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probing suggesting that transmission of green peach aphid-borne viruses would not be

affected. Second, the probing behavior of green peach aphid was not modified by the

insecticides, aldicarb, Admire, and Di-syston. However, the postfeeding behavior of

aphids was different over time and with insecticides, which might have an influence on

virus transmission in the field. Third, the probing behavior of green peach aphid on

host plants with different preference varied. Aphids probed more when they moved

from a higher-preference host plant (radish) to a lower preference host plant (potato).

In addition, the settling rate was low when aphids were moved from higher to lower

preference host plants. This difference might affect virus transmission in the field.
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Vector efficiency, relationship of virus transmission between vector and host plants,

and vector control strategies are discussed.

In addition, the probing behavior of two mosquito species, Aedes aegypti and

Anopheles stephensi, on mice was recorded electronically to examine waveform

patterns and to quantify sporozoite output. My studies indicated that sporozoite output

of malaria-infected mosquitoes was not detected by using the electronic monitoring

system. The relationship between waveform patterns and penetration activities of

mosquitoes needs clarification before further studies can be conducted.
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SALIVATION AND ENGORGEMENT PARAMETERS OF SUCKING INSECT

VECTORS: IMPLICATIONS IN PATHOGEN TRANSMISSION

CHAPTER I

Introduction

Insects with piercing-sucking mouthparts, particularly mosquitoes and aphids,

are the main vectors of pathogens to animal and plant hosts. These two vectors share

an important set of characteristics. Specifically, they feed on their hosts tapping

underlying vessels. In order to do so, they have to overcome various behavioral and

physiological defensive mechanisms of their hosts. For example, mosquitoes have to

overcome defensive behavior (Jones & Pillitt, 1973) and blood hemostasis (James &

Rossignol, 1991), and aphids have to overcome the effects of plant secondary

compounds (Bernays & Chapman, 1989). In both of these cases, salivary functions

play an important role because most pathogens they transmit are saliva-borne. As a

consequence, mosquitoes and aphids not surprisingly share many traits of pathogen

transmission in vector control programs.

To make appropriate vector control decisions it is necessary to understand the

transmission route of pathogens and the interactions between vectors and hosts. The

Ross-Macdonald model is one of the most famous models describing pathogen

transmission. It describes the basic reproductive rate of pathogens, which is the

number of secondary cases arising from a primary case. The basic reproduction rate of
ma2nn

1np)

b
a vector-borne disease is equal to . According to this model, there are threer(-

entomological parameters involved in disease transmission and potentially in vector

control: longevity (p), biting rate (a), and relative density (m) of vectors. Vector

longevity, an exponential function, is the most important parameter and the most
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effective approach to vector control when it is applicable, because infected vectors need

a certain incubation time to become infectious. The second important parameter is the

biting rate, a square function, and lastly density, a linear function.

This model has been applied effectively in vector control programs in animal

systems, but has not been applied in agricultural systems. The main reason is that in

most cases, vectors and pests are the same insect species in agricultural systems, and

vectors are treated as pests and pest control techniques are used to control the vectors.

Since pests cause damage directly, the focus is often on reducing the density of pests in

pest control programs. Ironically, the only target of a pest control program, density,

represents the least effective method of vector control, and one easily offset by the

other two parameters. An increase in biting rate caused by the intervention method, for

example, may explain why a successful pest control program is not equal to a

successful vector control program (Powell and Mondor, 1973; Woodford et al. 1983).

Accordingly, I conducted a series of experiments by applying the concept of

reducing vector-host contact in the Ross-MacDonald model and using an electronic

monitoring system to reveal the relationships between vectors and hosts.
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Review of Literature

To make appropriate integrated vector management decisions, it is necessary to

understand at least two factors: first, the important theoretical difference between

vectors and pests, and second, the transmission route of pathogens. To understand the

transmission route of pathogens, entomologists have been interested in the question of

salivation and feeding behavior of sucking-insects for a long time. But little of that

knowledge has been reported due to the inadequate techniques. The observation on

probing behavior by visual means, even microscopically, can gain little insight in biting

behavior. However, an important tool in answering such questions was the

development of an electronic monitoring system by McLean and Kinsey in 1964, a

landmark in aphid studies. This system can be used to measure the length and number

of contacts between vector and host due to the resistance of the circuit upon the vector-

host contact. Accordingly, this study was conducted to reveal the relationships between

vectors and hosts, and evaluate the possibility of pathogen transmission by using the

electronic monitoring system. Therefore, the literature review includes two sections,

electronic monitoring and integrated vector management.

Electronic Monitoring System

Origin

Penetration and feeding behavior of sucking-insect vectors is complex. It

includes host finding, alighting, penetrating, and ingestion. The penetration behavior

in insect vectors is not restricted to feeding and salivation, but also encompasses such

activities as stylet movements, regurgitation, pathogen transmission, and host

interaction. Entomologists have been interested in the question of salivation and

feeding behavior of sucking-insects, especially aphids, for a long time. How, when,

and where those activities occur while sucking-insects contact their host plants could



4

contribute to the solution of plant pathogen transmission. However, these problems

were solved little by little, after the electronic monitoring system (EMS) was developed

by McLean and Kinsey in 1964. Although this technique only yields certain aspects of

probing and feeding behavior of sucking-insects, it helps us understand the route of

plant pathogen transmission and make decisions for vector control strategies to decrease

disease transmission.

The basic design of EMS is a relatively simple circuit (Fig. I.1). Detailed

reviews on EMS were described by McLean (1977) and Tarn and Adams (1982).

Approximately 2.0-V, 60-cycle a.c. from a power supply is introduced into the feeding

substrates, for example a plant leaf. An aphid (or sucking-insect) is connected to an

amplifier in the feeding monitor with a chart recorder by a tiny gold wire (0.0127mm

in diameter). One end of the gold wire is attached dorsally to the aphid with silver

paint; and the other end of the gold wire is connected to the monitor. When the aphid

probes or penetrates the plant leaf and the stylets fill with saliva or plant tissue fluid,

the electrical circuit is completed with the voltage in the leaf, the aphid, and the

amplifier. Only the stylets filled with fluid are conductive because previous

experiments showed that the empty stylets of the pea aphid, Acyrthosiphon pisum,

green peach aphid, Myzus persicae, and lettuce seed stem aphid, A. scariolae, were

found to be electrically non-conductive, and the tarsi of these species were low-

conductive (McLean & Kinsey 1964). The change of fluid volume, such as the

increase or decrease of salivation or ingestion, in the stylets results in a change in the

voltage which can be observed on the oscilloscope and recorded on the chart. As a

consequence, each penetrating or feeding activity has a correspondent waveform shown

on the chart recorder.
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Waveforms and feeding behavior relations

Many studies have been conducted on the relationship between waveform

patterns and penetration behavior. The techniques and methods used to relate the

penetration activities with waveforms include: light and electron microscopy (McLean

& Kinsey 1965, Harris & James 1973), stylet amputation (Nault & Styer 1972,

Kimmins & Tjallingii 1985a, Mentink et al. 1984), radioactive tracers (Tjallingii

1978), and electromyography (Tjallingii 1987). Initially, only four different waveform

patterns in aphids were distinguished by McLean and Kinsey (1967); S (salivation), X

(contact or pierce of phloem sieve elements), Y and I (ingestion). Fig. 1.2 shows the

results of probing and feeding activities of green peach aphid on potato leaves from the

study of Shieh et al. (1994). Pattern S shows the largest impedance. Pattern X is the

indicator of phloem ingestion, which is irregular. Y always follows X, but the function

of Y is unknown because no correlation has been made between Y and penetration

activities.

The most common waveform sequences in aphid feeding behavior are:

S-I: salivation followed by ingestion,

S-X-Y-I: salivation, then contact or penetration of sieve elements of phloem

and Y, followed by ingestion,

S-X-S-I: salivation, then contact or penetration of sieve elements, and

salivation, followed by ingestion, and

S-X-Y-S-I salivation, then contact or penetration of sieve elements of phloem

and Y, and contact or penetration of sieve elements again,

followed by ingestion.

This wavwform sequence only occurred occasionally.

When S-I occurred, aphids ingested fluid from plant tissue (possibly xylem) other than

phloem. Only the ingestion followed by X and lasting more than 15 min is considered
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to be phloem ingestion. Phloem ingestion is important in persistent-virus transmission.

Aphids acquire or transmit persistent viruses from or to host plants only when their

stylets contact the phloem of host plants.

Tjallingii (1978) described six different waveform patterns in the penetration

process; A, B, C, D, E, and F. The comparisons of the waveform patterns in both

systems are as follows: Tjallingii's pattern A is equivalent to McLean and Kinsey's

pattern "S" (salivation), B to "X", and D to "I". Some C element may be related to A

and B. E occurs exclusively superimposed on C and D, which indicates saliva pump

activity. F is a variant of E. Theoretically, all sucking-insects have the same

waveform patterns in penetrating and ingesting, although each waveform in each insect

species has a different length. Each waveform represents different penetration and

ingestion activities (Tjallingii 1988). Recently, Spiller and his coworkers (1990) found

another waveform pattern, G, when aphids penetrated plant tissue under starving

conditions. Pattern G is representative of ingestion of xylem sap, and its occurrence is

related to the water balance of insects.

Types of EMS

Since the EMS was developed by McLean and Kinsey in 1964, it has been

modified and improved to study the penetrating and feeding behavior of sucking-

insects. There are three main types of systems based on the kind of voltage applied

across the arthropod (sucking-vector) and substrate (host plant):

1. AC systems (McLean & Kinsey 1964, McLean & Weigt 1968, Brown &

Holbrook 1976, Kawabe et al. 1981): primarily use and invert an amplifier of moderate

input impedance (105 to 106 ohms), half-wave rectify the AC signal, and use filters to

reduce noise.

2. DC systems (Kashin & Wake ley 1965, Schaefers 1966, Smith & Friend

1971, Sweatman et al. 1976, Tjallingii 1978, Khan & Saxena 1984, Backus & Bennett
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1992): either use a noninverting amplifier of moderate to high input impedance (109 to

1012 ohms) without rectification or filters, or use a simple pen-light battery.

3. Systems with no applied voltage (Roche et al. 1961), are not used by

researchers any longer.

Effects of wire and electrical current on aphid feeding behavior

At least three factors may affect the physiology and feeding behavior of aphids

attached with a gold wire. These factors cause electrical effects, toxic effects, or

tethering effects on aphids. When electrical current passes through the aphids, it may

not only affect the muscles, nerves, and sense organs, but also may interfere with the

charge in the food and salivary canals. The silver paint used to attach the aphid and

gold wire contains volatile organic solvents, which may cause toxic effects on aphids.

Both the length and weight of gold wire influence the probing behavior of aphids. The

weight of the gold wire may affect the walking and probing behavior of aphids

(Tjallingii 1978, 1986). Therefore, the length of the gold wire used in this system was

about 5 cm long.

The electrical current through the testing subject is very low, 6.0 x 10-9 amp in

mosquito with an applied voltage of 1.35 v d-c (Kashin and Wake ley 1965); and 3.72 x

10-9 amp in aphid with an applied voltage of 0.5 v a-c (McLean and Weigt 1968).

Therefore, the influence of electrical current on aphid probing behavior is presumed

negligible. Tjallingii (1985b) conducted an experiment to check the electrical nature of

recorded signals and concluded that the electrical current had no influence on the

feeding behavior or other biological functions of the aphids.

Tjallingii (1978, 1986) showed that toxic effects of binders, such as silver paint

used to connect aphids and gold wire, appeared not to be relevant; the survival rate of

A. pisum was not affected by the toxic organic solvent. The 50% survival rate of A.
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pisum treated with silver paint was 15 days, whereas, that of untreated aphids was 15.8

days.

However, the wire influenced the walking and feeding behavior of the aphids

(Tjallingii, 1978, 1986). First, the exploratory ability of the aphids was limited by the

length of the wire. Second, the longevity and fecundity of the aphids tethered by the

gold wire were decreased (Tjallingii 1986), which may be caused by a decrease in

feeding time (ingestion time decreased).

The electrical current and silver paint had no (or less) effects on the probing,

feeding behavior and physiology of the aphids. However, the wire influenced the

behavior of the aphids. Therefore, it is recommended to use aphids with large body

size to reduce the tethering effects.

Applications of EMS

More than 80 studies have been conducted by using EMS in the past 30 years

(Table 1.1). Nine studies reported the development and improvement of the system; 4

discussed the effects of the system on aphids feeding behavior; and 69 reported

applications of the system on the relationship between vector and host to help explain

the problems of pathogen transmission.

At least 11 different taxa vectors have been studied including aphids, psyllid,

leafhopper, planthopper, grasshopper, greenhouse whitefly, squash bug, rice leaffolder,

bug, tick, and mosquito (Table 1.2). Aphids were studied most frequently and

consistently in the past 30 years. Leafhoppers were the second most commonly studied

organism.

Many researchers have used EMS to compare the probing, salivation, and

ingestion activities on resistant or susceptible, virus infected or uninfected, host or non-

host plants and among species or biotypes. McLean and Tjallingii developed and

improved the EMS, and conducted at least 17 and 10 studies, respectively. However,
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they used the EMS to study aphid feeding behavior, although McLean (1977) used the

EMS to study feeding behavior of a leafhopper and Janssen et al. (1989) studied

greenhouse whitefly. The focus on a few taxa suggests that the relationship between

waveforms and the probing, ingestion activities of different insects requires further

investigation.

Applications of EMS in the future

EMS is a valuable technique to investigate the nature of plant resistance, and a

good screening technique in breeding plant resistance to aphids (Tarn & Adams, 1982).

In addition, it is useful in measuring probing and penetration behavior of vectors at

different sites or in tissues of their host to evaluate the influence of insecticides on the

response of vector behavior (Chapter III). The use of EMS may also provide important

information to understand and evaluate the vector-host interaction in disease

transmission. However, the use of EMS is limited by our knowledge of the

relationship between the penetrating behavior and the corresponding waveforms in

various insects. These relationships are well known in aphids, but the waveforms

produced by different animals are somewhat different. In addition, various insect

species may have different responses during the probing or penetrating activities on

their hosts. Although, McLean (1977) reported that the feeding activities of lygus

bugs, membracids, mites, ticks, and mosquitoes have been recorded successfully in his

laboratory no results have been published.

EMS can be used to measure the contact between vector and host due to the

resistance of the circuit upon vector-host contact. During ingestion, for example, if a

large particle blocks the tip of the stylet, aphids move their mandibular stylets back and

forth to dislodge the particle and keep ingesting (McLean & Kinsey 1967). Voltage

variation recorded at that time is wider than that at ingestion. Therefore, it may be

possible to use the same equipment to quantify the sporozoite of malaria-infected
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mosquitoes. This hypothesis has been tested without any change in waveform patterns

associated with sporozoite output (Chapter 5). The most likely reason could be that the

relationship between the penetrating activities of mosquitoes and corresponding

waveforms is obscured in mosquitoes.

The relationship between feeding behavior and waveform patterns in different

insects may be different. Therefore, before we can apply EMS to different insect

species, it will be necessary to study the relationship between the penetrating activities

and corresponding waveforms. For example, the relationship between the penetrating

behavior and corresponding waveforms of mosquitoes has been studied by Kashin &

Wake ley (1965), but still remains obscure. Therefore, there were no additional studies

on mosquitoes using EMS as well as on whiteflies, squash bugs and ticks. To apply

EMS to other animals, it will be necessary to understand the probing and feeding

behavior of those sucking insects and the relationships between these waveform patterns

and penetration activities.

In conclusion, EMS is a powerful tool to measure the contact between vectors

and hosts which may be used to 1) screen resistant plants to sucking vectors, 2)

evaluate pathogen transmission to host, such as transgenic plants, and 3) evaluate the

influence of insecticides on virus transmission in the field. However, more research is

needed to relate the waveform patterns and feeding activities in different sucking

vectors before EMS can be applied to other invertebrates.

Integrated Vector Management

Transmission Route of pathogens

Many studies have shown that a successful integrated pest management program

is not equivalent to a successful integrated vector management program. Indeed, some

pest control programs have failed to reduce vector-borne transmission in the field. For
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example, some field investigations have indicated that insecticides do not kill vectors

quickly enough to prevent disease transmission (Peters 1987, Hi lle Ris Lambers 1980,

Lowery & Boiteau 1988, Ferro et al. 1980), even though they are very effective in

controlling pests. Furthermore, pests and vectors are often the same insect. Also,

predators, the commonly used biological agents in pest control programs, may cause an

increase of virus transmission in the field. For example, Roitberg et al. (1979)

reported that the presence of predators could cause aphids to disperse. Kis low &

Edwards (1972) and Nault (1973) reported that natural enemies could induce the

production of alarm pheromone of aphids that causes them to disperse which may favor

virus transmission in the field. Clearly, the main reason for the failure to reduce virus

transmission by applying pest control methods in vector control programs is that vector

control differs in many respects from pest control.

To address the differences between vector control and pest control, it is

necessary to understand the transmission route of pathogens. The Ross-Macdonald

model is, justifiably, one of the most famous models of pathogen transmission. It

describes the basic reproduction rate of pathogens, which is the number of secondary

cases arising from a primary case. The equation of the model is:

Basic reproduction rate (Z0)
ma2pnb
r( -lnp)

where m: relative number of vector in relation to host,

a: host biting habit,

p: daily survival rate of vector,

b: vector efficiency,

r: incubation time of pathogen in host,

n: incubation time of pathogen in vector

Fig. 1.3 illustrates the relationships between these parameters and the transmission

route of pathogens. Vectors need to bite twice to complete the cycle of pathogen
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transmission. They acquire the pathogens from an infectious host in the first bite and

ma represents the daily biting rate of vectors on a host. Pathogens need n incubation

days in the infected vector, then the infected vectors become infectious, pn represents

the probability of survival rate of vectors from infected to infectious; 11-1np represents

the mean life expectancy of vectors. Then infectious vectors take a second bite and

transmit pathogens to another host with vector efficiency b. Finally, pathogens need r

days for the incubation in the infected host, then the infected host becomes infectious

and the whole transmission cycle is completed.

If Zo is equal to 1, then the pathogen population maintains stability in the host

population. If Zo is less than 1, then the pathogen population decreases in the host

population. If Zo is greater than 1, then the pathogen population increases in the host

population. When the pathogen population increases in the host population, there is

potential for an epidemic in this community and it may be necessary to take action.

Vectors and Pests

Although many definitions of the terms "pest" and "vector" have been proposed

by various authors (Anthony & Service 1983), one important aspect is common to all

of these definitions: both pests and vectors cause an adverse effect on human beings

and /or their interests. However, two differences exist between vectors and pests: one

conceptual and one practical, both of them are highly correlated.

Conceptually, pests cause a direct damage on their host due to their abundance.

The economic injury levels (EIL) of pests is generally higher than that of vectors.

Since pests cause damage by their density, pest control approaches have basically aimed

at reducing pest number. In contrast, vectors cause an indirect damage on their host

due to the pathogens they transmit. In some cases, vectors and pests are the same

species, vectors may cause direct damage when their density is higher. The

transmission of vector-borne disease is influenced by the relationship among host,
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vector, and pathogen under varying environmental conditions (Smith, 1971).

Epidemiologically, arthropod vectors are an important factor in the spread of

pathogens. Two factors determine the epidemiological significance of vectors: internal

characteristics of the vector itself, that provides an environment for pathogens to

develop to infectious stages, and the relationship between vector and host. In simple

terms, these two factors are the biting rate and longevity of vectors, which are both

important in disease transmission as shown in the Ross-Macdonald model. Moreover,

the EIL of vectors is much less than that of pests. For example, Craig & Gatsonis

(1990) suggested that 10 aphids per leaf is the current EIL for green peach aphid on

Massachusetts potato crops. However, Flanders and his coworkers (1991) reported that

3-10 aptera green peach aphids per 100 leaves may be the appropriate EIL on

Minnesota seed potatoes, because even a small number of infectious aphids were

enough to transmit pathogens to many host plants.

The approaches that may be applied in pest and vector control programs are

different. In pest control programs, the primary consideration of entomological

parameters is density (or number) of pests. In vector control programs, according to

the Ross-Macdonald model, there are three entomological parameters involved in

disease transmission: longevity, biting rate, and density of vectors.

Parameters applied in pest

control

Parameters applied in

vector control

Density (m) Longevity (pn)

Biting rate (a2)

Density (m)
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Vector longevity, because it is an exponential function, is the most important

parameter and the most effective approach for vector control when it is applicable.

Infected vectors need a certain incubation time to become infectious, and only

surviving vectors can transmit pathogens. The importance of longevity, mortality and

survival rates of vectors on pathogen transmission in animal systems have been

discussed in detailed by Clements and Paterson (1981). Fig. 1.4 shows the theoretical

difference of the effectiveness in a vector control program by using control approaches

targeting longevity and density. If vector longevity can be reduced below the intrinsic

incubation time period (line 3), then no pathogens would be transmitted to a new host

even if the density of vectors were the same (Fig. I.4a). This approach is only suitable

for persistent-pathogen transmission in plant systems, due to the requirement of a

longer intrinsic incubation time. However, no practical technique has been developed

in applying this approach in vector control programs in an agricultural pest control

program.

In density control (Fig. I.4b), it is difficult to reduce vector density below EIL

(line 3), because the EIL of vectors is very low. In addition, no matter how low one

reduces vector density, there is a certain proportion of infectious vectors that may

transmit pathogens to other hosts. Moreover, there is a potential risk, which remains to

be tested, that reducing vector density may decrease the mortality of vectors (i.e.,

enhance vector longevity) due to a decrease of intra-species competition, that may

increase pathogen transmission in the field (Fig. I.4c, line 2).

The biting rate, a square function, is the second important parameter in a vector

control program. Because pests cause damage directly, the principle focus in a pest

control program is to reduce the density. Ironically, the principle target of a pest

control program, density, represents the least effective method of vector control, and

one easily offset by the other two parameters. An increase in biting rate caused by the

intervention method, for example, may explain why a successful pest control program
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is not equivalent to a successful vector control program. The biting rate has been

shown to have a crucial role in the transmission of mosquito-borne disease (Lehane

1991). For example, Hackett & Missiroli (1931) reported that low biting rate of

anopheline mosquitoes may explain the difference of the malaria-free and malaria-

infected areas with the same vectors and pathogens. However, no study has been done

to reduce pathogen transmission in vector-plant systems. Some studies have shown that

intercrops can attract pests and prevent damage (Marallo-Rejesus 1985), and intercrops,

therefore, may be a potential tool in integrated vector management programs.

Approaches in vector control programs

I have summarized general vector control strategies from the literature.

1. Identify pathogens and insect vectors: Identify the pathogen species which cause

disease, and determine which insect vector(s) transmit the pathogens.

2. Study the biology of and relationship among vectors, pathogen, and plants:

Understand the disease transmission route which includes how the vector acquires

pathogens and transmits pathogens to host plants, and which stage of the host plants

is more likely to be attacked. Also reveal the relationship among pathogens,

vectors, and host plants, and estimate economic injury level (EIL) and economic

threshold for each key vector.

3. Define the agroecosystem: The boundaries of the system should consider the

following factors: dispersal capacities of vectors, and the distance of alternative host

plants and reservoirs.

4. Develop monitoring techniques: Collect the weather information and investigate the

population dynamic of vectors by using different sampling methods. Elucidate the

relationship among weather, vector population, and growth of host plants.

5. List control options and evaluate them: Vector control is different from pest

control. The possible pest control approaches are cultural methods, mechanical
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methods, physical methods, biological methods, chemical methods, and genetic

methods. The control of plant disease transmitted by vectors is difficult, because:

(i) pathogens can be spread by a small number of vectors; (ii) insecticides may

cause the dispersal of vectors (for example, aphids) and increase the spread of

disease; and (iii) natural enemies may not be an effective approach to reduce vector

number below the EIL. Therefore, besides the general control approaches in pest

control programs, we should consider the following issues in vector control.

a. Minimizing the amount of inoculum at the beginning of the season. This

includes reducing pathogen sources within and in the vicinity of fields.

b. Minimizing the number of colonizing vectors. This includes maintaining a lower

vector population in the field and reducing dispersal of the vector to the field.

6. Develop predictive models, apply control strategies in the field, and evaluate their

effectiveness, and then modify the strategies as necessary.

Clearly, the control approaches used in vector control programs are similar to

those used in pest control programs. From the Ross-Macdonald model, the most

effective method to decrease the disease transmission by vectors is to reduce the

longevity of vectors. The second approach is to reduce the biting rate (reduce the

transmission rate). The latter is to reduce the number of vectors. If reducing the

longevity of vectors is not practical, then reducing the biting rate may be the most

possible and practical way to reduce the disease transmission.

Ideally, a good control program for vectors should include different methods

applied at different stages. I have summarized the possible different control methods at

various stages in aphid vector control programs from the literature.

4,

Eliminate dispersal of aphids from primary host plants

and the source of pathogens (reservoir)

(Chemical control)
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4,

Prevent infection of host plants

(Genetic, Cultural or Chemical control)

4,

Reduce dispersal of aphids into the field

(Reflective aluminum foils and mulches;

Synthetic alarm pheromone)

4,

Reduce pathogen transmission during vector-host contact

(Mineral oil, Intercrops)

4,

Reduce the number of aphids in the field

(Integrated control)

An effective way to prevent disease transmission in the field may be to eliminate

the pathogen reservoir and the alatae aphids in the primary host plants. Some field

investigations have shown that the migration of alatae aphids was the key factor for the

sudden increase of aphid density in the field, thereafter, the aphid population increased

tremendously in the field (Chapter 3). If a migrating aphid population can be

controlled on the primary host plants, then aphid control in the field would be much

easier. Another concern is whether or not the infective migrating alatae aphids is the

key factor for the spread of disease in the field. No study appears to indicate that the

disease occurring in the field is caused by inter- or intra-field transmission, because

most plant diseases need a certain time to develop symptoms. If a migrating aphid

population is the main factor to spread the pathogens in the field, then control

approaches should focus on migrating aphids.
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Genetic and cultural control are two important methods to protect host plants

from disease infection. Transgenic plants have been developed and shown to have

powerful effects in controlling some pests and diseases (Broglie et al. 1991, Jenkins et

al. 1993, Scholthof et al. 1993, Hoffman et al. 1992,Dale & McPartlan 1992).

However, two considerations should be noted, the development of resistant and the

outbreak of secondary pest or disease. The possible development of resistant to

transgenic materials has been discussed by many authors (Tabashnik et al. 1991). In

addition, even though the key pest may be totally controlled, the losses of the plants in

the field may be the same due to damage from a secondary pest.

Cultural control is another alternative to reduce infection rate of disease,

because many crops are attacked by pathogens only in some particular stages,

especially during the young developmental stage. If the host plants are attacked only at

a young stage, then we can cultivate plants earlier to avoid attack from pathogens and

apply appropriate control method(s) to minimize disease transmission. For example,

Panayotou (1979) reported that symptom expression in barley, oats, and wheat

seedlings inoculated in early stages was more severe than in late stages. However, the

evaluation of the practicality of planting timing and its influence on production are

necessary.

Many studies have shown that reflective aluminum foils and mulches (Jones

1991) can significantly reduce the landing rate of immigrating aphids, which was

correlated with the infection rate of viruses in the field. However, the cost of mulches

is high. Alarm pheromone is another alternative to prevent the landing of migrating

aphids. Some studies have led to successful trials against aphid-borne diseases by using

synthetic alarm pheromone (Dawson et al. 1988, 1990), however, other studies have

failed (Dawson et al. 1987). Further studies should focus on the mechanisms of alarm

pheromone and its application in the field.
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Once alatae aphids land in the field, mineral oils and intercrops may be potential

tools to prevent virus spread. Some studies have shown that mineral oils hinder

acquisition and inoculation of some non-persistent viruses and acquisition of semi-

persistent virus (Vanderveken 1968, 1977; Bradley et al. 1962) due to interaction of

virus particles and mouthparts of aphids. Shieh et al. (Chapter 4) found that the

settling rates of green peach aphids varied with host plants, the settling rate was low

when green peach aphids were moved from a highly to a less preferred host plant. In

addition, when aphids were exposed to insecticides, they were impaired in their ability

to locate vascular tissues. In both cases, aphids moved and contacted more hosts than

they normally would and thus increased the transmission of pathogens. In such cases,

intercrops may act as a trap crop to reduce biting rate of aphids and decrease pathogen

transmission in the field.

Although reducing vector number represents the least effective parameter in the

Ross-Macdonald model, it has been used most frequently in vector control programs.

Applying insecticides is the most common method to reduce the number of vectors.

Shieh et al. (Chapter 3) suggested that insecticides may induce an alarm pheromone in

the green peach aphid, which may cause them to disperse and result in an increase of

disease transmission in the field. Therefore, further studies on the selection of

insecticides to control vectors should screen for insecticides that do not induce

production of alarm pheromone.

To sum up, density control is the most basic approach in pest control as well as

in vector control programs. However, vector control differs from pest control in many

aspects. Therefore, other entomological parameters, such as biting rate and longevity,

may be considered to increase the effectiveness of vector control. To design good

vector control strategies, it will be necessary to integrate and apply all possible control

approaches.
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Table I.1 List of studies using EMS

Object of studies
64-69 70-79

Years

80-89 90-93 Subtotal

EMS design and improvement 4 1 6 2 13

Aphid 5 8 15 8 36

Leafhopper 1 8 5 14

Psyllid 1 1

Bug 2 2

Planthopper 5 5

Grasshopper 1 1

Greenhouse whitefly 1 1

Squash bug 1 1

Rice leaffolder 1 1

Mosquito 2 2

Tick 3 2 5

Total 11 15 38 18 82
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Table 1.2 List of vector species studied with EMS

Taxon of insects Species

Aphid Acyrthosiphon pisum

Acyrthosiphon scariolae,

Aphis fabae

Aphis gossypii

Brevicoryne brassicae

Dactynotus ambrosiae

Diuraphis noxia

Eriosoma lanigerum

Macrosiphum euforbiae

Megoura viciae

Metopolophium dirhodum

Myzus persicae

Nasonovia ribisnigr

Rhopalosiphum maidi

Rhopalosiphum padi

Phorodon humuli

Sitobion avenae

Tuberolachnus salignus

Schizaphis graminum, biotype C and E



Table 1.2, Continued

Psyllid

Leafhopper

Planthopper

Grasshopper

Greenhouse whitefly

Squash bug

Rice leaffolder

Bug

Tick

Mosquito

Strophingia erica

Empoasca fabae

Empoasca kraemeri

Nephotettix cincticeps

Nephotettix malayanus

Nephotettix nigropictus

Nephotettix virescens

Perkinsiella saccharicidal

Nilaparvata lugens

Zyginidia scutellaris

Melanoplus sanguinipe

Sogatella furcifera

Hypochlora alba

Trialeurodes vaporariorum

Anasa tristis

Cnaphalocrocis medinali

Rhodnius prolixus

Amblyomma hebraeum

Boophilus microplus

Dermacentor andemsoni

Hyalomma dromedarii

Aedes aegypti

22

Total 41 species



Fig. 1.1 Diagram of electronic monitoring system



Fig. 1.2 Waveform patterns of green peach aphid fed on potato leaf
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Fig. 1.3 Diagram of pathogen transmission route
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Fig. 1.4 Comparison of efficiency from controlling longevity and density
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CHAPTER II

FEEDING ACTIVITY OF GREEN PEACH APHID (HOMOPTERA: APHIDIDAE)
ON TRANSGENIC POTATO EXPRESSING A BACILLUS THURINGIENSIS SSP.

TENEBRIONIS S ENDOTOXIN GENE
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Introduction

ALTERING PLANTS GENETICALLY or chemically may profoundly influence the behavior

of insect herbivores. If the insect is a vector, changes in the host may influence the

number and duration of contacts that may affect disease transmission. Many studies

have suggested that the probing behavior of aphids may be changed when they feed on

resistant (Khan & Saxena 1985, Kennedy et al. 1978), virus-infected (Mont llor &

Gildow 1986), or insecticide-treated (Boiteau et al. 1985, Hurej & Peters 1988, Shanks

& Chapman 1965, Lowery & Boiteau 1988) host plants. Capacity for virus

transmission was found to be closely correlated with the increase in feeding time for

both acquisition and inoculation feeding (Kostiw 1991). Duration and number of

probes, and feeding sites of aphids influence the transmission of persistent and non-

persistent viruses to plants. Boiteau & Singh (1991) suggested that increasing the

number of probes may increase transmission of nonpersistent virus, whereas Ullman et

al. (1988) suggested that lengthening the period before reaching phloem tissue may

decrease transmission of persistent virus. The actual tests of these hypotheses remains

to be done.

As discussed by Starnes et al. (1993), Bacillus thuringiensis ssp. tenebrionis has

been made available for control of the Colorado potato beetle, Leptinotarsa

decemlineata (Say). The recent development of genetically-engineered 'Russet

Burbank' potato clones expressing a transgenic B. thuringiensis tenebrionis (5-endotoxin

gene (HybriTech Seed International, St. Louis, MO) and field evaluation of these

transgenic potatoes will introduce a novel approach to the management of Colorado

potato beetle in potato. This promising new technology is effective and, when fully

evaluated, may be a potent tool for IPM programs in potato (Ferro 1993, Peferoen et

al. 1990).
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However, transmission parameters of aphid-borne viruses may be changed on

modified plants, and thus have a profound effect on virus epidemiology and potentially

negating economic gains from Colorado potato beetle control. Our study was done by

using an electronic monitoring system to determine whether or not the green peach

aphid, Myzus persicae (Sulzer), behaves differently on normal, transgenic and potato

leafroll virus-infected 'Russet Burbank' potatoes.
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Materials and Methods

ELECTRONIC MONITORING

An electronic monitoring system modified from McLean & Kinsey (1964) was

set up to record the feeding response of green peach aphid on normal and B.

thuringiensis tenebrionis-transgenic 'Russet Burbank' potatoes. The electronic

monitoring system included a feeding monitor, power supply (both from Oklahoma

Engineering and Technical Services, Perry, OK), 386 laptop computer (MX Amax),

and analog/digital I/O cards (Industrial Computer Source, San Diego, CA). Gold wire

(0.0127 mm) (Johnson Matthey Company, Ward Hill, MA) was used to link apterous

green peach aphid to the monitor; one end of the gold wire was attached dorsally to the

aphid with silver paint (Ted Pella, Redding, CA); the other end of the gold wire was

connected to the monitor with alligator clips.

The following probing characteristics were compared among treatments: 1) time

to initiate the first probe on a potato leaf; 2) number of probes (or stylet insertions)

before phloem ingestion, defined as ingestion from phloem lasting at least 25 min; 3)

time to reach the first X-wave, diagnostic of sieve element penetration by the stylets; 4)

time to the last probe before phloem ingestion; 5) time to phloem ingestion; and 6) total

time duration of phloem ingestion. Tests were normally done for a maximum of 2 h

for each aphid; if an aphid initiated ingestion in the last 15 min, it was allowed to

ingest for at least 30 min.

PLANT TREATMENTS

Potato leaves used to evaluate green peach aphid probing behavior were taken

from field-grown 'Russet Burbank' potatoes planted at the Hermiston Agricultural

Research and Extension Center, Hermiston, OR. Uninfected, normal potato plants

were covered by nylon net to avoid virus infection and damage by Colorado potato

beetle. Transgenic potatoes expressing a B. thuringiensis tenebrionis b-endotoxin gene
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were provided by HybriTech Seed International. No insecticide was applied to test

plants. Leaves used for feeding were stored at -80 °C after the experiment. ELISA

(enzyme-linked immunosorbent assay) was used to determine the presence of potato

leafroll virus.

APHID TESTING

Uninfected green peach aphids were used in this study. Green peach aphid was

maintained on 'Russet Burbank' potatoes in a green house at Hermiston Agricultural

Research and Extension Center. Adult apterous aphids were selected randomly from

the population and starved for 1 h before they were allowed to feed on the test plants.

Potato leaves were taken from the field and placed into a glass test tube (13x100 mm)

containing water 1 h before testing. The top 15 cm of a plant were cut and inserted

into a test tube containing water. All leaves were removed except for the tip and

penultimate pair of leaflets. The left penultimate leaflet was connected with an

alligator clip from a cable connected to the monitor; the aphid was placed on the right

bottom leaflet. Once the connected aphid was placed on the leaf and penetrated the

surface, the circuit was completed. Each aphid was allowed to feed for 2 h. To reduce

variation in probing behavior among aphids, each aphid was allowed to feed once on

normal and transgenic potato plants. One aphid was allowed to feed on a uninfected

potato plant for 2 h; a second aphid was allowed to feed on a transgenic potato plant

for 2 h. Then, the first aphid was transferred to the same transgenic potato plant, and

the second aphid was transferred to the uninfected potato plant. Thereafter, new aphids

and potato plants were selected randomly to repeat the experiment (n = 28). Because

all potatoes, including all transgenic potatoes available to us, not covered with nylon

meshing in the field were infected with potato leaf roll virus, we did one additional

treatment on potato leafroll virus-infected normal potatoes (n = 30). Potato leafroll

virus-infected normal plants were obtained by exposing uninfected normal plants to
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100 infected aphids for the duration of the experiment; these plants were then tested

with ELISA. Each plant represented a replicate.

STATISTICAL ANALYSIS

All information concerning aphid probing activities were collected and

converted to digital data and saved on the computer. Data were imported into a

spreadsheet (Quatro Pro, Borland International, Scotts Valley, CA) to draw the graphics

and measure probing parameters. Differences of probing parameters among the

treatments were analyzed using Student's t-test, analysis of variance, and x2 tests.

Results

We observed no significant difference in the mean time to initiate the first probe

among treatments; in addition, we detected no significant difference in the mean time

to reach X-waveform or in the mean number of probes before phloem ingestion (Table

II.1). More than 70% of aphids began probing within 30 s after being placed on the

surface of a potato leaf in each treatment. All aphids initiated the first probe within 3

min regardless of the treatment (Fig. II.1).

No difference was observed in the mean duration to initiate phloem ingestion

for aphids in all treatments or in the mean duration of phloem ingestion (Fig. 11.2).

Approximately 60% of aphids initiated phloem ingestion within 20 min, and 90% of

aphids did so within 1 h in all treatments (Fig. 11.3). More than 50% of aphids began

phloem ingestion within three probes (68, 50, and 71% of aphids in normal, potato

leafroll virus-infected normal, and potato leafroll virus-infected B. thuringiensis

tenebrionis-transgenic potatoes, n = 28, 28, 30, respectively; x2 = 4.36; P > 0.1)

(Fig. 11.4).

When we compared parameters between potato leafroll virus-infected and

uninfected normal potatoes, the mean duration to reach phloem ingestion in the potato

leafroll virus-infected treatment was 23% shorter than that in the uninfected treatment,
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whereas the mean ingestion duration on infected treatment was 8% longer than that on

uninfected treatment. However, we noted no significant difference between these

treatments for both parameters (Table 11.2).

Discussion

Genetic alteration of host plants may have profound influences on the behavior,

physiology and morphology of vectors, even if these vectors are not the target or are

not even susceptible. In addition, plant stress may lead to biochemical changes in host

plants that could result in changes in amino acid composition and thus affect aphid

fitness as well as probing behavior (Mont llor & Gildow 1986). Therefore, transgenic

potatoes may increase potential host numbers for aphids due to reduced competition

pressure from Colorado potato beetle. As a consequence, evaluation of possible effects

of transgenic potatoes on pests and non-target organisms are necessary before they can

be grown on a large scale.

Many reports described below have shown that host preference of aphids and

virus transmission by aphids could be quantified by studying aphid probing behavior.

Host preference is highly correlated with persistent virus transmission. Aphids made

fewer probes to reach the phloem, took less time to begin phloem ingestion, and had

longer phloem ingestion time in susceptible host plants (Montllor & Gildow 1986). All

of these factors favor transmission of persistent viruses. On resistant plants, however,

aphids spent more time in non-probing behavior, or to begin phloem ingestion, and

spent less time in phloem ingestion (Dreyer & Campbell 1984, Scheller & Shukle

1986). Our data showed no difference for feeding of green peach aphid on infected

transgenic and uninfected normal potatoes in the number of probes, time before phloem

ingestion, and duration of phloem ingestion. An unavoidable confounding factor,

infection with potato leafroll virus was controlled and was shown to have no effect.

This result indicates no preference for transgenic or normal potatoes, suggesting that
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green peach aphid transmission of persistent viruses would not be affected between

normal and transgenic potatoes.

For nonpersistent virus transmission, probing behavior and dispersal activity

play a crucial role (Boiteau & Singh 1991, Irwin & Ruesink 1986). Alate aphids and

conditions which favor an increase in the number of probes, enhances nonpersistent

virus transmission. Our data showed no difference for green peach aphids feeding on

potatoes with and without the B. thuringiensis tenebrionis gene either in duration before

the first probe, or in the number of probes. When we compared the distributions of

probe number before phloem ingestion between normal and transgenic potatoes infected

with potato leafroll virus, the number of probes in both treatments averaged 4 probes

(Table II.1); the mode ranged from 2 to 3 probes (Fig. 11.4). We noted no significant

difference in the mean number of probes, suggesting that green peach aphid

transmission of nonpersistent viruses to potatoes with and without the B. thuringiensis

tenebrionis gene are the same. The results parallel the findings of Skaria et al. (1984)

and Ullman et al. (1988), who demonstrated no difference between aphid transmission

of three isolates of barley yellow dwarf virus on barley with and without Yd2 gene.

Leonard & Holbrook (1978) showed that green peach aphid initiated phloem

feeding in < 5 min after they were placed on 'Russet Burbank' potatoes. Our data

indicate that aphids took =7-- 35 min to begin phloem ingestion. A possible reason for

this difference is that those authors apparently discarded data from aphids that did not

initiate feeding within a certain time period. However, the patterns of the duration

before phloem ingestion in both studies are identical.

Plants infected with virus can have a profound influence on the morphology,

reproduction and probing behavior of some aphids (Gildow 1983, Montllor & Gildow

1986), although some aphids are not affected (Ullman et al. 1988). This difference

may be the result of higher free amino acid content in the infected plants (Gildow 1980,

1983). Some aphids show a preference for some specific amino acids (Mitt ler 1967)
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and change their food intake according to amino acid composition in the diet.

However, we observed no significant difference in the mean time before phloem

ingestion and duration of phloem ingestion between treatments.

We propose that genetically engineered potatoes expressing a B. thuringiensis

tenebrionis 6-endotoxin do not significantly influence green peach aphid-potato

interactions. Expression of the B. thuringiensis tenebrionis gene against Colorado

potato beetle does not result in the presence of plant factors modifying behavior of

green peach aphid. We conclude that the transgenic clone of 'Russett Burbank'

potatoes has no influence on the probing and feeding behavior of the green peach

aphid, and therefore transmission of persistent or nonpersistent viruses would not be

affected. However, additional studies are needed to evaluate virus transmission by

different aphid species and the long term effects of growing transgenic potatoes in the

field and over large geographic areas.
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Table II.1 Comparison of various probing and feeding parameters of the green peach
aphid on normal (n = 28), potato leafroll virus-infected (n = 30) and potato leafroll
virus-infected transgenic (n = 28) potatoes from electronic monitoring.

Parameters
(Analysis of variance)

Treatments Mean ± SEM

Time to 1st probe (s)

(df=85; F=1.79; P=0.17)

Uninfected normal

Infected normal

Infected transgenic

No. probes before ingestion

(df=85; F=0.65; P=0.53)

Uninfected normal

Infected normal

Infected transgenic

Time to X-wave form (s)

(df=85; F=1.37; P=0.26)

Uninfected normal

Infected normal

Infected transgenic

29.13 ± 6.34

16.86 ± 2.34

23.19 ± 4.53

4.21 ± 0.62

4.83 ± 0.83

4.14 ± 0.34

177 ± 22

203 ± 23

264 + 58

Table 11.2 Duration of probing and ingestion on potato leafroll virus-infected and
uninfected potatoes by the green peach aphid from electronic monitoring.

Treatments (n) Time to phloem ingestion Duration of phloem ingestion
(mean ± SEM) (min) a (mean ± SE) (min) b

Uninfected normal (28)

Virus-infected normal (30)

a) P = 0.21; Student's t-test

b) P = 0.41; Student's t-test

41.2 ± 6.85

31.8 ± 3.13

79.03 ± 6.75

85.25 ± 3.80



Fig. 11.1 Time to initiate first probe by green peach aphid on normal (solid) (n = 28), potato leafroll virus-infected (short
dashed) (n = 30) and potato leafroll virus-infected transgenic (long dashed) (n = 28) potatoes from electronic monitoring
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Fig. 11.2 Time to phloem ingestion (cross-hatched) and duration of phloem ingestion (hatched) of green peach aphid on
uninfected normal (n = 28), potato leafroll virus-infected normal (n = 30) and potato leafroll virus-infected transgenic (n
= 28) potatoes from electronic monitoring (± SEM)

Uninfected normal Infected normal Infected transgenic



Fig. 11.3 Time to initiate last probe leading to ingestion by green peach aphid on normal (solid), potato leafroll virus-
infected (short dashed) and potato leafroll virus-infected transgenic (long dashed) potatoes from electronic monitoring (n =
28, 30, 28)
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Fig. 11.4 Distribution (%) of the number of probes by green peach aphid before
ingestion on uninfected normal (n = 28), infected normal (n = 30) and potato leafroll
virus-infected transgenic (n = 28) potatoes from electronic monitoring
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CHAPTER III

PROBING BEHAVIOR OF GREEN PEACH APHID, MYZUS PERSICAE
(SULZER), ON INSECTICIDE TREATED POTATO
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Introduction

THE GREEN PEACH APHID, Myzus persicae (Sulzer), is the most serious insect

vector of potato diseases such as potato virus Y, potato virus X, and potato leafroll

virus (Radcliffe et al. 1991). Insecticides are generally used to control vector

outbreaks, but it is important to consider that, if insecticides influence vector behavior,

reduction in numbers may be offset by an increase in biting rate and consequent virus

transmission. The often counter-intuitive relationships between vector longevity,

feeding frequency and density have been recently reviewed (Dye, 1992). Only a few

studies have investigated the probing behavior of aphids on insecticide-treated plants.

Previous studies and field experiments have shown that various insecticides had

different, even opposite, effects on virus disease transmission. For example, Gibson et

al. (1982) demonstrated that pyrethroid deltamethrin hindered the infection of healthy

plants with persistent, semipersistent, and non-persistent virus by green peach aphid in

greenhouse tests. Rice et al. (1983) indicated that potato leaves treated with

deltamethrin decreased the spread of potato virus Y in both flight chamber and field

experiments. Hurej and Peters (1988) showed no difference in the number of aphids

remaining on untreated plants or plants treated with aldicarb. However, they found

that the number of probes was reduced when aphids fed on the aldicarb treatment,

which restricted the transmission of beet mosaic virus both in the laboratory and the

field. Boiteau et al. (1985) showed that aldicarb reduced the ability of green peach

aphid and potato aphid to fly and to probe.

Some commonly used insecticides, however, such as organophosphates and

carbamates, are known to be relatively ineffective in preventing the spread of non-

persistent viruses by aphids alighting and probing on sprayed plants (Peters, 1987).

For example, organophosphate and carbamate insecticides did not kill aphids quickly

enough to control non-persistent viruses or prevent primary introduction of persistent
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viruses (Hi lle Ris Lambers, 1980). Deltamethrin and fenvalerate, have been shown to

increase dispersal and decrease probing (Lowery and Boiteau, 1988). Field trials

demonstrated that aldicarb increased the incidence of maize dwarf mosaic virus in

sweet corn (Ferro et al. 1980).

To compound the interpretation of results, many previous studies were

conducted on excised leaves dipped into insecticide solution, or with insecticides

applied on plants in small pots; these tests may not reflect the situation in the field.

Therefore, we used insecticide treated plants from the field during the entire growing

season and determined, using electronic monitoring, whether or not probing, feeding

and post-feeding behaviors of the green peach aphid on potatoes were modified by three

systemic insecticides belonging to different classes: aldicarb (carbamate), Di-syston

(organophosphate), and Admire (nitromethylene).
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Materials and Methods

ELEC IRONIC MONITORING

An electronic monitoring system modified from McLean & Kinsey (1964) was

used to record the feeding response of green peach aphid on normal and insecticide-

treated 'Russet Burbank' potatoes. The electronic monitoring system and aphid

attachment have been described previously (Shieh et al. in press). The software used in

the study was "Notebook" (Laboratory Technologies Corporation, MA).

The following probing characteristics were compared among treatments: (1)

time to initiate the first probe on a potato leaf; (2) number of probes (or stylet

insertions) before phloem ingestion, defined as ingestion from phloem lasting at least

25 m; (3) time to the last probe before phloem ingestion; (4) time to phloem ingestion;

and (5) the proportion of aphids that became paralyzed or showed sign of

intoxification. Tests were normally conducted for a maximum of 2 h for each aphid; if

an aphid initiated ingestion in the last 15 m, it was allowed to ingest for at least 30 m.

PLANT TREATMENTS

Potato leaves used to evaluate green peach aphid probing behavior were taken

from the bottom part of field-grown 'Russet Burbank' potatoes planted at the

Hermiston Agricultural Research and Extension Center, Hermiston, Oregon. The

procedures of potato cultivation were much the same as used locally. There were 4

treatments in this study: aldicarb (carbamate), Di-syston (OP), Admire

(nitromethylene), and control (no insecticide application), each treatment had 4

replicates. Each experimental unit consisted of a 15m x 15m (16 rows) area of treated

plant bordered on all sides by unprotected plants. Potatoes were planted on May 15,

1993. Aldicarb was applied at planting. Admire was applied in the furrow at planting.

Di-syston was applied twice, at planting and damming. Potato leaves were taken
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randomly in the center 6m x 6m area from one of 4 replicates in each treatment.

Probing parameters of aphids were measured at three time intervals: 25, 50, and 75 ±

3 day after potatoes were planted.

APHID TESTING

Uninfected green peach aphids were used in this study. Green peach aphid was

maintained on 'Russet Burbank' potatoes in a greenhouse at Hermiston Agricultural

Research and Extension Center. Adult apterous aphids were selected randomly from

the population and starved for 1 h before they were allowed to feed on the test leaves.

Potato leaves were taken from the field and placed into a glass test tube containing

water 1 h before testing. The top 15 cm of a plant was cut, inserted into a test-tube

containing water, and all leaves removed except for the top and penultimate pair of

leaflets. The left penultimate leaflet was connected with an alligator clip from a cable

in turn connected to the monitor; the aphid was placed on the right bottom leaflet.

Once the connected aphid was placed on the leaf and penetrated the surface, the circuit

was completed. Each aphid was allowed to feed for 2 h. Aphids were regarded as

affected with insecticides based on the following two responses: 1) when they dropped

from the leaf and became paralyzed or showed signs of intoxification, or 2) when they

became immobilized but remained on the surface of the leaf and showed no signal of

electrical conductivity.

POSTFEEDING BEHAVIOR

Potato leaves were taken from the same field and placed into a glass test tube

containing water. The top 15 cm of a plant was cut, inserted into a test-tube containing

water, and leaves removed except for the penultimate pair of leaflets. A group of 3

aphids were put on the bottom surface of each penultimate leaflet. Each treatments

contained 12 penultimate leaflet replicates. The number of aphids that dropped from

the leaves were recorded over 12 h. There were 3 insecticide treatments x 3 testing

dates (25, 50, and 75 days after insecticide application).
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APHID POPULATION DYNAMICS

Beating cloth samples were taken twice a week from May 15 to Aug. 24 1993.

A beating cloth (70cm x 70cm) was inserted gently under one side of two plants to the

stems, the plants were gently folded over the cloth, and struck eight times with a

beating stick. All arthropods, including apterous and alatae aphids, on the beating

cloth were counted.

STATISTICAL ANALYSIS

All information concerning aphid probing activities were collected and

converted to digital data and saved on a computer. Data were split and imported into a

spreadsheet (Quatro Pro, Borland International Inc, Scotts Valley, CA) to draw the

graphics and measure probing parameters. Differences of probing parameters among

the treatments were analyzed using ANOVA, or Fisher's exact test.

Results

We electronically monitored the probing parameters of apterous green peach

aphid for 2 h on potato leaves from potato plants treated separately in the field with

three insecticides: aldicarb, Di-syston or Admire. We noted no significant differences

among treatments for the mean time to the first probe (Table III.1), mean probe

number before phloem ingestion (Table 111.2), mean time to last probe (Table 111.3),

mean time to phloem ingestion (Table 111.4), or mean time to leaving a leaf (Table

111.5), on leaves sampled 25, 50 and 75 days after potato planting. More than 90% of

aphids remained on the surface of the potato leaf, and most of them reached the phloem

ingestion in 2 h regardless of treatment (Table 111.6). We conclude that none of the

insecticides had an impact on initial probing and feeding behavior.

Aphids may prefer a particular plant growth stage which may have confounded

our results. I therefore analyzed our results to determine whether or not the probing
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behavior of green peach aphid was different on untreated potatoes at various growth

stages. An overall trend existed but no significant difference was observed except there

was a decrease in the number of probes before ingestion as potatoes developed after 50

days (Table 111.7).

After probing and feeding, we noted that aphids started to manifest symptoms of

insecticide exposure. The proportion of aphids showing signs of intoxification or

paralysis was higher in the aldicarb treatment than in the other two insecticide

treatments after 2 h. A higher proportion of aphids exhibited these symptoms 50 days

after insecticide application (Table 111.8).

We observed that aphids often detached from the leaf after exhibiting symptoms

of insecticide exposure. This behavior may have implications in the rate of vector-host

contact and in the rate of insecticide exposure. Because aphids may have been

dislodged by the weight of the gold wire attached to them, we investigated the

phenomenon with unattached aphids. We found that even without an attached gold

wire, aphids dropped off the leaf after feeding, the number of unattached aphids

dropping from the leaf was the same as the number of aphids attached with gold wire.

The proportion of aphids dropping off the leaf increased following time of exposure,

although it tended to plateau after a few hours, decreased over the growing season and

varied with insecticide treatments. The number of aphids dropping from leaves was

highest in the aldicarb treatment (Fig 111.1). Dropping off appears to be an intrinsic

response when aphids are exposed to these insecticides.

We sampled the alatae and apterous aphid populations in the field with the

beating cloth technique. We observed that alatae aphid population increased suddenly

and rapidly approximately 60 days following planting and declined after 80 days (Fig.

111.2). The apterous population followed very closely the alatae population increase

and decline (Fig. 111.3). This observation strongly suggests that alatae immigration is
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responsible for the rise of the apterous population and that control may not be required

unless or until alatae immigration occurs.

Discussion

Probing and feeding behavior of green peach aphid were not affected when fed

potatoes treated with systemic insecticides as compared to untreated potatoes. A

concern has been that if vectors were impaired in their ability to locate vascular tissues,

they would move about and contact more hosts than normal, and thus increase

transmission of pathogens. This phenomenon did not occur, based on results of

electronic monitoring. However, we observed that once aphids started to feed on

insecticide-treated plants, they became inhibited within a couple of hours, and possibly

stopped ingesting before acquiring a lethal dose, and often dropped off the leaf. If this

post-feeding behavior increases biting frequency, it could have tremendous implications

in virus transmission and development of resistance.

Insecticides have profound influence on the morphology, reproduction (Lowery

and Sears 1986a,b), and probing behavior of insects (Boiteau et al. 1985, Hurej &

Peters 1988, Shanks & Chapman 1965, Lowery & Boiteau 1988) but many effects have

been conflicting. For example, aldicarb increased the incidence of maize dwarf mosaic

virus in sweet corn fields (Ferro et al. 1980) but decreased the transmission of beet

mosaic virus in lab and field experiments (Hurej and Peters 1988). The increase in

non-persistent virus transmission in insecticide-treated fields has been attributed to

insecticides not killing aphids quickly enough (Peters 1987, Hi lle Ris Lambers 1980,

Lowery & Boiteau 1988, Ferro et al. 1980). We observed that a certain proportion of

aphids became impaired by insecticides, but that no aphid died during the 2 h tests in

all treatments. Aphids that recovered could probe and some initiated phloem ingestion.

These results are consistent with a previous study (Boiteau et al. 1985) that 30 h is
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necessary to reach 50% mortality of alatae aphids in fields treated with aldicarb.

Although no aphids died during the 2 h tests in all treatments, we observed that some

aphids became paralyzed and dropped off potato leaves treated with insecticides. To

circumvent the possiblility that aphids were dislodged by the weight of the gold wire

that was attached to them, we conducted another independent experiment to investigate

the effects of insecticides on aphid behavior. We found that the proportions of aphids

dropping from potato leaves varied with insecticides and increased with testing time.

In aldicarb and Di-syston treatments, most of the affected aphids dropped to the ground

quickly. In the treatment with Admire, only a small proportion of aphids dropped off

the leaf surface (Table 111.8 and Fig. III.1).

Post-feeding behavior of aphids on insecticide-treated potato leaves may have an

influence on virus transmission in the field. The post-feeding behavior of aphids on

insecticide-treated potatoes may cause an increase in the incidence of virus in the field.

Factors such as loss of infectivity over time and encounter with predators on the ground

may decrease this possibility. The impact of dropping behavior of aphids on disease

transmission therefore remains to be assessed.

Dropping off behavior seems to be a natural response of many insects pests in

response to unfavorable conditions. This response has been reported after exposure to

chemicals, mechanical disturbance, temperature and unsuitable cultivars (Franklin et al.

1990, Shields & Sher 1992, Schmidt et al. 1988). This behavior requires much more

investigation, especially as it relates to pathogen transmission by vectors. If dropping

off is followed by significant resettling, any reduction in numbers may be offset by the

increase in frequency of host contact. The role of aphid alarm pheromones on

transmission of pathogens also remains to be examined.

The field data on population levels of alatae and apterous aphids suggests that,

in our system at least, alatae immigration may be the crucial event leading both to high

levels of aphids and to disease transmission. If this is correct, then monitoring of
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alatae populations and movement may be crucial epidemiologically. Insecticides did

not appear to be necessary, as evidenced by the lack of difference in aphid populations

among untreated and insecticide-treated potatoes before the immigration of alatae

aphids. The implications of this observation require confirmation and further study.

These studies underline the paradox that arises between control measures aimed

at pest control, with an objective of reducing density, and those aimed at vector

control, where density becomes a minor component that is easily offset by other

parameters such as vector-host contact. The development of insecticides and other

control techniques should be made with the two separate objectives in mind and be

evaluated independently.
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Table 111.1 Comparison of mean time (+ SEM) to initiate the first probe (sec)

25th Day 50th Day 75th Day

Control 26.4 + 5.9 23.1 + 3.1 22.6 + 4.3

Aldicarb 20.9 + 3.5 23.7 + 4.8 25.2 + 8.0

Di-syston 22.7 ± 3.3 26.0 + 3.7 18.2 + 2.3

Admire 22.1 + 3.2 17.8 + 2.1 18.1 + 2.5

df 87 99 82
F ratio 0.318 0.988 0.537
P-value 0.8123 0.4020 0.6584

Table 111.2 Comparison of mean number (+ SEM) of probes before phloem ingestion

25th Day 50th Day 75th Day

Control 4.9 ± 0.8 4.9 + 0.5 3.0 + 0.4

Aldicarb 3.4 + 0.5 5.0 + 1.1 3.2 + 0.7

Di-syston 5.6 + 1.1 5.9 + 1.0 3.0 + 0.6

Admire 5.9 + 1.0 4.9 + 0.8 4.3 + 0.8

df 86 98 82
F ratio 1.417 0.351 1.024
P-value 0.2436 0.7885 0.3868



54

Table 111.3 Comparison of mean time (± SEM) to initiate last probe (sec)

25th Day 50th Day 75th Day

Control 1127.9 ± 243.5 1229.9 ± 204.8 1058.1 ± 292.5

Aldicarb 1513.8 ± 346.2 1397.3 ± 326.7 1205.4 ± 334.1

Di-syston 1451.2 ± 322.5 1518.8 ± 276.3 927.8 ± 200.5

Admire 1446.3 ± 335.7 1111.2 ± 281.6 1181.0 ± 247.5

df 80 91 82
F ratio 0.773 0.402 0.224
P-value 0.5126 0.7517 0.8797

Table 111.4 Comparison of mean time (± SEM) to initiate phloem ingestion (sec)

25th Day 50th Day 75th Day

Control 2312.7 ± 250.8 2042.1 ± 243.2 1760.5 ± 278.1

Aldicarb 2465.6 ± 369.9 2671.6 ± 344.8 2009.5 ± 332.8

Di-syston 2056.2 ± 329.0 2374.4 ± 360.6 1570.0 ± 215.2

Admire 2410.4 ± 361.0 1983.3 ± 305.5 2077.6 ± 281.4

df 80 91 82
F ratio 0.317 0.964 0.713
P-value 0.8130 0.4136 0.5472
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Table 111.5 Comparison of the proportions of aphids leaving test potato leaf

Treatments 25th day

Proportion n

50th day

Proportion n

75th day

Proportion n

Control 0.00 23 0.08 26 0.00 20

Aldicarb 0.00 20 0.00 23 0.00 20

Di-syston 0.08 25 0.04 28 0.00 21

Admire 0.05 20 0.08 25 0.00 22

Fisher statistic
P-value

2.60
0.5635

2.20
0.53

Table 111.6 Comparison of the proportions of aphids initiating phloem ingestion

Treatments 25th day

Proportion n

50th day

Proportion n

75th day

Proportion n

Control 0.91 23 0.88 26 1.00 20

Aldicarb 1.00 20 0.91 23 1.00 20

Di-syston 0.88 25 0.89 28 1.00 21

Admire 0.90 20 0.92 25 1.00 22

Fisher statistic
P-value

2.56
0.5030

0.43
0.93
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Table 111.7 Comparison of various probing and feeding parameters of the green peach
aphid on normal potato leaves with various growing days

Parameters Treatments Mean ± SEM Homogeneous

groups (ANOVA)

Time to first probe (s) 25th day 26.4 ± 5.9 a

50th day 23.1 ± 3.1 a

75th day 22.6 ± 4.3 a

No. probes before 25th day 4.9 ± 0.8 a

ingestion 50th day 4.9 ± 0.5 a

75th day 3.0 ± 0.4 b

Time to last probe (s) 25th day 1127.9 ± 243.5 a

50th day 1229.9 ± 204.8 a

75th day 1058.1 ± 292.5 a

Time to phloem 25th day 2312.7 ± 250.8 a

ingestion (s) 50th day 2042.1 ± 243.2 a

75th day 1760.5 ± 278.1 a
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Table 111.8 Comparison of the proportions of aphids affected by insecticides ( Prop:
proportion; Samp: sample size; Homo: homogeneous groups)

Treatments 25th day

Prop. Samp. Homo.
50th day

Prop. Samp. Homo.
75th day

Prop. Samp. Homo.

Control 0.00 23 a 0.00 26 a 0.00 20 a

Aldicarb 0.55 20 b 0.35 23 b 0.15 20 a

Di-syston 0.32 25 b 0.07 28 a 0.14 21 a

Admire 0.30 20 b 0.08 25 a 0.09 22 a

Fisher statistic 18.72 13.16 3.33
P-value 0.0011 0.0043 0.3720
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Fig. MA Post-feeding behavior, expressed as percentage dropping off a host plant, of
green peach aphid on insecticide treated plants over time
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Fig. 111.2 Population levels of alatae green peach aphids in potato plots treated with insecticides over the growing season
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Fig. 111.3 Population levels of apterous green peach aphids in potato plots treated with insecticides over the growing season
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CHAPTER IV

PROBING BEHAVIOR OF GREEN PEACH APHID:
INFLUENCE OF HOST PLANT SWITCHING
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Introduction

THE GREEN PEACH APHID, Myzus persicae (Sulzer), is economically important as a

pest, with more than 400 host plants and capable of transmitting at least 120 viruses.

In addition, its anholocyclic life cycle makes patterns of disease transmission complex.

Recent efforts at managing the green peach aphid relies mainly on the application of

insecticides. Some studies, including field investigations, however, have shown that a

successful aphid control program is not necessarily a successful vector control program

(Peters 1987, Hi lle Ris Lambers 1980, Lowery & Boiteau 1988, Ferro et al. 1980). In

a few cases, applying insecticides has even increased virus transmission in crops (Ferro

et al. 1980). One likely explanation is that insecticides did not kill aphids rapidly

enough to prevent disease transmission; indeed, some compounds such as aldicarb

require a 30 h exposure to reach 50% mortality (Boiteau et al. 1985). These

observations strongly imply that some mechanisms of disease transmission are not well

understood.

Three entomological parameters emerge in an analysis of most horizontally

transmitted vector-borne pathogens: longevity, 'biting' rate, and density. Longevity of

vectors is crucial because the incubation period of many pathogens is a substantial

period of the vector's life span. Biting rate, or rate of vector-host contact, is important

because at least two hosts must be contacted, one for the pathogen to be acquired and

another for successful transmission. Density of vectors is a basic parameter and

certainly the most intuitive. All three parameters may be objectives of a vector control

campaign, but since the relationship of the first two parameters to transmission is

nonlinear and density is linear, targeting the last is theoretically less efficient (Dye,

1992). If the pest also is a vector, a difficulty arises because density, the primary

target of a chemically-based pest control program, is difficult to reduce below the

economic injury level of the vector. If the intervention of a pest control program



65

resulted in an increase in the other transmission parameters, such as rate of contact, it

would evidently fail. Reducing numbers of aphid vectors already has been shown to be

associated with an increase in disease in some field studies (Peters 1987, Hi lle Ris

Lambers 1980, Lowery & Boiteau 1988, Ferro et al. 1980).

Reducing rate of contact could be an alternative to manage disease transmission.

Therefore, management techniques which affect rate of contact, such as intercropping,

may be useful in insect vector management programs. Intercropping has been used

almost exclusively in developing countries in subtropical and tropical areas because of

limitations of high labor and reduced crop yield. However, many studies of

intercropping have suggested that populations of parasitoids and predators increase, pest

populations are stabilized and pest damage is reduced (Lamp et al. 1984, Roltsch &

Gage 1990 a,b, Mandal & Mahapatra 1990). In addition, intercropping may act as a

trap crop for a pest which preferred this plant (Morallo-Rejesus, 1985).

Since the green peach aphid has definite host preferences, for example radish

over potato (Annis et al. 1982), some host plants may be good candidates as trap crops

to attract aphids and reduce the rate of contact with a crop plant. With a distant goal of

providing a behavioral basis to intercropping, this study was conducted to determine

whether or not two parameters, probing behavior and settling rate, were modified when

green peach aphids were switched between potato and radish. The influence of probing

behavior and settling rate on disease transmission and the possibility of using

intercropping to reduce vector-host contact to decrease virus transmission in the field is

discussed.
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Materials and Methods

ELECTRONIC MONITORING

The electronic monitoring system, aphid attachment, and procedures for setting

up potato leaflets have been described previously (Shieh et al. 1994). The probing

parameters of green peach aphids were measured and compared among the following

four treatments: switching from potato to potato, radish to radish, potato to radish, and

radish to potato. Each aphid was allowed to feed for 2 h. The probing characteristics

included: (1) time to initiate the first probe on a testing leaf; (2) number of probes (or

stylet insertions) before phloem ingestion, (3) time to the last probe before phloem

ingestion; (4) time to phloem ingestion. Tests were conducted for a maximum of 2 h

for each aphid; if an aphid initiated ingestion in the last 15 m, it was allowed to ingest

for at least 30 m.

PLANT TREATMENTS

Whole radish plants and potato leaflets were used in this study. Radish plants

were planted in 6 inch pots. The procedures of making potato leaflets have described

in Chapter II. Potato leaflets used to evaluate green peach aphid probing behavior were

taken from field-grown 'Russet Burbank' potatoes planted at the Hermiston

Agricultural Research and Extension Center, Hermiston, Oregon.

APHID TESTING

Green peach aphids reared in virus-free environment were used in this study.

Two colonies of green peach aphid were reared separately on potato and radish plants.

Adult apterous green peach aphids were selected randomly from a population and

starved 1 h before they were allowed to feed on the test plants.

SETTLING RATE

The settling rate of green peach aphids on potato or radish was measured using

aphids dusted with fluorescent powders. Fluorescent powders ("Helecon", United
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States Radium Corp., CITY) were used, based on previously successful marking of

green peach aphids on potatoes (Berry & Simpson 1967). A group of 10 green peach

aphids was put on a glass container, dusted with fluorescent powder, and transferred to

potato or radish plants. Four different colors of fluorescent powders were used, one

color per treatment. The presence of marked aphids was detected with a portable UV

lamp. Aphids were counted at 5 time intervals: 6, 12, 24, 48, and 72 h. There were 6

replicates of each treatment.

STATISTICAL ANALYSIS

All data on aphid probing activities were collected and converted to digital data

and saved in a computer (Shieh et al. 1994). Data were imported into a spreadsheet

(Quatro Pro, Borland International Inc, Scotts Valley, CA) to draw the graphics and

measure probing parameters. Differences in probing parameters among the treatments

were analyzed by using ANOVA multiple range test (LSD), and Fisher's exact test.

Results

We first determined whether or not the probing parameters of green peach aphid

were different among the four treatments on the two host plants. The mean time to

initiate the first probe was shorter when host plants were switched, regardless of the

original or final host plant (Table IV.1). The mean number of probes before ingestion

was significantly increased when aphids were switched from radish to potato (Table

IV.2). We conclude that aphids initiated the first probe in a shorter time when

switched between host plants regardless of their origin or final host plant, and the

number of probes increased when aphids were switched from radish to potato, that is,

from a more preferred to a less preferred host plant.

The proportions of green peach aphids leaving the leaf (Table IV.3), and

initiating phloem ingestion (Table IV.4) in a 2 h testing were significantly different

among treatments. More than 90% of the aphids remained on the leaves, and most
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initiated phloem ingestion when aphids were switched from potato to radish or when

aphids were not switched between host plants.

Approximately 50% of the aphids left potato leaves within 2 h when switched

from radish. No significant difference was found in the mean time for the last probe

and in phloem ingestion among all treatments (Fig. IV. 1). We conclude that switching

host plants from more to less preferred hosts (radish to potato) resulted in a higher

proportion of aphids leaving the host, but did not change the mean time for phloem

ingestion.

The settling rates of aphids marked with fluorescent powders switched between

hosts were different over 3 days. Aphids showed the highest settling rate (84%) when

switched from potato to radish. The settling rate of aphids was identical between the

treatments when they were not switched between host plants (from potato to potato and

radish to radish). However, only about 12% of aphids remained on potato (the less

preferred host) 3 days later (Fig. IV.2). We conclude that host plant affected the

settling rate of aphids, that is, the higher the host preference the higher the settling rate.

Discussion

Switching between hosts may have a profound influence on the settling rate and

probing behavior of the green peach aphid, as measured by rate of contact and probing

frequency. We found that green peach aphids probed less and settled more often when

they were switched to the same or to a more preferred host plant ( that is, from potato

to radish). Aphids switched from radish to potato had an increased tendency to probe

and ingest. Our data however showed that green peach aphid initiated the first probe in

30 sec when they were transferred to a new plant, regardless of plant species and host

preference. These results are similar to those reported on Btt-transgenic potatoes

(Shieh et al. 1994). We also found that the green peach aphid begins probing soon

after landing, which may be one of the most important reasons that green peach aphid
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is a major vector of virus diseases. The green peach aphid had the highest settling rate

when switched from potato to radish, confirming a previous report that green peach

highly preferred radish (Annis et al. 1982). This difference suggests that intercropping

may reduce the rate of contact of aphid on potato plants. Kennedy and Margolies

(1985) reported that pest populations may remain on plants with high host-preference

and provide protection to the plants with low host-preference. Our observations

document a strong behavioral basis for intercropping which may reduce transmission of

plant pathogens.

Although probing behavior and dispersal activity are key factors for non-

persistent virus transmission (Boiteau & Singh 1991, Irwin & Ruesink 1986), targeting

these behaviors has not been done in agricultural pest management programs. In

programs to control vectors of animal pathogens, reducing biting rate plays a crucial

role in the transmission of mosquito-borne disease (Lehane 1991). The common

approach, reducing pest number, is much less effective for vectors of animal diseases

than for crop pests, because a low vector density is required to interrupt pathogen

transmission; this level may be lower than the crop pest damage threshold. In addition,

many field studies of agricultural systems have shown that insecticides do not kill

vectors of plant pathogens quickly enough to prevent disease transmission in the field.

Therefore, although no attempt has been made to decrease virus transmission by

reducing rate of contact, we suggest that it is a potentially valuable tool to manage

vectors of plant pathogens.

Evidence from field intervention is encouraging. Intercropping has increased

economic benefits and reduced pest populations and damage in sub-tropical and tropical

areas. Many intercropping systems have been documented: alfalfa-weed (Lamp et al.

1984), potato-bean, bean-tomato (Roltsch & Gage 1990 a,b), maize-sweet potato

(Nafus & Scheriner 1986), corn-bean-squash (Risch 1981), barley-lentil and barley-flax

(Mandal & Mahapatra 1990). Most of these systems have shown the benefits of
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reducing the interactions between host plants and vectors, namely, increasing parasitism

rate and predator numbers in pest management programs and adding organic matter.

However, none of these previous studies specifically addressed reduction of vector-

borne transmission by using intercropping.

Practical considerations are important. In a parallel study, we planted both

radish and potato plants at the same time. Due to the shorter growing season of radish,

radish plants matured before aphid populations immigrated to the field. Therefore, we

could not collect field data to evaluate the effectiveness of intercropping radish in

potato on occurrence of potato viruses. However, it showed that one planting of radish

may be sufficient to cover the whole potato growing season, if radish was planted at the

proper time and prior to aphid immigration.

Many intercropping and polycultural studies have been shown to decrease pest

populations and damage, but the causal mechanisms are still obscure. The results of

this study suggest the possibility of using intercropping to 'attract' aphids and reduce

virus transmission in the field; the mechanism being a reduction in rate of contact on

the crop. We envision that if radish were intercropped with potato, aphids would be

trapped on radish and remain there because of the tendency to settle more quickly on

radish. The influence of such differences in movement of individuals has been

analyzed in other pest and vector systems (Kareiva 1984, Rossignol & Rossignol 1988).

However, more work is needed before intercropping is used to suppress virus

transmission, such as the evaluation of the balance between the cost of intercrops and

monocultures, and the development of practical designs for the use of intercropping

plants.
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Table IV.1 Comparison of mean time to initiate the first probe

Treatments (n) Time to 1st probe Homogeneous group

(Multiple range test, LSD)

Potato to potato (26) 23.1 ± 3.1 b

Potato to radish (20) 13.7 ± 1.7 a

Radish to radish (24) 18.8 ± 2.7 a b

Radish to potato (25) 13.5 ± 2.20 a

Table IV.2 Comparison of mean number of probes before phloem ingestion

Treatments (n) number of probes Homogeneous group

(Multiple range test, LSD)

Potato to potato (26) 4.9 ± 0.5 a

Potato to radish (20) 5.1 ± 0.9 a

Radish to radish (24) 5.6 ± 0.9 a b

Radish to potato (25) 9.00 ± 2.5 b
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Table IV.3 Comparison of the proportions of aphids leaving test plants

Treatments Proportion of aphids

leaving test plants

Sample size Homogeneous group

(Fisher's exact test)

Potato to potato 0.08 26 a

Potato to radish 0.00 20 a

Radish to radish 0.00 24 a

Radish to potato 0.48 25 b

Fisher statistic is 25.23
P-value is 0.0011

Table IV.4 Comparison of the proportions of aphids initiating phloem ingestion

Treatments Proportion of aphids

initiating phloem ingestion

Sample size Homogeneous group

(Fisher's exact test)

Potato to potato 0.88 26 a

Potato to radish 1.00 20 a

Radish to radish 0.96 24 a

Radish to potato 0.52 25 b

Fisher statistic is 20.98
P-value is 0.0011



Fig. IV.1 Time to initiate last probe and phloem ingestion of green peach aphid on various host plants. (P: potato; R: radish)
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Fig. W.2 Settling rate of green peach aphid on various host plants (PI potato; R..
radish)
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CHAPTER V

PENETRATION AND ENGORGEMENT WAVEFORM PATTERNS OF
MOSQUITOES
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Introduction

MOSQUITOES TRANSMIT MANY important pathogens to human beings and

animals. They are the only vectors to transmit malaria, lymphatic filariasis, dengue,

and yellow fever to human beings. The number of virus diseases in vertebrate hosts

transmitted by arthropod vectors is about 125, epidemiological and environmental

investigations suggest that at least 100 of them are mosquito-borne (Maramorsch 1962).

Malaria is one of the most important diseases transmitted by mosquitoes. The

estimated number of people infected with malaria is 365 million, the number of people

at risk is over 2 billion (Lehane 1991).

To solve the malaria problem, vaccines may be one of the most effective

approaches. Although the number of sporozoites is an important determinant for the

development of vaccines (Chu lay et al. 1986, Herrington et al. 1988), the delivery of

sporozoites from infectious mosquitoes to hosts is still not clear. For example,

Rosenberg and his coworkers (1990) reported that most sporozoites were ejected within

the first "drop" of saliva in mineral oil, therefore, a longer probing time might not

increase the disease transmission. Beier and his coworkers (1991a, b) reported that

sporozoites were delivered unevenly in vitro. However, Ponnudurai and his coworkers

(1991) found that P. falciparum-infected mosquitoes deliver equal number of

sporozoites whether feeding is interrupted or not. These conflicting results might be

due to the lack of adequate techniques to investigate the sporozoite, because these

sporozoite studies were conducted in oil. The technique of observation on delivery into

mineral oil is unreliable in a long term salivary procedure (Li et al. 1992).

The electronic monitoring system (EMS) was developed by McLean and Kinsey

in 1964. It can be used to measure the contact between vector and host due to the

resistance of the circuit on the vector-host contact. It has been used successfully in the

probing behavior of various insects such as aphid (McLean & Kinsey 1967, Shieh et al.
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1994), whitey (Janssen et al. 1989), and leafhopper (Calderon & Backus 1992). The

waveform pattern of mosquito engorgement has been described by Kashin and Wake ley

(1965). This study was conducted to compare Kashin's observations and to quantify

sporozoites output.
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Materials and Methods

ELECTRONIC MONITORING

An electronic monitoring system modified from McLean & Kinsey (1964) was

set up to record the penetration and engorgement responses of mosquitoes on

anesthetized mice. The electronic monitoring system has been described in Chapter II.

The only difference being that a gold wire was attached dorsally to the thorax, instead

of the abdomen (aphids), of mosquitoes.

MOSQUITO REARING AND INFECTION

Two species of female mosquitoes, Aedes aegypti and Anopheles stephensi,

were used in this study. Some of the An. stephensi were infected with Plasmodium

berghei. Anopheles mosquitoes and infected mosquitoes were provided by Dr. Barbara

Sina (Univ. Maryland, College Park, MD). P. berghei-infected An. stephensi was

made by the following procedures: four to five day old mosquitoes were allowed to

feed on anesthetized P. berghei-infected mice, then mosquitoes were maintained on

10% glucose solution. The salivary glands were dissected to examine for the presence

of sporozoites 21 days after feeding.

PROBING BEHAVIOR AND ENGORGEMENT

The wings of cold-anesthetized mosquitoes were cut. The test mosquito was

attached with a gold wire connected to the EMS. The mosquito was allowed to feed on

the back of an anesthetized mouse. Chemicals used to anesthetize mice were ketamine

(60 mg per kg) and xylazine (5 mg per kg). One person observed the probing activities

of mosquitoes and conveyed activities vocally to the second person. The second person

recorded the time of the following mosquito activities with a timer, notably the

movement of the palpi and presence of blood in the abdomen (Ribeiro et al. 1985). All

data on mosquito probing activities and engorgement were collected and converted to

digital data and saved in a computer (Chapter II). Data were imported into a
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spreadsheet (Quatro Pro, Borland International Inc, Scotts Valley, CA) to draw the

graphics and compare probing activities.

Results and Discussion

The proportions of mosquitoes engorging blood from mice were low in all

treatments (Table V.1). In previous work (Shieh & Rossignol 1992), almost all testing

mosquitoes, without cut wings and attached with a gold wire, engorged blood from

rabbits. Therefore, the attachment of a gold wire to mosquitoes by silver paint might

have influenced the engorgement of mosquitoes.

Fig. V.1 and 2 show examples of waveform patterns of penetration and

engorgement of Ae. aegypti. Fig. V.3 and 4 are examples of penetration and

engorgement of An. stephensi. Fig. V.5 and 6 show examples of penetration and

engorgement of P. berghei-infected An. stephensi. The arrow in each graphics indicate

the time when the abdomen of mosquitoes became red, which was noted visually.

The waveform patterns of salivary and phloem ingestion in aphids were

distinguished easily in previous studies (McLean & Kinsey 1967, Shieh et al. 1994).

However, even though the waveform of engorgement showed a consistent pattern (Fig.

V.1 to 6), the waveform patterns of salivary and engorgement in mosquitoes were not

easy to distinguish. It was difficult to tell when engorgement started without visual

observation. When waveform patterns of salivary and engorgement between Ae.

aegypti and An. stephensi were compared, no significant or consistent difference could

be noted between them.

Kashin (1966) reported that salivation and engorgement could be readily

distinguished by downward and upward peaks in waveform patterns. The frequencies

of peaks in salivation and engorgement were 5 and 5-15 per second, respectively. Our

sampling rate of 200 per second should be sensitive enough to detect these peaks in

both salivation and engorgement. However, I could not detect the difference of
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downward and upward peaking between salivary (Fig. V.7a) and engorgement (Fig.

V.7b, c) by using the sampling rate of 200 per second. The frequencies of peaks of

salivation and engorgement were the same, about 24 per second. In addition, the

direction of peaks was the same. A possible explanations may be that the electronic

monitoring systems are different, the conductive methods are different, or the sampling

rate of 200 per second is not sensitive enough. The technique used in this study should

be, if anything, more sensitive, data being fed directly into a computer and the gold

wire being attached directly to the mosquito. Indeed, other workers have reported that

conductivity through the tarsi in aphids, Acyrthosiphon pisum, is low (McLean &

Kinsey 1964).

McLean & Kinsey (1967) suggested that if a large particle blocks the tip of the

stylet of aphids, the voltage variation recorded at that time is wider than that at

ingestion. Therefore, I tried to quantify the sporozoite of malaria-infected mosquitoes

by comparing the waveform patterns between An. stephensi and P. berghei-infected An.

stephensi. I did not detect any correlation between sporozoite and waveform patterns

(Fig V.3, 4 and 5, 6). The most likely reason may be that the size of sporozoites was

not large enough to impede electrical current, or that the EMS was not sensitive enough

to detect its changes.

To sum up, the knowledge about the relation between feeding behavior and

waveforms is not well known in mosquitoes, which makes it difficult to interpret the

results. Therefore, before EMS can be applied to mosquitoes, it is necessary to study

further the relationship between the penetrating activities and corresponding

waveforms.
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Table V.1 Proportion of mosquitoes engorged blood from mice

Treatment Sample size Proportion of engorging

mosquitoes

Ae. aegypti 105 0.08

An. stephensi 45 0.07

P. berghei-infected An. stephensi 76 0.09



Fig. V.1 Penetration and engorgement of Ae. aegypti. The length of " " in x-axis represents 10 sec
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Fig. V.2 Penetration and engorgement of Ae. aegypti
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Fig. V.3 Penetration and engorgement of An. stephensi
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Fig. V.4 Penetration and engorgement of An. stephensi
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Fig. V.5 Penetration and engorgement of P. berghei-infected An. stephensi



Fig. V.6 Penetration and engorgement of P. berghei-infected An. stephensi



Fig. V.7 Waveform patterns of salivation (a) and engorgement (b and c) of Ae.
aegypti. Each graph contains 100 samples
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CHAPTER VI

Summary

First, I found no significant difference in the probing behavior and feeding

activities of green peach aphid on PLRV-infected transgenic potatoes, PLRV-infected

normal, and uninfected normal potatoes. Transgenic potatoes had no effect on green

peach aphid probing suggesting that transmission of green peach aphid-borne viruses

would nor be affected. However, additional studies are needed to evaluate virus

transmission by different aphid species and the long term effects of growing transgenic

potatoes in the field and over large geographic areas.

Second, there was no significant difference in the probing parameters among

different insecticide treatments, aldicarb, Admire, Di-syston, and control. However,

the postfeeding behavior of aphids was different with time and insecticides. Dropping

behavior and alarm pheromone production may explain how insecticides could increase

the virus transmission in the field.

Third, the probing behavior of green peach aphid on host plants with different

preference was different. The green peach aphid probed more when they moved from

a higher-preferred host plant (radish) to a lower-preferred host plant (potato). In

addition, the settling rate was low when aphids were moved from higher to lower

preferred host plants. This difference may affect virus transmission in the field.

Fourth, sporozoite output of malaria-infected mosquitoes was not detected by

using the electronic monitoring system. The relationship between waveform patterns

and penetration activities of mosquitoes needs clarification before further studies can be

conducted.

I conclude that Btt-transgenic potatoes will be an important technique to use in

insect pest management in potato. However, optimal use in the field will play a crucial

role in the future. Second, insecticides are less likely to increase incidence of virus,
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but post-feeding behavior may affect virus transmission in the field. Third, aphid

migration may play a crucial role in primary virus transmission. Further study

concerning vector management should focus on the selection and development of

insecticides that do not unfavorably modify aphid behavior such as inducing an alarm

pheromone.
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