.

Scale bars: A =200 um; B =100 pum; C =200 pm; D =200 pm; E =200 um;
F=200 pum; G=100 um; H= 100 pm.
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5.3.3 Formation of wound callose in RWA-infested leaves

Formation of wound callose starts appearing within 24h of infestation by
RWA, and these formations become more evident by 72h of feeding. Figure
5.3 (A-E) illustrates the 72h (short-term) pattern of wound callose distribution
due to RWA feeding. Wound callose formation occurs in longitudinal
intermediate veins (IV) as well as cross vein (XV) in the portion of the leaves
where the aphids fed from after 72h of continuous feeding in source (Figs. 5.3
A and C) and sink (Figs. 5.3 B and E) leaves. The aphid stylet track (ST) was
strongly reactive and showed evidence of callose (Figs. 5.3 C and D). These
results show that RWA induces severe wound callose formation within 72h of
feeding, whereas BCA does not induce wound callose formation within the
same period (see Figs. 5.2 A-D for comparison). The experiments indicate that
there is a progressive increase in wound callose formation, from the start of
RWA feeding through the 7-14d period. Long-term (14d) feeding-associated
wound callose in RWA-infested leaves was illustrated in Figs. 5.3 (F-L).
There is extensive wound callose formation in the phloem of longitudinal
intermediate veins (Figs. 5.3 F, G and J), as well as in other classes of vein,
including cross veins (Figs. 5.3 K-L) in the infested leaves. The micrographs
clearly demonstrate severe damage to the phloem system as a result of long-
term RWA feeding. As mentioned, stylet tracks (ST) or stylet track
terminations were also heavily callosed (Figs. 5.3 H-I), as were sieve plates

and pore plasmodesmal units (Figs. 5.3 K-L).
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Fig. 5.3 Wound callose formation during short- and long-term feeding by RWA in
barley leaves
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Figure 5.3 (A-L) illustrate patterns of callose formation in RWA infested
leaves after 72h and 14d of intensive feeding. The portions of leaves where
the aphids were feeding after 72h (short-term) are illustrated in Figs. A-E.
Note the extensive formation of wound callose in the longitudinal,
intermediate veins of both source (Figs. A and C) and sink leaves (Figs. B and
E), as wound callose completely blocked the aphid stylet track (ST). Fig. D
shows the high magnification of the blocked stylet track from Fig. C.

Figs. F-L illustrate wound callose formation after 14d (long-term) in RWA-
infested leaves. Sites where RWA was feeding can be seen in these images
where stylet tracks (ST) show strong callose-associated fluorescence. Note the
severe formation of wound callose in vascular parenchyma and phloem
elements along longitudinal intermediate veins (Figs. F-J) as well as cross
veins (Figs. K-L). This is a sign of extensive damage to the plant. Many stylet
tracks (ST) in these cases are completely occluded with callose (Figs. H-I)
heavily deposited in these veins.

Scale bars: A =100 um; B =100 pm; C = 100 um; D = 50 um; E = 100 pum;
F=100 pm; G =100 pum; H = 100 pm; [ = 100 pm; J = 50 um; K = 50 pm;
L =50 um.
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5.3.4 Wound callose formation resulting from high BCA
populations

In contrast to smaller population feeding in barley leaves, feeding by higher
populations of BCA resulted in formation of wound callose along longitudinal
as well as cross veins. The two different experimental procedures (see Chapter
2) show that wound callose was deposited by the feeding aphids and stylet
tracks were callosed. In the first procedure, wound callose is deposited and
located mainly in sieve tubes after prolonged feeding over a 21d period (Figs.
5.4 A-B). The formation of wound callose along longitudinal veins increases
between 14d and 21d and several stylet tracks were callosed. The second
procedure, involving feeding by 50 adult aphids over 72h, shows formation of
wound callose. This is illustrated in Figs. 5.4 C-D, where significant
formation along longitudinal intermediate veins is evident. Stylet tracks were

also callosed here.
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Fig. 5.4 Wound callose formation by higher BCA populations feeding on barley leaves

Figure 5.4 (A-D) illustrates patterns of wound callose formation after
prolonged feeding by BCA (21d) and after 72h of higher aphids population
feeding.

Figs. A-B shows extensive formation of wound-induced callose in
longitudinal intermediate veins (IV) after 21d of feeding.

Figs. C-D shows wound callose deposited in longitudinal intermediate veins
and stylet tracks after 72h of feeding by higher aphid populations. Note that
the sieve plates and pore-plasmodesmal units are associated with wound
callose; stylet tracks (ST) are extensively callosed.

Scale bars: A =200 pm; B =200 um; C =100 pm; D = 100 pm.
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5.3.5 Wound callose persistence after aphid feeding

The response of the fed leaves and formation of wound-induced callose during
the aphids’ feeding appears to be a long-term effect. It is important to mention
here that what is interpreted as feeding-related symptoms continue to develop
after the removal of the aphids. Observations of wound callose deposited up to
120h after the aphids have been removed (at 24h intervals) revealed that
wound callose formations persisted in all classes of longitudinal vein orders,
as well as in cross veins in the portion of leaves where the aphids fed from for
up to 96h, after the removal of the aphids. There was no obvious reduction in
the intensity of the fluorescence associated with the callose deposited over the
time interval investigated. Figure 5.5 illustrates the formation of wound
callose in intermediate veins (Figs. 5.5 A and C) and cross vein (Fig. 5.5 B) in
source leaves Oh after the removal of the aphids. Callose distribution 120h
after aphid removal is shown in longitudinal veins (Figs. 5.5 D and F), as well
as cross veins (Fig. 5.5 E) of source leaves. Both source and sink leaves
appear to exhibit similar callose formations at 24, 48, 72 and 96h intervals
(data not shown). No difference was observed in the intensity or distribution

of callose in phloem tissue in either source or sink leaves.
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Fig. 5.5 Wound callose persistence after feeding aphids’ removal in barley leaves

Figure 5.5 (A-F) shows formations of wound callose Oh and 120h after aphid
removal.

Figs. A-C show formation of wound callose in intermediate longitudinal veins
(A and C) and cross vein (B) Oh after the aphids were removed from the
leaves.

Figs. D-E show details of the wound callose formation in intermediate veins
(D and F) as well as cross vein (E) 120h after the feeding aphids were
removed. Note that wound callose was deposited in sieve plates and pore
plasmodesmal units, and that there seems to be no observable reduction in the
amount of callose deposited.

Scale bars: A = 100 um; B = 50 pm; C = 100 um; D = 100 pm; E = 50 pm;
F =100 pm.
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5.3.6 Transport of the wound callose signal

The movement of wound callose-related formation, and presumably the signal
from part of the leaves where the aphids were feeding, to the portions of the
leaves either below or above the feeding site in source as well as sink leaves,
showed an interesting pattern. Figure 5.6 illustrates part of the leaf below and
above the point of aphid feeding in source and sink leaves of the control and
infested plants. It is clear that more wound callose occurs along longitudinal
intermediate veins as well as cross vein in the portion of the leaves above the
feeding site (Fig. 5.6 F) in sink leaves than in the portion below the feeding
site (Fig. 5.6 H). Interestingly, the reverse was true in source leaves, where
more wound callose appeared below the feeding site (Fig. 5.6 G) than above
the site of aphid feeding (Fig. 5.6 E). This pattern occurred in all treatments,
in both short- and long-term feeding experiments. However, no such
formation was observed in similar leaf regions of the control experiments
(Figs. 5.6 A-D), nor in short- or long-term feeding treatments involving low-

level population of BCA infestations.
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Fig. 5.6 Transport of wound callose signal in source and sink leaves of barley
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Figure 5.6 shows the pattern of wound callose formation in leaf tissue above
and below the area of aphids feeding in both source and sink leaves of control,
as well as aphid infested leaves.

Fig. A shows part of the leaf blade above the aphid cage in a source leaf of the
control plant, while a similar area in a sink leaf is shown in Fig. B. The areas
below it are as shown in Figs. C and D for source and sink leaves
respectively. Note that there is little or no evidence of wound callose
formation in intermediate vein (IV) and cross vein (XV) in these non-infested
leaves except callose associated with sieve plates and PPUs.

Fig. E shows the portion of the leaf above the site of aphid feeding in a source
leaf. Note that there is evidence of less wound callose formation in the
intermediate vein (IV) shown compared to similar portion of the sink leaf
(Fig. F) where severe formation of callose occurs in the small vein below.
There is more wound callose formation below the site of aphid feeding in
source leaves as evident in Fig. G, compared to the portion above it (Fig. E).
The reverse is the case in sink leaves where the portion below the feeding site
(Fig. H) shows less callose formation when compared to the formation found
in portion above the site of feeding (Fig. F).

Scale bars: A =100 pm; B =200 pm; C = 100 pm; D =200 pm; E = 200 pm;
F=200 pm; G=100 um; H= 100 pm.
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5.4 Discussion

The responses of plants to aphid infestation have been suggested to be
species-specific, which is the case for most of the aphid species (Gill and
Metcalf, 1977). This is because the signals that initiate these responses are
aphid-derived, especially from the saliva ejected during probing and feeding
activities. The response of the barley cultivar to feeding by RWA and BCA
through wound callose formation varies, and this response may be induced by
the saliva-associated signals from these aphids. In RWA-infested source and
sink leaves, wound callose occurred along longitudinal veins, cross veins and
stylet tracks, within 24h of infestation, during short-term feeding experiments.
Callose formation became extensive after 72h (Figs. 5.3 A-E) of infestation.
In contrast, feeding by BCA in similar leaves for up to 72h did not lead to any
visible wound callose formation (Figs. 5.2 A-D), despite the fact that wound
callose deposition seems to be a rapid response (Radford et al., 1998;
Nakashima et al., 2003). Interestingly, the formation found in BCA-infested
leaves was similar to that observed in control tissue (Figs. 5.1 A-D). The
results presented in this chapter confirm earlier reports of wound callose being
induced by RWA in wheat (Botha and Matsiliza, 2004) and lend support to
the different deposition pattern of callose observed in various cells at the
ultrastructural level, caused by the two aphid species in the same plant

(Chapter 3; Saheed et al., 2007a).
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Long-term feeding for 14d resulted in extensive wound callose formation in
longitudinal and cross veins in leaves infested with RWA. Damage to sieve
elements commenced as early as 24h after infestation, with the intensity of the
callose formation increasing through to 14d (Figs. 5.3 F-L). In contrast, little
wound callose formation was observed after 14d of extensive feeding by BCA
(Figs. 5.2 E-H). Stylet tracks were always associated with callose, suggesting
that the saliva itself must triggers callose formation. Formation of wound
callose in all vein classes,as well as stylet tracks, is evident only when leaves
are exposed to a higher BCA population, which was confirmed in extended
long-term feeding (21d experiments; Figs. 5.4 A-B) and short-term feeding

(feeding for 96h; Figs. 5.4 C-D) experiments.

The extensive formation of wound callose by both aphid species in the
susceptible barley cultivar reported in this study confirms the results of
Forslund et al. (2000) and Van der Westhuizen et al. (2002). The two studies
have reported that B-1, 3 glucanase (an enzyme that seems to digest and/or
regulate callose formation) selectively accumulates in higher quantities in the
resistant barley and wheat cultivars than in their susceptible counterparts. It
was therefore entirely expected that wound callose would develop in the
susceptible barley cv Clipper used in this study, either earlier and by smaller
feeding populations as it occurs in RWA-infested leaves, or only with higher
feeding population, as reported for BCA-infested plants. Of importance was

the observation that wounding — as evidenced by callose formation — appears
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to be a sustained or possibly permanent effect. No evidence of rapid recovery
(removal of callose) was seen, as wound callose formation persisted for up to
120h after the removal of the feeding aphids (see Figs. 5.5 A-F). This further
justifies the continuous development of the feeding symptoms observed after
the aphids were removed. Progressive spread of the wound callose suggests
that once triggered, the wounding response to feeding continues for an
indeterminate period and that wound callose, once deposited as a result of

aphid feeding, could be an almost permanent process.

Blockage of sieve plate pores, pore plasmodesmata and plasmodesmata
themselves must result in a marked decrease and possibly cessation of
transport of assimilates via the phloem. This will lead to other symptomatic
expressions and eventual death of the plant. In Chapter 3 and in Saheed et al.
(2007a), it was reported that RWA-infested barley expressed symptoms of
chlorosis and necrosis, while BCA-infested leaves looked healthy within the
same period. It was suggested that the differences in the damage to
ultrastructures might be responsible for the differences in the observed
symptoms. The results presented in this chapter lend strong support to the
ultrastructural investigation, where TEM evidence of severely damaged
phloem and parenchyma cells must result in the reduction in transport of
assimilates, which commence with wound callose formation. However, the
observed wound callose formation when higher number of BCA feed on the

plant (Fig. 5.4) could be partly responsible for the reported golden yellow
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streaking symptoms that occur during heavy infestation of crops by BCA

(Agronomy Guide, 2002; UCIPM, 2002).

Transport of assimilates in plants are known to follow classical source to sink
pattern; basipetal (lamina tip to base) movement occurs in source leaves,
while acropetal (lamina base to tip) movement occurs in sink leaves, and
leaves of intermediate age are capable of bidirectional transport in some
certain instances (see review by Turgeon, 1989). Based on the results of this
investigation, it is suggested that the wound callose signals both defence and
anti-defence, are transported in the phloem tissue, and are dependent on the
direction of assimilate flow. They will move basipetally from source leaves
and acropetally in sink leaves. For example, in source leaves, extensive
callose formation was observed below the area of feeding (Fig. 5.6 G),
compared to the area above it (Fig. 5.6 E). The reverse is true for sink leaves,
where more callose formation occurs above feeding sites (Fig. 5.6 F) than in
the area below (Fig. 5.6 H). Bidirectional transport, however, could account
for some levels of wound callose formation found in areas above the feeding

site in source leaves and the area below it in sink leaves.

In conclusion, it is possible that wound callose formation is aphid species-
specific in the barley cultivar studied. The RWA is the more aggressive feeder
with the formation starting within 24h of infestation by small RWA

population. Equivalent levels of callose are only attained with BCA when
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significantly larger populations (10 RWA vs 50 BCA aphids) feed from the
leaves. This is the first known report of wound callose formation by BCA.
This suggests that notwithstanding any “wounding” or “response” signals
generated in response to BCA feeding, the callose manifestation could well be
a pressure-related response (i.e. a drastic drop in phloem), rather than a signal
related response. It is therefore suggested that wound callose development
might be partly responsible for the symptomatic expressions observed during
RWA-infestation, as well as the reported symptoms when a higher population
of BCA infest a cereal field, and the absence of such symptoms during low-

level infestation of BCA in plants.
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6 Chapter 6: Callose genes regulation in
response to RWA and BCA feeding in Barley
leaves

Preamble
The data presented in this chapter are published as part of data presented in

Saheed et al., 2007c; Physiologia Plantarum.

6.1 Introduction

The carbohydrate callose (-1, 3-glucan) occurs in intercellular connections
(Currier, 1957) in plants. Callose is known to be synthesised in response to
both biotic and abiotic stress, as well as during plant tissue development
(Verma and Hong, 2001). The synthesis is initiated when B-1, 3-glucan
synthase is activated subsequent to the disruption of plasma membrane
integrity (Kauss, 1985), much as when aphids feed on plant tissues, resulting
in the formation of wound-induced callose. However, I have reported that
there are differences in the wound callose formation as a result of RWA or
BCA feeding on a susceptible barley cultivar (Chapter 5; Saheed et al.,
2007c). The observed differences in formation of callose could be as a result

of differences either in the biosynthesis or in degradation of the callose.

Callose synthesis has been reported to be carried out by callose synthase
complexes (Verma and Hong, 2001). These complexes contain twelve -1, 3-

glucan synthase (GSL)-related genes from Arabidopsis and these sequences
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are similar to that of FKSI, a GSL which has been identified in yeast
(Richmond and Somerville, 2000; Verma and Hong, 2001). It is proposed that
the different callose synthases might be active in different tissues during the
developmental stages in plants, or could be activated in response to a variety
of stresses, such as those induced by feeding aphids. For example, in
Arabidopsis, one GSL gene, AtGsl5 (GSL5) is expressed at highest levels in
flowers, indicating a role for callose deposition in pollen, but the expression of
AtGsl5 was also strongly elevated in a mpk4 mutant, which exhibited systemic
acquired resistance, elevated B-1,3-glucan synthase activity and increased
callose levels (Ostergaard et al., 2002). A role for this gene in wound callose
formation and the role for the GSL gene products in callose formation in
general has been confirmed by transformation with double-stranded RNA
interference (dsRNAi) constructs silencing GSL5, which inhibited the
formation of wound callose and papillary callose (Jacobs et al., 2003).
However, in barley, a gene homologous to the yeast FKS gene, designated as
HvGSL1, has been identified. It is member of a family of at least six genes and
was linked by biochemical evidence to callose synthesis activity (Li et al.,

2003).

The degradation of callose has, in contrast, been poorly investigated. Earlier
studies reported that wound callose disappears over the course of days
(Currier and Webster, 1964). The enzymes involved in this degradation would

be B-1, 3-glucanases. A tobacco mutant deficient in a Class I -1, 3-glucanase
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showed a reduced plasmodesmatal size exclusion limit and enhanced callose
deposition (Iglesias and Meins Jr, 2000). In addition, it was shown that the
expression of a fibre-specific -1, 3-glucanase gene, GhGlucl, became
evident at the time of callose degradation in cotton and this coincides with
plasmodesmata reopening during cotton fibre elongation (Ruan et al., 2004).
The B-1, 3-glucanases belong to the group of pathogenesis-related (PR)-
proteins that have been widely studied in connection with stress-related
conditions (Van Loon and Van Strien, 1999; Muthukrishnan et al., 2001).
Both RWA (Van der Westhuizen et al., 1998, 2002; Botha et al., 2006) and
BCA (Forslund et al., 2000) have been found to induce -1, 3-glucanases, in
wheat and barley respectively. Interestingly, both cases shows that the levels
of enzyme activity or B-1, 3-glucanase protein were higher in resistant plant
cultivars than the susceptible counterparts (Van der Westhuizen et al., 1998b,
2002; Forslund et al., 2000). This chapter further examines the earlier reported
differences in wound callose formation between RWA and BCA at the
fluorescence microscopic level. The principal aim is to see whether the
observed callose synthesis and deposition is regulated at the gene (transcript)
level. Therefore, the expression of genes for callose synthase (enzymes
responsible for callose synthesis) as well as -1, 3-glucanase (the enzyme
responsible for callose degradation) was investigated. The results obtained are

reported in this chapter.
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6.2 Experimental overview

The experiments reported in this chapter involved infesting ten-day-old plants
with 20 aphids each of RWA and BCA and covering them with clipcages
around the mid-region of expanded second leaves. 24 replicate plants were set
up for each treatment; the control plant, as usual, carried an empty cage. The
infested leaves and control were harvested at different time intervals (0, 24, 48
and 72h). Total RNA was extracted from the plant materials thus harvested
and subjected to RT-PCR as well as quantitative real-time RT-PCR. Details of

the procedures are described in Chapter 2.
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6.3 Results

6.3.1 Regulation of callose synthase genes at the RNA
level

The expression of callose synthase genes by RT-PCR on 1.2% agarose gel are
illustrated in Figure 6.1, and subsequent confirmation of the observed
products using real-time RT-PCR procedure are illustrated in Figure 6.2. The
three Primers that were designed and used in these experiments are callose
synthase sequences that were present on the Barleyl GeneChip (Affymetrix;
see Table 2.1). The first primer, Contig8428 at is the callose synthase
HvGSL1 identified by Li et al. (2003), it is most similar to callose synthase
TaGSLS from wheat (Voigt et al., 2006). The identity is 95% at nucleic acid
level over the 580 bp partial cDNA representing 7TaGSLS (see Table 6.1). The
second primer contigl3152 at is again most similar to 7aGSL12 (91%
identity over the 527 bp partial cDNA sequence of 7aGSLI2). The third,
which is Contig4949 at, is most similar to 7aGSL3 (75% over the 481 bp
partial cDNA of TaGSL3). Analysis of similarities at amino acid level
between the callose synthase sequences annotated in the rice genome
(Yamaguchi et al., 2006) and the barley sequences used in this study revealed
that HvGSLI is 88% identical to OsGSLS, contigd949 is 88% identical to
OsGLS7 and contigl3152 is 85% identical to OsGSLI. However, among the
three barley sequences investigated, only two sequences (HvGSLI with

similarity to 7aGSL8 and OsGSLS8 and contigl3152 with similarity to
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TaGSL12 and OsGSLI) were expressed in the tissue (Fig. 6.1), and

contig4949 was not expressed in the leaf tissue.

0d 1d 2d 3d
C/C B RIC B R|C B

Fig. 6.1 RT-PCR expression of callose synthase genes after aphid infestation of barley
leaves

Figure 6.1 illustrates callose synthase genes expression after 0, 1, 2 and 3
days of aphid infestation. Control plants were marked with (C), while BCA-
infested samples were marked with (B) and RWA-infested with (R). One-step
RT-PCR was performed on 30 ng RNA extracted from barley leaves and
primers specific for callose synthases contig8428 and contigl3152 were used.
Actin serves as loading control.

112



None of the two expressed sequences showed any change in their expression
upon aphid infestation (Fig. 6.1). The real-time RT-PCR equally shows no
change in expression between the two primers upon aphid infestation. Only
contigl3152 was presented (Fig. 6.2), since contig8428 shows similar
expression levels. The differences in the relative transcript levels in the
control and aphid infested tissues over the three-day period is not even up to
1x fold, indicating that there is no difference in the expression levels of all the

leaf tissues examined.
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g. 6.2 Real time RT-PCR expression of callose synthase genes contig13152_at

Figure 6.2 shows callose synthase genes expression in control barley leaves
as well as those infested with BCA and RWA over a period of 0-3 days. Real-
time RT-PCR using primer contigl3152 at and 30 ng RNA was extracted
from barley leaf tissue. The relative transcript levels of contigl3152 at were
calculated by using actin as the reference gene.
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Table 6.1 Similarities of g-1, 3-glucanases (at nucleotide level) and callose synthase-like
sequences (at amino acid level) found on the Barleyl GeneChip and used in this study
with sequences in nucleic acid databases

Contig Most similar % Expressed | Induced

no to Acc no identity | in leaves by
aphids

Callose 4949 NMO001055136.1 86% yes no
synthases | 8428 AY177665.1 99% yes no
13152 | NM01063131.1 93% no no
p-1,3- 1636 X67099 99% yes yes
glucanases | 1637 s | AJ271367 99% yes yes
1639 AK248899.1 97% yes yes
10477 | U96096 99% yes no

NB: AY177665.1 is coding for HvGSLI (Li et al., 2003).
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6.3.2 Regulation of B-1, 3-glucanase genes at RNA level

The expression of -1, 3-glucanases by RT-PCR, in control plants as well as
upon infestation by BCA and RWA is illustrated in Fig. 6.3. Real-time RT-
PCR confirmation of this expression is shown in Fig 6.4. The four primer
pairs that were designed and used in these experiments (Table 2.1) are based
on those sequences from the Barleyl GeneChip (Affymetrix) which putatively
code for B-1, 3-glucanases. These four were found to be expressed in barley
leaves with or without aphids in microarray experiments (Delp G, Gradin T,
Ahman I, Jonsson LMV, unpublished); the others were classified as absent.
The four sequences were contigl636 at (99% identical to isoenzyme GIII
Accession No. X67099, Wang et al., 1992), contigl637 at (99% identical to
isoenzyme GII, Accession No. AJ271367, Hoj et al., 1989), contigl639 at
(97% similarity to Accession No. AK248899.1) and contigl0477 at
(Accession No. U96096, Litts et al., 1990). The results with RT-PCR show
that out of all the four primers used, contigl0477 at was expressed at equal
levels during aphid infestation (Fig. 6.3). However, contigl636 at,
contigl637 at and contig 1639 at showed induced expression upon

infestation by RWA and BCA (Fig. 6.3).
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Fig. 6.3 RT-PCR expression of B-1, 3-glucanases in control, BCA and RWA-infested
barley leaves

Figure 6.3 shows the expression of -1, 3-glucanase after 0, 1, 2 and 3 days
of infestation with BCA and RWA. Control plants are marked with (C), leaves
infested with BCA marked with (B), those infested with RWA marked with
(R) and negative control without template marked (N). One-step RT-PCR was
performed on 30 ng RNA extracted from the leave tissues of barley cv.
Clipper. Primers specific for glucanases 1636, 1637 s, 1639, 10477 and actin
(as loading control) were used.
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The three genes were induced after one day of infestation, but to different
degrees, depending on the aphid species. All three genes were more strongly
induced by RWA (Fig. 6.3). This expression, however, was further confirmed
with real-time RT-PCR, where similar observations occur with the expressed
primers, only data for contigl637 at is presented (Fig. 6.4). In these
experiments, both genes were induced after one day of infestation; the
expression levels increased after two and three days; while the most strongly
induced [-1, 3-glucanase, contigl637 at, was 50 times higher (strongly

induced) in RWA-infested tissue (Fig. 6.4), compared to BCA-infested tissue.
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Fig. 6.4 Real time RT-PCR expression of p-1, 3-glucanases contig1637_at

Figure 6.4 shows expression of -1, 3-glucanases in control, BCA- and well
as RWA-infested barley leaves. The real-time RT-PCR was performed using
glucanase primer contigl 637 at and 30 ng RNA extracted from barley leaves.
The relative transcript levels were calculated using actin as the reference gene.
The scale is logarithmic.
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6.4 Discussion

6.4.1 Regulation of callose synthase genes

The induction, formation and deposition of wound callose were expected to be
as a result of increased expression of GSL genes in barley leaf blades. Out of
the three analysed gene sequences, only two were expressed in leaf blades
(contig8428 and contigl3152), while contigd949 was not expressed at all. The
two sequences expressed did not show any increase or clear pattern of
regulation between control and aphid-infested tissues (Figs. 6.1 and 6.2).
However, the possibility that the biosynthesis of callose in barley leaf blades
upon aphid infestation might be caused by another GSL gene other than the
three genes examined in this study cannot be excluded. Li et al. (2003) have
suggested that at least six GSL genes can be expected to be present in barley,
based on barley EST libraries. A candidate might be a gene with sequence
similarity to GSL6, the only Arabidopsis GSL gene that was induced by
phloem-feeding silverleaf whitefly nymphs, in tissue where callose deposition
was found at feeding sites and in vascular tissue (Kempema et al., 2007). As
mentioned earlier, in Arabidopsis twelve genes for GSL have been identified
(Richmond and Somerville, 2000; Verma and Hong, 2001), of which GSL5
has been functionally characterized and shown to be specifically involved in
wound and papillary callose formation (Jacobs et al., 2003). The Arabidopsis
GSL genes have been positioned in a phylogenetic tree with callose synthase

genes in rice, where 10 OsGSLs were identified (Yamaguchi et al., 2006).
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None of the three barley sequences studied here, nor their rice orthologues are
close to GSLS5 or GSL6 from Arabidopsis. This indicates that there might be
more callose synthase genes expressed in barley leaves, which could be

induced by the aphids.

In any case, the results presented in this chapter rather support the idea that
wound callose synthesis is not regulated at the RNA-level. An additional
strong argument for this process being regulated at the protein level is that it is
quite rapid (within 5 minutes) (Nakashima et al., 2003) and that callose
synthesis can be activated by changes in the intracellular distribution of a
glucoside activator (Ohana et al., 1993). Sound evidence exists that callose
synthase is located in membrane-associated complexes with several other
proteins and it has been reported that release, or binding of separate units from
this complex, could rapidly switch on and off callose synthesis, with no need
for de novo synthesis of glucan- £-1, 3-synthase (Verma and Hong, 2001). /n
vitro studies have demonstrated that callose synthesis is activated by calcium
and by proteases (Kauss, 1985; Botha and Cross, 2001; Nakashima et al.,
2003). It is possible that penetration of aphid stylets causes leakage of
extracellular calcium into sieve elements, thereby causing an increase of
internal calcium levels (Will and Van Bel, 2006). However, the synthesis of
callose occurs on the outside of the plasma membrane where calcium levels
are high. An interesting suggestion put forward by Nakashima et al. (2003) is

that -1,3-glucan (callose) synthesis and f-1,4-glucan (cellulose) synthesis is
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linked, such that during wounding, cellulose synthesis at the plasma
membrane is terminated (within minutes) and callose synthesis initiated
(within 30 sec). Nakashima et al. (2003) have used antibodies and shown that
-1, 4-glucan synthase ceased completely in mung bean plasma membranes
within 5 min of wounding, whereas A1, 3-glucan synthase appeared.
Nakashima et al., (2003) proposed that an endogenous protease immediately
regulate the inactivation or attenuation of £-1, 4-glucan synthase activity, and
that a protease directly or indirectly activates callose synthase. Using this
model, the difference between RWA and BCA in callose induction could
either be due to exudation of proteases from RWA (which would initiate the
degradation of cellulose synthase) and/or exudation of protease inhibitors
from BCA (which would prevent this from happening). Whatever the case
may be, the aphid effect involves components that are transported, probably
via phloem; since callose induction was seen further away from aphid

infestation sites in both source and sink leave tissues (see Chapter 5).

6.4.2 Regulation of #1, 3-glucanases

It was hypothesised that the difference in callose induction between RWA and
BCA could be due to a stronger induction of the callose-degrading enzyme, /-
1, 3-glucanase, which could lead to a more efficient breakdown of callose in
BCA-infested tissue. In contrast to this expectation, there was an increase in
the expression of all the three aphid-induced A1, 3-glucanases and this

expression was much higher in RWA-infested tissue than in BCA-infested
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tissue (see Fig. 6.3). Two of the induced £-1, 3-glucanases are almost identical
to earlier studied barley A1, 3-glucanases: contigs1636 at (X67099) and
1637 s _at (AJ271367), which both have a potential N-terminal signal peptide
and basic pl; 9.8 for AJ271367 (isoenzyme GII) and 10.3 for X67099
(isoenzyme GIII) (Hrmova and Fincher, 1993). The AJ271367 sequence
(isoenzyme GII) is expressed in the aleurone (Wang et al., 1992), but was
induced in leaf tissue by barley powdery mildew (Xu et al., 1992) and the
pathogen Bipolaris sorokiniana (Jutidamrongphan et al., 1991). The X67099
sequence (isoenzyme GIII) is expressed in young developing leaves (Wang et
al., 1992). It was not induced by Blumeria graminis (Xu et al., 1992), but
more recently it has been shown that activation of the promoter is salicylic
acid-dependent and that the gene is induced by salicylic acid (Li et al., 2005).
Both isoenzymes GII and GIII were also induced in barley leaves infected
with the leaf scald fungus (Rhynchosporium secalis) (Roulin et al., 1997).
There are three different f-1, 3-glucanases (two basic and one acidic), which
have been shown before to be induced by BCA in barley at protein level
(Forslund et al., 2000). These proteins probably correspond to the gene

sequences and proteins now identified.

Thus, there are no strong indications as to the function of these A1, 3-
glucanases in the degradation of aphid-induced callose in leaf tissue, since two
of them are induced by various pathogens and there is no indication that any

of them is involved in the degradation of callose caused by aphids. The
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possibility that other f-1, 3-glucanases are involved in this process, which
may show stronger induction in BCA-infested leaves than in RWA-infested
leaves, cannot be excluded. Nevertheless, based on the present data, it is
suggested that the differences between these two aphids are caused by a
stronger synthesis of callose in RWA-infested leaves. It is possible that the
very strong expression of the three induced A-1, 3-glucanases in RWA-
infested tissue manifest at 48h is linked to the callose induction seen already
at 24h via a feedback mechanism. The fact that callose persisted throughout
the length of the experiments in spite of increased levels of 1, 3-glucanase
may be due to the heavy infestation, with an increasing number of aphids
within a limited space. It has been reported before that callose induced by
RWA feeding in wheat persisted for up to 48h (Botha and Matsiliza, 2004)
and for up to 120h in barley (see Chapter 5) after removal of feeding aphids.
This is contrary to earlier reports that wound callose disappears over the

course of days (Currier and Webster, 1964).
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7 Chapter 7: Differences in the rate of phloem
transport caused by RWA and BCA infestation
in barley leaves

7.1 Introduction

Transport of assimilates in the phloem of different orders of vascular bundles
in monocots to other sink regions of plants has been extensively studied
previously (see Evert et al., 1977, 1978, 1988; Fritz et al., 1989; Botha and
Van Bel, 1992 among others). Barley leaves, as in other typical monocots,
contain three vein orders of vascular bundles, which are interconnected by
cross veins (Evert et al., 1996; Botha and Cross, 1997). These vascular
bundles in the leaf blades are known to serve either as loading bundles (in the
cross, small and intermediate bundles) or as longitudinal transport of
assimilates (in the large bundle) across different plant tissues (Lush, 1976;
Altus and Canny, 1982; Fritz, et al., 1989; Botha and Cross, 1997). The major
constituents of the transported assimilate is sucrose, which is known to be
compartmentalised into transport (mesophyll and vascular tissues) and

vacuolar pools in barley leaves (Farrar and Farrar, 1986).

It was surmised that phloem-feeding aphids derive their nutrient supply from
these pools, as aphids mostly aggregate on the parts of the plant where food is
of high quality (Kennedy and Booth, 1951). Since phloem sap is low in
protein, aphids need to ingest large quantities of the phloem sap in order to

gain enough amino acids, which are essential to their survival, while excess
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water and sugars are excreted as ‘honeydew’ (Douglas, 1993). Aphids feed
specifically from the sieve tubes of the vascular bundles and preferentially
from the thin-walled sieve tubes (Matsiliza and Botha, 2002). Seemingly, they
select their feeding sites according to the quality and quantity of the food that
the feeding site yields. Obviously, feeding activities adversely affect the
transport capacity of the infested plants. A number of authors have reported
that aphids become strong secondary sinks due to the diversion of assimilates
meant for other growing plant tissues to the aphid’s guts. Diversion results in
several symptoms in infested plants (see Cagampang et al., 1974; Hicks et al.,

1984; Nielsen, et al., 1990 and Botha and Matsiliza, 2004).

The study of the feeding mechanisms of aphids during infestation of plants as
it relates to the observed symptoms is the focus of this thesis. This was further
investigated with respect to the effects that RWA and BCA feeding have on
the transport capacity of the phloem in barley leaves. I have used the phloem
mobile fluorophore, 5, 6 carboxyfluorescein (5, 6-CF), to investigate the
potential differences in damage to the phloem caused by BCA and RWA. 5, 6-
CF and some other fluorescein compounds have been used in situ on several
occasions to study phloem transport in plants and they were reported to
provide reliable information (Turgeon and Beebee, 1991; Farrar et al., 1992;
Botha et al., 2000 among others). 5, 6-CFDA is non-polar. When applied to
damaged cells, it is taken up by plant cells and then moved across cell walls

and membranes. Once in physiologically intact tissues, the diacetate is
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cleaved, resulting in polar free 5, 6-CF, which is non-permeable to cell
membranes. It fluoresces while moving symplasmically within contiguous cell
of the phloem. Therefore, 5, 6-CFDA is very useful in studying phloem
transport, a position that was supported by Grignon et al., (1989). 5, 6-CF
derived from 5, 6-CFDA have been used recently to study phloem transport
during RWA infestation in wheat (Botha and Matsiliza, 2004), and during
infestation of wheat cultivars by Sitobion yakini (de Wet and Botha, 2007).
These two studies provide background information concerning the reduction
of phloem transport capacity during RWA feeding. However, literature on the
effect of feeding by BCA on the transport capacity of the phloem seems to be

non-existent.

I have established at the TEM level (see Chapters 3 and 4; Saheed et al.,
2007a and b), that RWA inflicts more severe damage than does the BCA,
especially to the thin-wall sieve tubes of the phloem. RWA probing leads to
the formation of wound callose in the phloem tissue of the infested leaves
under short- and long-term infestation (Chapter 5; Saheed et al., 2007c), even
with small (5-10 aphids) feeding populations. In contrast, BCA feeding does
not lead to extensive formation of wound callose in phloem tissues during the
same period and with similar-sized feeding populations. Formation of wound
callose only occurs when a larger population (50 aphids or more) of BCA

feeds on barley leaves (see Chapter 5).
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The experiments reported in this chapter were conducted to examine the
effects the feeding aphids had on the transport capacity of the phloem and to
relate it to the visible symptoms expressed by the infested plants. The aim of
these experiments was to compare the differences in the damage caused by
RWA and BCA to conducting sieve tubes (at TEM level), as well as the
observed differences in the pattern of wound callose formation to their
possible effects on the phloem transport. These results will hopefully further
elucidate the effects of aphid feeding on the transport capacity of the phloem

and relate it to visible symptoms shown by infested plants.

7.2 Experimental overview

In all cases, five adult aphids were confined using clipcages, to feed on either
sink or source leaves of barley for 72 h (short-term) and 14d (long-term). The
leaves used in these experiments were about 12 cm long, while the clipcages,
placed at the mid-region of the fully expanded leaves, were about 5 cm in
length. The xenobiotic 5, 6-CFDA was applied to the attached leaves using the
flap feeding method (see Chapter 2 for details of the procedure), was allowed
to be taken up and the cleaved product, 5, 6-CF transported for three hours.
The leaves were removed to investigate the amount (fluorescence intensity)
and the rate (measured by the distance moved by the cleaved 5, 6-CF from the
point of application over a three-hour period) of phloem transport in aphid-
infested leaves as well as in control leaves. The results presented are based on
acropetal and basipetal movements of the 5, 6-CF in the longitudinal bundles

only.
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7.3 Results

7.3.1 Transport of 5, 6-CF in control barley leaves

The movement of the dissociation product of 5,6-CFDA (5, 6-CF) occurs
from the site of application in control, uninfested source as well as sink
leaves, and thus shows that the fluorochrome moved acropetally in sink leaves
and basipetally in source leaves. Three hours after the application of the 5, 6-
CFDA, the fluorochrome front had usually moved approximately Scm from
the point of application. Through repeated experiments, 5, 6-CF uptake starts
with the mesophyll, then moves through the bundle sheath and then loads into
the vascular bundles (Fig. 7.1A). Loading was seen to start with small and
intermediate bundles, after which the fluorochromes move towards the large
exporting bundles. In control leaves, the transport of 5, 6-CF appears
continuous and undisturbed (Figs. 7.1 B-C) up to the fluorochrome front (Fig.
7.1D). The unloading sequence of the fluorochrome, as expected, shows a
movement from the sieve tubes into the mesophyll tissue via the vascular

parenchyma and bundle sheath. All these movements are purely symplasmic.
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Fig. 7.1 Transport of 5, 6-CFDA in control barley leaves

Fig. 7.1 illustrates transport of cleaved 5, 6-CF in control leaves of barley.

Fig. A shows the point of application of the fluorochrome (arrowheads). Note
that the 5, 6-CF is being taken up and transported in the intermediate vein.
Figs. B and C show undisrupted transport of the cleaved 5, 6-CF along
intermediate veins. Note that the transport is smooth, even and continuous.
Fig. D shows the fluorochrome front (arrowheads) in an intermediate vein.
Scale bars: A =100 pm; B =200 um; C =200 pm; D = 150 pm.
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7.3.2 Transport of 5, 6-CF in BCA-infested leaves

After 72h (short-term) of feeding by BCA, distribution of the 5, 6-CF was
patchy. Figure 7.2A illustrates this distribution pattern after short-term
feeding. Despite this patchiness in the distribution, there is no apparent
reduction in the intensity or the distance moved by 5, 6-CF from the point of

application when compared to the control tissue.

Fig. 7.2 Transport of 5, 6-CFDA in BCA infested barley leaves
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Figure 7.2 illustrates transport of cleaved 5, 6-CF in BCA-infested barley
leaves.

Fig. A shows patchy transport pattern of the fluorochrome during short-term
feeding by the aphids in intermediate vein (IV).

Fig. B shows the fluorochrome in the honeydew (arrowheads) ejected by the
aphid.

Figs. C-E illustrates a gradual reduction in the transported 5, 6-CF during
long-term feeding by BCA. Note: stylet points (arrowheads) show a higher
concentration of the fluorochrome.

Scale bars: A =100 um; B =150 um; C =100 pm; D =150 um; E =200 pm.
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However, after 14d (long-term) of continuous feeding, there is an apparent
reduction in the intensity and distance moved by the fluorochrome from the
point of application in the infested leaves when compared to the control
leaves. Figures 7.2 C-E illustrates the observed gradual reduction in the
intensity of the transported 5, 6-CF, and points of stylet penetrations show an
increased fluorochrome concentration. Interestingly, traces of ingested 5, 6-

CF can be seen in the honeydew excreted by the aphids (Fig. 7.2B).

7.3.3 Transport of 5, 6-CF in RWA-infested leaves

In contrast to the results obtained in BCA experiments, transport of 5, 6-CF in
RWA-infested barley leaves even after short-term feeding (72h), shows a
dramatic reduction in the distance moved as well as in the intensity of the
fluorochrome. Figure 7.3 A-B illustrate transport of the 5, 6-CF after 72h of
feeding. The images show that the intensity of the fluorochrome before the
point of aphid feeding (arrows) is much higher than after the aphid feeding
point (arrowheads). Prolonged feeding (long-term) by RWA results in a
greater reduction in the intensity and well as the distance moved by 5, 6-CF
and in most cases, cessation of the transport ensues. Figures 7.3 C-E illustrate
transport of 5, 6-CF after 14d (long-term) feeding by RWA, while Fig. 7.3C
shows apparent leakages of the cleaved 5, 6-CF through many points of stylet
penetrations (arrowheads). Fig. 7.3D shows the presence of the fluorochrome
in the abdomen of an aphid, while Fig. 7.3E illustrates the total cessation in

the movement of 5, 6-CF which occurs on many occasions.
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Fig. 7.3 Transport of 5, 6-CFDA in RWA infested leaves

Figure 7.3 shows the pattern of transport and distribution of 5, 6-CF in RWA-
infested barley leaves.

Fig. A shows reduction in the transported 5, 6-CF after short-term feeding
(72h) by RWA. Note the feeding points (arrows) and reduced transport after
the points (arrowheads).

Fig. B shows feeding in an intermediate vein, reduced transport of 5, 6-CF
was observed after the point of aphid feeding.

Fig. C illustrates several stylets’ points (arrowheads) after long-term feeding.
Fig. D shows cleaved 5, 6- CF in the abdomen of an aphid.

Fig. E illustrates complete cessation of further transport of the fluorochrome
after severe, long-term feeding by the aphids. Note the leakages of the 5, 6-CF
through many stylet tracks (arrows) out of the intermediate vein and stoppage
of further movement (arrowheads) of the 5, 6-CF from the feeding points.
Scale bars: A =150 pm; B =200 um; C =50 um; D =150 um; E = 150 um.
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7.3.4 Comparison of the distance moved by 5, 6-CF in
control and infested leaves

Analysis of variance (ANOVA) was used to show differences in the distance
moved by 5, 6-CF in control, BCA- and RWA-infested leaves, and
homogenous groups were identified using Tukey post hoc at a 95% level of
confidence. From 20 replicates taken per treatment, there was no significant
difference between the control and BCA-infested leaves (Fig. 7.4) during the
short-term feeding experiments. However, control and BCA-infested leaves
were significantly different (F,, 57 = 300.98, p < 0.0001) from the RWA-
infested leaves (Fig 7.4). RWA infestation lead to a significant reduction in
the distance moved by the fluorochrome after 72h of feeding when compared

to the distance moved in both control and BCA-infested tissue.

Short-term feeding (72h)
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Fig. 7.4 Comparison of the means of distance moved by 5, 6-CF from point of
application in control, BCA- and RWA-infested leaves after short-term (72h) feeding by
the aphids(+ Standard deviation); ANOVA: F, s; = 300.98; p < 0.0001
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After 14d of feeding by the aphids (long term), significant difference
(Fa2, 57 = 621.94, p < 0.0001) was found in the distance moved by 5, 6-CF
between the control, BCA and RWA-infested leaves. The movement of 5, 6-
CF in the leaves infested with BCA was reduced when compared to what was
observed in the control leaves (Fig. 7.5). Whereas transport of 5, 6-CF in
RWA-infested leaves is further reduced (Fig. 7.5) when compared to the
movement in control and BCA-infested leaves, and on many occasions no

transport or total cessation of transport occurs.

Long-term feeding (14d)
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Fig. 7.5 Comparison of the means of distance moved by 5, 6-CF from point of
application in control, BCA- and RWA-infested leaves after long-term (14d) feeding by
the aphids (= standard deviation); ANOVA: F, s; = 621.94; p < 0.0001
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7.4 Discussion

I have demonstrated again that the phloem transport can still be visualised by
the transport of cleaved product of 5, 6-CFDA (5, 6-CF). The results
presented in this chapter deal only with longitudinal phloem transport as
visualised by 5, 6-CF transport and its fluorescence. Transport is generally
acropetal in sink leaves and basipetal in source leaves. Longitudinal transport
of assimilates (visualised by transport of 5, 6-CF) in control barley leaves
shows that the rate (the distance moved from the point of application of 5, 6-
CFDA to the 5, 6-CF front in 3h) of phloem transport is at an average of Scm
over 3h period in all classes of veins. This observation is true in both source
and sink leaves. The movement of the phloem-mobile 5, 6-CF follows
classical source-sink transport patterns. The data presented here thus lend
strong support to an earlier report that demonstrated similar movement of the
fluorochrome in wheat leaves (Botha and Matsiliza, 2004). Once applied, the
symplasm of the mesophyll tissues takes up the fluorochrome (Fig 7.1A), and
subsequently loads it into the phloem through the many symplasmic
connections between bundle sheath-vascular parenchyma and companion
cells-sieve tube complexes (Evert et al., 1996; Botha and Cross, 2001; Botha,
2005) and then moved longitudinally. This transport is unrestricted and

confined within the transporting veins of the control tissues (Figs. 7.1 B-C).

However, this movement pattern is severely disrupted upon feeding by the

aphids. The focus of this chapter is thus on the impact on the longitudinal
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transport of assimilates when RWA and BCA feed on barley leaves. The
observed differences in the damage caused by the two aphid species during
TEM (see Chapter 3; Saheed et al., 2007a) and wound callose formation (see
Chapter 5; Saheed et al., 2007c) experiments are further confirmed with the
present phloem transport results. In short-term (72h) feeding experiments,
infestation by BCA does not result in obvious reduction in the capacity of the
phloem to transport assimilate (Fig. 7.2A), as there was no significant
difference in the transport of 5, 6-CF in the assimilate stream of control and
BCA-infested leaves (Fig. 7.4). On the other hand, RWA infestation led to a
significant reduction in the 5, 6-CF transported in the assimilate stream (Fig.
7.3A-B) and phloem transport capacity (Fig. 7.4) within 72h of feeding.
However, some reduction in the 5, 6-CF transported (Figs. 7.2C-E) and a
significant reduction in the phloem transport capacity (Fig. 7.5) occurs when
BCA fed for 14d (long-term) as compared to the control plant. Obviously,
RWA infestation resulted in a pronounced reduction in the 5, 6-CF
transported: in most cases, complete cessation of transport ensued (Fig. 7.3E).
This infestation caused a greater reduction in phloem transport capacity (Fig.
7.5) when compared to observations in both control and BCA-infested leaves.
Interestingly, the ingested 5, 6-CF in the assimilates were visible in the
egested honeydew of BCA (Fig. 7.2B) and also in the abdomen of RWA (Fig.
7.3D). Importantly, the data presented here show that feeding by RWA
resulted in patchiness in 5, 6-CF distribution (Figs. 7.3C and E), much more

than in observations in BCA infested leaves (Figs. 7.2C-E).
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The results presented in this chapter clearly show that the aphids redirected
assimilates that would normally be transported in the veins of the leaves,
thereby depressing the sink strength in growing regions of the plant. Diversion
and disruption of transported assimilates have been reported in different
species of phloem feeding insects. Nielsen et al., (1990) have reported the
disruption of assimilates’ transport when potato leathopper (Empoasca fabae)
feeds on Medicago sativa (alfalfa). Feeding of planthopper (Nilaparvata
lugens) on leaf blades of rice have also been shown to results in removal of
assimilates and reduction in photosynthesis (Watanabe and Kitagawa, 2000),
thereby causing a reduction in rice growth and yield. Hill (1962) had earlier
shown that if the redirection of assimilates by the phloem feeding insects is
strong and localised, the plant will react in some respects as if the aphids were

a bud.

The present study revealed that diversion and disruption of the assimilate
transport pathway in barley leaves is more apparent due to RWA feeding than
BCA feeding. This suggests that the combined effects of aggressive feeding
and damage sustained by leaves that were inflicted by RWA are more severe
than that caused by BCA. Therefore, the results reported in this chapter
support data in previous chapters that:

1. RWA is a more aggressive feeder than is BCA.
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2. RWA disrupts the phloem system thereby reducing the
transport capacity of the phloem, as evidenced by reduced
transport of the phloem-mobile xenophore, 5, 6-CF.

3. RWA may redirect more assimilate to itself than does BCA,
which supports 1-2 above, and finds support in earlier chapters
in which ultrastructural damage was more severe and callose
formation (wounding effects) was more intense in RWA than

BCA infestations.

The results reported in this chapter suggest that the greater disruption and
diversion of assimilates in RWA-infested barley leaves appears to be
responsible for higher yield losses (30% to 60%) encountered during RWA-
infestation (Du Toit and Walters, 1984), while a reduced disruption and
diversion of assimilates results in reduced (21%) yield loss that occurs during
BCA-infestation (Riedell et al., 1999). The suggestion finds support in earlier
observation of rice, where disruption and diversion of assimilates caused yield
losses in infested plants (Watanabe and Kitagawa, 2000). The data presented
in this chapter further elucidates the mechanism behind aphid feeding and
responses of the infested plants by revealing more reasons why RWA-infested
leaves show symptoms of chlorosis, necrosis and leaf roll while leaves

infested by BCA do not.
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In conclusion, the symptoms shown by RWA-infested plants that eventually
lead to the subsequent greater losses in yield when compared to observations
of BCA-infested plants, are suggested to be partly due to ability of RWA to
inflict severe damage to phloem transport of the infested plant. This damage
leads to noticeable reduction in the transport of assimilates within 72h of
RWA infestation and significant reduction during prolonged feeding, which,
in most cases, results in total cessation of phloem transport. Whereas BCA
feeding does not appear to cause as much serious damage to the transport
capacities of the phloem, only a reduced assimilate transport occurs during its

prolonged infestations.
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8 Chapter 8: General Discussion and
Conclusion

8.1 Preamble

Global efforts to achieve sustainable agriculture require research aimed at
addressing severe problems such as aphid infestation of crop plants. Of
particular importance is a clearer understanding of the mechanisms of plant-
aphid interaction; otherwise, efforts aimed at sustainable agriculture will be
very difficult to achieve. Many researchers have used different approaches,
such as ecological, behavioural, physiological, structural, aphid evolution,
biochemical and molecular studies (see Krischik, 1991; Karban and Baldwin,
1997; Van der Westhuizen et al.,, 1998a, b; Miles, 1999; Moran and
Thompson, 2001; Messina et al., 2002; Moran et al., 2002; Botha and
Matsiliza, 2004 among others for details). The underlining mechanism of the
interaction that occurs during aphid infestation of crop plants is not yet fully
understood. Detailed knowledge of these interactions will assist plant
breeders, as breeding resistant crop cultivars is the most economically and
environmentally safe and effective option for controlling aphid pests (Zhang

et al., 1998; Tolmay and Mar’e, 2000).

The potential for resistance to RWA first identified in ancestral diploid wheat
species (Butts and Pakendorf, 1984; Du Toit and Van Niekerk, 1985; Du Toit,
1987), before it was later found in rye and some triticale lines (Nkongolo et

al., 1989; Webster, 1990). To date, breeding efforts have led to identification
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of 10 different genes that shows resistance against RWA in wheat and other
cereals (Liu et al., 2002, 2005). The success of these breeding approaches may
eventually result in a greater reduction in the heavy cost that result from yield
losses and chemicals used in spraying these pests, which was estimated to be
more than 1 billion US dollars in United States alone (Morrison and Peairs,
1998). Breeding resistant plant cultivars will also reduce or eliminate the
hazardous effects the sprayed chemicals potentially have on human, plants,

livestock, and the whole environment.

The experiments reported in this thesis will hopefully contribute to a better
understanding of the aphid effects on crops, and in general, towards a greater
insight into the interaction between aphids and cereal crops, thereby
contributing to our present knowledge of this interaction. The approach used
was to investigate the structural and functional aspects of feeding by BCA and
RWA, as the two aphid species are serious pests of cereal crops but with
diverse effects on their host plants. This diversity forms the basis of this
thesis, in an effort to provide answers to their feeding habit on barley and

wheat cultivars.

8.2 Morphological symptoms of infestation

Infestation by the aphids investigated in this thesis have revealed that there are
divergent visible responses to aphid feeding by the host plants. In Chapter 3, I
reported that the infestation of barley cv Clipper populated by the same

number of BCA and RWA will, over the same time period, result in different
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observed symptoms. RWA infestation caused extensive chlorosis, necrosis
and rolling of leaves of infested plants, while BCA infestation does not lead to
any observable symptoms (reported in Saheed et al., 2007a, Fig. 3.1). This
confirms earlier reports that whilst RWA induced severe symptoms on host
plants, BCA did not, especially when the level of BCA infestation was low
(Walters et al., 1980; Riedell, 1989; Wiktelius et al., 1990). This result was
even more interesting given the higher breeding rate of BCA, and given the
same population at the start of the experiments where BCA reproduced faster
(Table 3.1), resulting in larger feeding population in comparison to the
number of RWA produced at the end of the two-week experimental period.
This observation supports that of Messina et al., (2002). However, the
observation is contrary to the logical assumption that damage would be caused
by the aphid stylet puncturing cells during probing and feeding, as well as by
the destructive effects of the salivary material constituents deposited; this was
supported by Miles, (1999). Based on this assumption, it was expected that
BCA, with its higher feeding population sizes, would cause more cell-related
damage than RWA. However, leaves fed on by higher BCA populations were
visibly healthier, which was in sharp contrast to RWA-infested leaves, where
symptoms such as chlorosis and necrosis occurred despite their smaller

feeding populations (Saheed et al., 2007a).

The experiments involving the use of susceptible and resistant wheat cultivars

reported in Chapter 4 conform to the expected results. Damage symptoms
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were more evident in the susceptible Betta cultivar than in the resistant Betta-
Dnl cultivar. In these experiments, the susceptible cultivar shows symptoms
of chlorosis, necrosis as well as leaf rolls, while the resistant cultivar exhibited
only a few chlorotic patches and necrotic spots (see Saheed et al., 2007b).
This is in line with the known effects of the Dn/ gene contained in the
resistant cultivar, which is mostly antibiotic. Antibiosis results in reduction of
growth rate, reduced fecundity, and reduced aphid biomass (Du Toit, 1987;
1989b; Heng-Moss et al., 2003). Clearly, in these experiments, it shows that
more feeding aphids caused more severe observable symptoms than where the

feeding aphids were less.

8.3 Ultrastructural damage during aphid feeding

Experiments were set up to investigate damage at the cellular level during
aphid feeding. The first series of experiments explore the differences in the
damage caused by BCA and RWA in a susceptible barley cv Clipper; most
importantly, the damage caused to the vascular bundles — the primary site of
aphid feeding and drinking. I investigated the structural damage caused by
these aphids in the vascular bundles and then related the data to the observable
effects on host plants. The results of this investigation provided a convincing
insight into the feeding patterns of these two aphid species. In the second
series of experiments, I investigated the feeding damage caused by RWA in
susceptible and resistant wheat cultivars. This was to highlight the feeding

mechanism with respect to the effects of resistant genes, in an attempt to
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improve our understanding of the aphid feeding mechanism with respect to

the response(s) of genetically modified crop plants.

8.3.1 Damage to vascular tissue in susceptible barley
leaves

Because aphids feed from the phloem and drink from the xylem tissues of the
vascular bundles, they have to probe through some other tissues before they
reach their primary target — the vascular bundles. However, the results
obtained from the investigation into the patterns of damage caused by BCA
and RWA in the vascular bundles leave no doubt that RWA induces more
severe damage to conducting tissues than did the BCA. In Chapter 3, I showed
that both RWA and BCA puncture vascular parenchyma cells during their
search for functional sieve tubes to feed from, but sustained feeding by RWA
appears to result in more damage to sieve tubes-companion cell complex
(Figs. 3.3 D, M and N) and these cells may be rendered non-functional. This is
in contrast to similar phloem probes by BCA (Figs. 3.4 F and H) which do not
seem to lead to such severe damage (see Saheed et al., 2007a). In addition,
during RWA-drinking processes, the aphids ejects a large quantity of electron-
dense but watery saliva that appears to completely seal the xylem vessels by
blocking all membrane pit fields between xylem vessels and their associated
parenchyma cells (see Fig. 3.3A). This blocking of membrane pit fields
appears to isolate the xylem elements from surrounding xylem parenchyma.

This action precludes the exchange of vital water, mineral nutrients and / or
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solutes with adjacent cells in RWA-infested leaves. In contrast, in leaves
infested with BCA, the aphids only deposit what can be described as a dense,
granular saliva into the xylem vessels (see Figs. 3.4 A-C), which does not
appear to occlude the membrane pit fields, and thus the exchange process of
vital nutrients and solutes might not be hampered. In general, damage inflicted
by RWA mostly involved complete destruction of the cells, and which could
lead to rapid pressure loss in those cells. This might precede irreversible
physiological damage that may induce degradation of the apoplasmic and
symplasmic transport systems, apart from the reported effects of saliva
deposition. This is in contrast to a lesser physiological damage observed in

BCA infested leaf tissues.

The result of the ultrastructural damage study revealed that damage to the
vascular tissues presented in this thesis clearly provide benchmark
information on aphid feeding in vascular bundles of barley as well as in wheat
leaves, and the data can be extended to similar grain crops. Previous
ultrastructural studies involving RWA (Fouché, 1983 and Fouché et al., 1984),
address only the changes that occurred to mesophyll cell organization and
specifically to chloroplast contents, after they treat wheat leaves with whole
body RWA extract. Apart from these publications and this thesis, literature
that addresses feeding and drinking of RWA and BCA with ultrastructural
studies seem to be non-existent. Tjallingii (1994) used electrical puncturing

graphs (EPG) and reported that aphids also drink from xylem, but the results
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presented in this thesis, I believe, might be the first ultrastructural evidence
and confirmation of such feeding and drinking in xylem elements by the two

aphid species reported here.

The primary aim of this thesis was to provide more insight into the
mechanism behind aphid feeding, and these experiments were set up to
investigate the damage to vascular bundles in order to relate it to the observed
symptoms inflicted by these aphid species on their host plant. I therefore
conclude here that leaf rolling and streaking symptoms shown by plants
infested with RWA might, in part, be due to the damage caused to vascular
system which lead to the apoplasmic and symplasmic isolation of both xylem
and phloem. This is because of the limitation in vital nutrient exchange from
these tissues to their adjacent cells. Specifically, chlorosis and necrosis may
appear during probing, where puncturing of cells may induce oxidative stress,
while the sealing of xylem and phloem might generate leaf rolling and
streaking symptoms.

8.3.2 Damage to leaf tissues in susceptible and resistant
wheat cultivars

The effects of resistance genes incorporated into cultivated crops to enhance
their resistance to insect pests have been under investigation for years, yet the
mechanism of these resistance genes is poorly understood. Resistant cultivars
— containing resistant genes — have been shown to cope better and exhibit less

physical damage when compared to susceptible counterparts during aphid
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infestation (Nkongolo et al., 1990; Saheed et al., 2007b). Many resistance
genes have been identified and inserted into crop genomes: 10 of such genes
that are resistant to RWA have been identified in wheat and related cereals
(Liu et al., 2002; 2005). Resistance genes are sustainable and retained over
several generations within the incorporated crop plants (Mohan Babu et al.,
2003). In addition, these genes exhibit different levels of resistance and show
diverse resistance effects during aphid infestations (Du Toit 1989a, b; Budak

etal., 1999).

In Chapter 4, I reported on the outcome of the experiments conducted using
two near-isogenic wheat cultivars — the susceptible Betta and the resistant
Betta Dnl — during RWA infestation. The Dnl genes incorporated into the
resistant cultivar show antibiosis effects, which result in reduced aphid
growth, fecundity and biomass (Du Toit, 1987; 1989b; Budak et al., 1999;
Heng-Moss et al., 2003). Investigation at the ultrastructural level provided
more insights into the action of these resistance genes and the mechanism of
feeding by RWA in these cultivars. With the results presented in this thesis,
new evidence now exists, which shows that RWA is capable of both intra- as
well as inter-cellular probing within mesophyll cells (Figs. 4.2 A-E). This is
contrary to over 23 years of belief that probing by RWA in the mesophyll cell
is entirely intercellular (Fouché, 1983; Fouché et al., 1984). In susceptible
Betta cultivar, inter- as well as intra-cellular probing in mesophyll cells by

RWA results in severe cellular damage (Figs. 4.2 B-D). The punctured cells,
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with evidence of salivary material deposits, exhibit severe damage to the cell
cytoplasm and its organelles (Fig. 4.2 A). However, the case is different with
the resistant Betta-Dn/ cultivar, where intracellularly probed mesophyll cells
do not show any signs of damage either to the cytoplasm or constituent
organelles. Lowe (1967) had earlier reported inter- as well as intra-cellular
penetration of mesophyll cells during Myzus ornatus infestation of Vicia faba.
Reports of similar intra- and inter-cellular penetrations exist for some other
aphid-plant interactions (see Pollard, 1973; Tjallingii and Hogen Esch, 1993).
Prado and Tjallingii (1994) and Martin et al. (1997) have shown that the
puncturing of cells like parenchyma and others during aphid probing activities
involves discharge of watery saliva, ingestion of small amounts of sap from
these cells, and formation of stylet sheath materials. Intracellular puncturing
of mesophyll cells suggest that aphids, and in this case RWA, are capable of
penetrating other cells on its way to the vascular bundle. This puncturing of
the mesophyll cells appears to provide the aphids with clues regarding the
substrate contained in the cells being penetrated (see also Klingauf, 1987,
Tjallingii, 1995; Miles, 1999). The differences in the cellular damage that
occurs between resistance and susceptible wheat cultivars upon infestation
with RWA find support in an earlier work with greenbug aphids by Al-
Mousawi et al. (1983). In this study, feeding by greenbug aphids results in
extensive damage to mesophyll cells, vascular bundles and cellular organelles

in susceptible cultivars after 10 days of infestation. Yet most cell organelles in
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the mesophyll of the resistant cultivars, as well as vascular tissues, appears

normal within the same time frame of infestation.

Feeding from the phloem of the two cultivars by RWA showed a similar
pattern of damage that occurred during probing in mesophyll cells. The
preferred site of feeding in the phloem is the thin-walled sieve tubes (Botha
and Matsiliza, 2004). The thin-walled sieve tubes showed more severe
damage in the susceptible Betta cultivar (Figs. 4.2 H-I) in comparison to the
resistant Betta-Dn/ cultivar, where this damage appears less severe (Figs. 4.2
J-L). It should be emphasised here that damage to thick-walled sieve tubes
appears to be minimal in both susceptible and resistant cultivars. This supports
earlier evidence that thick-walled sieve tubes are symplasmically isolated
from the thin-walled sieve tube-companion cell complexes (Botha, 2005) and
they are not a preferred site of feeding for the aphids (Matsiliza and Botha,
2002). Feeding also results in occlusion of plasmodesmata and deposition of
callose within sieve tubes. This is a common occurrence in susceptible Betta
cultivars and it affects the symplasmic transport of assimilates across adjacent
cells. However, limited plasmodesmatal disruptions were commonly observed
in resistant cultivar. This result suggests that symplasmic transport could still
take place in the resistant cultivar, though it could be reduced due to
redirection during aphid feeding. But reduction of phloem-related transport
might be greater in the non-resistant Betta cultivar and, in most cases, total

cessation could occur. The apparent lack of occlusion of plasmodesmata in the
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Betta-Dnl cultivar could be attributed to B-1, 3-glucanase (an enzyme
suspected to degrade callose), which has been shown to accumulate to a
greater extent in the resistant cultivars (Van der Westhuizen et al., 1998a).
Ectodesmata formation (generally taken as an indicator of severe damage to
plasmodesmata) is usually associated with plasmolysis and it is often observed

in Betta cultivars, and not in Betta-Dnl.

However, drinking from xylem resulted in characteristic occlusion of
metaxylem vessels by copious deposition of saliva by RWA. This was the
case with all the classes of veins investigated in Betta and Betta-Dn/ cultivars.
I have earlier discussed the implications of metaxylem vessels’ occlusion and
resultant, extensive blocking of pit membranes (see section 8.2.1 above and
Saheed et al., 2007a, b). This complete sealing of the xylem vessels lends
strong support to the suggestion that streaking and wilting in Betta and Betta-
Dnl appears to result from the prevention of water and nutrient flow to
parenchymatous elements from the xylem. It is important to mention here that
during probing, feeding and drinking activities of RWA in both cultivars, all
probed cells with evidence of salivary material deposit, or those cells that
were adjacent to salivary material deposit, exhibit significant damage in
susceptible Betta cultivars, whereas similar cells in Betta-Dn/ cultivars do not
show as damage as severe. It appeared as if cell disruption in resistant
cultivars was an isolated event in all these instances, with individual cells

destroyed, rather than whole groups of cells, during probing, feeding and
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drinking. A similar phenomenon occurs during greenbug infestation of
susceptible and resistant wheat cultivars (Al-Mousawi et al., 1983). These
results suggest that the resistant genes’ Dn/ function by enhancing reduced
cell and organelle damage (resistance to cell damage) in the resistant cultivar.
I therefore proposed that this action might be due to higher levels of
accumulation of PR-proteins, peroxidase and some other defence-related
products reported to occur in the cell apoplast of some resistant wheat
cultivars, including Betta-Dn/ (Van der Westhuizen and Pretorius, 1996; Van
der Westhuizen et al., 1998a). Al-Mousawi et al. (1983) similarly suggest that
resistance to greenbug infestation of wheat results from physiological and
biochemical factors, and that those changes in the cellular structures reflect
only the changes in both physiological and chemical states. It follows that PR-
proteins, peroxidase and other defence-related products may act by limiting
penetration of the aphid’s salivary components, as part of hypersensitive
response (Moloi and Van der Westhuizen, 2006), and eventually conferred
some protection to probed cells in the resistant cultivar, thereby preventing

subsequent damage to the cells and their organelles.

The primary aim of these experiments was to elucidate the effects of aphid
feeding and the mechanism of the action of the resistant genes selected against
aphid infestation. I am of the opinion that the results presented in Chapter 4
have achieved this by providing strong evidence for this mechanism. I

therefore conclude that RWA inflicts severe cellular and subcellular damage
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to mesophyll and vascular leaf tissues in susceptible Betta cultivars, while
significantly reduced damage occurs (due to the influence of the resistant
genes Dnl) in the leaves of resistant Betta-Dn/. The reduced damage
observed in the resistant Betta-Dn/ seems to be a combination of a reduced
number of feeding aphids (antibiosis), an established effect of Dnl genes, as
well as enhanced cell wall strengthening effects that could be associated with

the activity of some PR-proteins such as peroxidase.

8.4 Functional damage during aphid feeding

The second focus in this thesis is the functional effects of feeding by the
selected aphid species on barley leaves. There are two principal approaches
employed to study this. In the first approach, I examined the response of the
plant to aphid feeding by formation of aphid-induced wound callose, after
which I examined the regulation of callose genes (callose synthase and -1, 3
glucanase) at the transcript level. Callose formation during infestation of
plants by aphids is an effective plant response to the wounding of its cells.
Formation and deposition of callose, reported to be a rapid plant response,
could occur within a minute of cell wounding (Radford et al., 1998;
Nakashima et al., 2003). The deposition of callose helps seal the pores of
damaged phloem tissue, thereby preventing the loss of assimilates (Sj6lund,
1997). The second approach was to investigate the effects of aphid feeding on

the transport capacity of the phloem in barley leaves. Since aphids are known
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phloem feeders, they feed on the transported assimilates in the phloem tissue;
specifically, the sap transported within the sieve tubes. This feeding activity
means the aphids becoming strong secondary sinks as a result of assimilate
diversion during feeding (Cagampang, 1974; Hicks et al., 1984; Nielsen, et
al., 1990).

8.4.1 Wound callose formation during RWA and BCA
feeding

The barley cv Clipper investigated in this study again shows a diverse
response to feeding by RWA and BCA with respect to formation of aphid-
induced wound callose. In Chapter 5, I reported on the experiments conducted
to investigate the wounding response of the barley cultivar to feeding aphids
by examination of wound callose formation. The first experiments involved
investigation of both short- and long-term effects of feeding. Aphid-induced
wound callose in longitudinal and cross veins occurs within 24h of feeding by
RWA and formation of callose become extensive after 72h (Figs. 5.3 A-E).
This is in sharp contrast to BCA feeding, where no callose formation was
observed within the same period. The aphid-induced wound callose in RWA-
infested leaves increases, forming extensive deposits in longitudinal as well as
cross veins (Figs. 5.3 F-L) during the long-term (14d) feeding experiments.
Interestingly, little wound callose appeared even after 14d of extensive
feeding by BCA (Figs. 5.2 E-H). However, wound callose formation increased
with larger feeding populations of BCA on barley leaves (Figs. 5.4 A-D). This

is the first known report of wound callose formation and distribution for this
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aphid species. In all cases, I observed that stylet tracks were callosed,
suggesting that the saliva triggers callose formation. Aphid saliva seems to
play a crucial role in eliciting critical changes in plant’s morphological,
physiological and genetic changes (see reviews by Tjallingii, 1995; Miles,

1999).

The known effect of callose deposition is a decrease in the volume of
transported assimilates, but if deposition is extensive, total cessation in the
transportation of synthesised assimilates through the phloem tissues could
occur, achieved by the blocking of sieve plate pores and plasmodesmata.
Reduction or cessation in phloem transport must lead to series of symptomatic
expressions, but if severe callose formation occurs, cessation of transport and
eventual death of the plant could ensue. The results of the experiments
conducted in Chapter 5, therefore, further illustrate the mechanism of aphid
feeding and the response of the plant to such aphid feeding. The results
suggest that the formation of wound callose in RWA-infested tissue appears to
be partly responsible for the development of chlorosis and necrosis symptoms
observed during RWA-infestation and lack of such formation in BCA-infested
tissue results in lack of such symptoms (see Chapter 3; Saheed et al., 2007a).
It is therefore logical to suggest that the formation and deposition of wound
callose that occurs during infestation by higher BCA populations are in part
responsible for the reported golden yellow streaking that occur during heavy

infestation of crops by BCA (Agronomy Guide, 2002; UCIPM, 2002). In
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addition, aphids drinking from the xylem induce severe damage and the

apoplasmic distribution of water becomes impaired (Saheed et al., 2007a, b).

Wounding of leaf tissues during aphid infestation as evidenced by wound
callose formation appears to be permanent. The experiments conducted to
investigate the possible removal of callose after formation demonstrated that
once deposited, callose remained in the leaf tissues 120h after the aphids were
removed (Figs. 5.5 A-F). This lends support to the observed development of
feeding symptoms even after the removal of the aphids. Results of the
experiments provide evidence that wound callose signals, both defence and
anti-defence, are transported in the phloem tissue (Figs. 5.6 E-H) and are
dependent on the direction of assimilate flow. I further suggest that wound
callose formation and manifestation are pressure-related and that a drop in
phloem pressure during aphid puncturing of the functional (pressurised) sieve
tubes could trigger an effect rather than a signal-related response. Whatever
the case may be, I have been able to demonstrate that aphid-induced wound
callose development is aphid species-specific in the barley cultivar studied.
Deposition appears to be partly responsible for the symptomatic expressions
observed during RWA-infestation, as well as the symptoms reported when
higher populations of BCA infest the plants. Consequently, the absence of any
observable symptoms during low-level infestation of BCA appears to be due

to the lack of observable formation and deposition of wound callose during
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such infestation. These observations and suggestions might well hold true for

similar infestations in other cereal crops and possibly other aphid species.

8.4.2 Regulation of callose genes during aphid infestation

The differences in the formation and eventual deposition of wound callose
during RWA and BCA infestation reported in Chapter 5 (see further
discussion in section 8.4.1 above), lead me to speculate that the differences in
the formation could be as a result of variation in the induction and regulation
of callose genes. The two genes considered in this thesis are callose-synthase
gene complexes that are involved in the synthesis of callose (Verma and
Hong, 2001) and -1, 3-glucanases, suspected to be involved in callose
degradation. The questions raised were: does the formation of wound callose
during RWA-infestation mean that callose synthase is up-regulated and / or
that 3-1, 3-glucanases are down-regulated in such tissues? Alternatively, does
it mean that the reverse is the case in BCA-infested tissues, i.e. that B-1, 3-
glucanases are up-regulated by either the plant or the aphid while callose

synthase is down-regulated?

In Chapter 6, I showed that three glucan synthase genes (GSL) sequences were
analysed (see Table 2.1 for sequence details), and that only two sequences
were expressed in the barley leaf blades (contig8428 and contig13152), and
contigd949 was not expressed at all. However, the two expressed sequences

did not show any significant increase or regulation upon aphid infestation
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(Figs. 6.1 and 6.2). Based on the investigated sequences, this suggests that
wound callose synthesis is not regulated at the RNA-level. There is a
possibility that apart from the three genes investigated in this study, other GSL
genes could be responsible for the biosynthesis of callose. Li et al. (2003)
reported that at least six GSL genes were expected to be present in barley,
based on barley EST libraries, and that there might even be more that are not
yet identified. So, it is possible that the genes responsible for callose induction
are among those not yet investigated. Another possibility is that the regulation
of the observed callose formation is not at the transcriptional level, but instead
might occur at the protein level. The reason for this suggestion is that callose
formation is quite a rapid process that occurs within minutes of wound
initiation (Radford et al., 1998, Nakashima et al., 2003). There is also other
evidence suggesting that callose synthase occurs in co-association with
several other membrane-associated protein complexes (Verma and Hong,
2001) and that any release or binding of any separate units from such
complexes could lead to a rapid switching on or off of callose synthesis
without de novo synthesis of (-1, 3-glucan synthase. Irrespective of the
pathway of callose induction, it is clear that callose synthesis occurs upon
activation of calcium and proteases (Kauss, 1985; Botha and Cross, 2001;
Nakashima et al., 2003). It has been suggested that the aphids’ probing causes
extracellular calcium leakage into sieve elements that results in increased
cellular calcium levels (Will and van Bel, 2006; Will et al., 2007). Since

endogenous protease has been shown to directly or indirectly activate callose

157



synthase (Nakashima et al., 2003). The differences now observed between
RWA and BCA infestation could be due to endogenous proteases’ activity.
Therefore, the differences could either be due to exudation of proteases from
RWA that perhaps initiate the degradation of cellulose synthase and increases
callose synthase activity and / or exudation of protease inhibitors from BCA

that prevent this synthesis from taking place.

The second gene group investigated were the -1, 3-glucanases, which were
suspected to cause degradation of synthesised callose. The hypothesis was that
perhaps a stronger induction of -1, 3-glucanase occurs in BCA-infested
tissue, which could be responsible for the breakdown of callose, and so would
explain why little or no wound callose occurs in such tissues. Interestingly and
in contrast, all the three aphid-induced A1, 3-glucanases showed a higher
expression in RWA-infested tissue than in BCA-infested tissue (see Fig. 6.3).
The function of the -1, 3-glucanases investigated are not yet clear, but the
results presented in Chapter 6 clearly show that they are not involved in
callose degradation as was speculated. As suggested for callose synthase
genes above, [ cannot exclude the possibility that some other (1, 3-
glucanases might be involved in this process and they could be those
expressed at higher levels in BCA-infested leaves than in RWA-infested
leaves. In Chapter 6, I suggest that the stronger expression of the three
induced /-1, 3-glucanases in RWA-infested tissue, as compared to the BCA-

infested tissues, might have manifested at 48h and could be linked to the
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callose induction seen already at 24h via a feedback mechanism. It is equally a
possibility that the callose that persisted throughout the length of the
experiments in spite of increased levels of £-1, 3-glucanase could be due to
the heavy infestation, as a result of an increasing number of aphids within a
limited space. It is important to state here that at the time of writing, further
work continues in our research groups (CEJB and LJO) to unravel the
involvement of the callose synthase and /-1, 3-glucanase genes. This

investigation is, however, beyond the scope of this thesis.

In conclusion, the results presented in Chapter 6 do not yet explain the
involvement of callose synthase genes (-1, 3-glucan) and /-1, 3-glucanase
genes in the formation of aphid-induced wound callose. However, what is
clear from the experiments conducted is that the differences in the wound
callose formation observed is due to a stronger synthesis of callose as a result
of RWA infestation in leaf tissues than is the case in BCA-infested tissue at
the same level of infestation and within the same time frame. Further studies
could focus on the involvement of these genes, following leads from
suggestions made in this thesis. However, I would like to state here that there
seems to be a great difference between the actual mechanisms involving plant-
aphid interactions and the molecular background presently known of such
interactions, despite the global interests in molecular understanding of both
induced as well as constitutive aspects of plant-aphid interaction. Tjallingii

(2006) also championed this position. It appears that the salivary composition,
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the relative population density of the feeding aphids, as well as length or time
of infestation, are crucial in this interaction, which might account for the
differences observed in the results reported in my thesis.

8.4.3 Effects of aphid feeding on transport capacity of the
phloem

Aphids ingest large quantities of phloem sap to gain enough amino acids that
are essential to their survival, because the sap is low in protein content
(Douglas, 1993). This action transforms the aphids into strong secondary sinks
(Hicks et al., 1984; Nielsen et al., 1990) through diversion of assimilates
meant for other plant tissues into their gut (Botha and Matsiliza, 2004). This
results in the disturbance of the assimilates’ transport and by extension, the
transport efficiency of the phloem of infested plants. The investigation of the
effects of feeding aphids on the transport capacity of the phloem, especially
on the longitudinal transport of assimilates in barley leaves as visualised by
the transport of 5, 6-CF, was carried out in Chapter 7. The results show that
during short-term feeding experiments (72h), BCA-infestation does not lead to
a significant reduction in the intensity (amount) and distance travelled in the
phloem transport (rate) of 5, 6-CF. In contrast, RWA-infested leaves showed
considerable reduction in the intensity and transport of 5, 6-CF (Fig. 7.4).
However, after long-term feeding (14d) by BCA, a considerable reduction in
the intensity and transport of 5, 6-CF was observed in infested tissues. In

contrast, a marked reduction in the intensity and transport of 5, 6-CF was
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observed in RWA-infested leaves (Fig. 7.5), and in most cases, complete

cessation of transport was recorded (Fig. 7.3).

These transport experiments results confirms the ultrastructural and wound
callose formation investigations (see Chapters 3, 5 and Saheed et al., 2007a,
¢). In the case of RWA infestation, severe damage to vascular bundles and
other tissues, along with extensive wound callose formation, occurs when
compared to the reduced damage effects observed with BCA infestation. It is
logical to state that the damage to vascular tissues and subsequent deposition
of wound callose in phloem tissues would lead to the disruption and reduction
in the transport capacity of the phloem in the infested plant, with RWA being
the most damaging. The situation is quite different when BCA feed on barley
leaves, where limited damage to the vasculature and little or no formation of
wound callose occurs during prolonged feeding and low levels of infestation.
Reduction in phloem transport capacity occurs only during long-term feeding
by BCA. Watanabe and Kitagawa (2000) have reported that infestation of rice
by the planthopper (Nilaparvata lugens) results in reduction in photosynthetic
capacity, removal of assimilates and yield loss. I therefore suggest that the
disruption of the vascular system and the diversion of assimilate which occurs
during infestation by RWA and BCA is, in part, responsible for the yield
losses reported for these aphids. The degree of these diversions might explain

the higher yield losses (30 — 60%) reported during RWA infestation (Du Toit
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and Walters, 1984) compared to the reduced yield loss (21%) that occurs

during BCA infestation (Riedell et al., 1999).

In conclusion, the differences observed in the damage to the transport systems
appears to be responsible in part for the chlorosis, necrosis and leaf roll which
occurs in RWA-infested plants, these damage effects eventually leading to
higher yield losses encountered when this aphid infest crops. The reduction in
the damage to transport system is less severe in BCA infestation — the plants,
as a result of lesser damage, might be able to tolerate low infestations better
than they would under RWA infestation. This reduced damage to phloem
transport appears to be partly responsible for the absence of visible damage
symptoms and reduced yield losses recorded during BCA infestation of crop

plants.
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8.5 Overall conclusion

The results presented in this thesis show that RWA is a serious and most
destructive phloem feeder, when compared to the BCA. Their mechanism of
feeding involved damage to probed tissues such as mesophyll cells and
eventually to the vascular tissues from where they feed and drink. I have
shown that severe damage to all cellular tissues occurs when RWA feeds on
host plants, which result in apoplasmic and symplasmic isolation of xylem and
phloem tissues. Reduced damage results when BCA feeds on the same host
for the same time and same population levels. Resistant genes, in this case
Dnl gene, appear to function by conferring resistant to cell damage on the
cultivar containing such genes during aphid feeding. I also report that host
plants respond to aphid feeding effectively by reducing the amount of
assimilate available to the aphids through formation of wound callose. This
response has been demonstrated to be species-specific, a quick response
results when RWA feeds even at a very low population level, whilst a
response occurs only at a higher infestation level by BCA. Probing and
feeding by RWA and BCA resulted in differences in damage to the cellular
tissues. A difference in damage, among other things, comes with a diverse
pattern of wound callose formation and varying degrees of damage to the
transport capacity of the phloem. These differences in the damage signatures,
in turn, caused the differences in the observed symptoms and resulting yield
losses upon infestation by these aphids. Plant breeders can work on

constructing cultivars with increased cellular resistant genes, especially those
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that can confer resistance to salivary damage in vascular bundles’ tissue; most
importantly, xylem vessels and phloem sieve tubes. This will prevent the
characteristic apoplasmic and symplasmic isolation of these tissues shown in
this thesis as the significant mechanism of aphid-induced damage in infested
plants. The results presented in this thesis have provided useful insight into
the feeding by the two aphid species on barley and wheat cultivars
investigated here. The suggestions and conclusions raised in each chapter can
thus be useful in predicting how other, similar aphid species infest and feed on
other cereal crops. I also strongly believe that these results will have spin-off
and that more effort should be directed towards elucidating the interaction
between the two aphid species and the cereal crops investigated in this thesis
at the molecular level. Nevertheless, this work will hopefully serve as
template for future research insight into aphid feeding, given that the focus in
this thesis was on a structural and functional assessment of aphid feeding, and

the plants’ responses to that feeding.
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8.6 Future research

The usefulness of combined structural and functional studies such as that
reported in this thesis is that they promote better understanding of plant-aphid
interactions as related to cell damage. I believe that this approach could be
used to investigate the effects of aphid feeding and the resultant damage on
the metabolic activities of the plant, such as down- or up-regulation of
photosynthetic capacity. Given the current high level of awareness of climate
change, studies could be extended to conduct comparative studies under
ambient and elevated CO,. Questions that might arise include: will aphids
reproduce faster or slower under elevated CO,? Will plants cope better with
aphid infestation during such conditions? Will resistant cultivars remain
resistant under elevated CO,? These questions are of fundamental importance
and their answers will give rise to modelling and prediction of future effects
of aphid feeding on crop plants.

This study has provided some insight about the regulation of callose synthase
and -1, 3-glucanase during infestation of the two aphid species with respect
to callose formation. Further studies could examine the role of the already

identified gene sequences on the callose formation during aphid feeding.

The emergence of new aphid biotypes with resistance-breaking capacity
clearly calls for research into their interaction between aphids and cereal
crops. A new biotype of RWA, RWA SA2 (Tolmay et al., 2007) has emerged

in South Africa, which has resistance-breaking capacity to present resistant
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wheat cultivars. Haley et al. (2004) had earlier reported a similar resistant-
breaking biotype in Colorado, USA. The results of the experiments presented
in this thesis reflect the effects of the original South African biotype, now
known as RWA-SA1. The appearance of the new biotype of the Russian
wheat aphid (RWA SA2) presents a completely new opportunity and new
scope for studies of the effects that the biotype will have on small grain
industry. A preliminary study (Walton, 2007) shows that RWA-SA2 breeds
faster and as a result it has the ability to become an even greater pest than
RWA SA1 already is. The results presented in this thesis could be used as a
template for further study of the mechanism of feeding of this new biotype

and can be extended to other aphid biotypes and cultivars in the future.
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