EEERIENIFE (). Taiwan Agric. Res.) 65(3):219-237 (2016)
DOI: 10.6156/JTAR/2016.06503.01

Review Article

Electropenetrography: A New Diagnostic Technology for
Study of Feeding Behavior of Piercing-Sucking Insects’

Elaine A. Backus', Po-An Lin®, Chung-Jan Chang™*, and Hsien-Tzung Shih**

Abstract

Backus, E. A., P. A. Lin, C. J. Chang, and H. T. Shih. 2016. Electropenetrography: A new
diagnostic technology for study of feeding behavior of piercing-sucking insects. J. Taiwan
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Studying the feeding, plant damage, and transmission (i.e., acquisition, retention, and inoculation)
of plant pathogens caused by hemipteran insect pests has always been a challenge. This is primarily
because their specialized, piercing-sucking mouthparts, the stylets, perform probing/penetrating action
into opaque plant tissues in which the stylets cannot be directly visualized. This challenge was overcome
by a technological revolution over 50 years ago; the invention of electropenetrography, or electrical pen-
etration graph (EPG) monitoring, the most rigorous method to identify feeding behaviors of hemipteran
crop pests. Today, EPG is used in three main areas for the development of novel integrated pest manage-
ment (IPM) tactics for hemipteran pests. Firstly, in cases where the fundamental mechanisms of feeding
damage or transmission of a plant pathogen are unknown, EPG is instrumental in identifying such mech-
anisms. Secondly, once the feeding-related causes of damage or pathogen transmission are understood,
EPG can be used to demonstrate the effects of insecticides, antifeedants, or other chemical compounds
on specific feeding behaviors responsible for the damage or transmission. Thirdly, EPG can similarly
identify the effects of resistant vs. susceptible varieties of crop plants, including transgenic plants ge-
netically engineered to express biopesticides. The purpose of this paper is to review: (1) principles and
history of EPG, especially development of the new and improved, third-generation AC-DC monitor, (2)
what waveforms and types of information can be gained via EPG, using aphid pests as a model system,
and (3) how EPG can be applied to the special needs of Taiwanese agriculture, especially for some spe-
cies of aphids of economic significance in Taiwan. For the first time in print, our review describes and
discusses in details the information of all three types of EPG monitors used for researches on aphids.
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Studying the feeding, plant damage, and their specialized, piercing-sucking mouthparts,
(especially) transmission (i.e., acquisition, the stylets, perform probing/penetration into
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not be directly visualized. Early studies of
hemipteran feeding were forced (by the tech-
nical limitations of their time) to study snap-
shots of feeding, after the fact. For example,
one could view deposits of hardened saliva in
planta left behind after feeding activities had
ceased (Leopold e al. 2003), in essence, fro-
zen in time. Or, one could quantify collections
of excretory droplets (Dugravot ez al. 2008)
or document transmission of plant pathogens
from long-past stylet probes (Purcell et al.
1979; Almeida & Purcell 2006). However, a
researcher could not directly study or quantify
hemipteran feeding in real time, as it was oc-
curring, until the invention of a revolutionary
technology over 50 years ago. That technology
is electropenetrography, also known as electri-
cal penetration graph (both names abbreviated
as EPG) monitoring of insect feeding (Walker
2000; Almeida & Backus 2004; Backus et al.
2005). Most advances in understanding hemip-
teran feeding behavior have been made pos-
sible by use of EPG over the last 50 years.
Today, EPG is used in three main areas for
the development of novel integrated pest man-
agement (IPM) tactics for hemipteran pests,
especially vectors of plant pathogens. Firstly,
in cases where the fundamental mechanisms
of feeding damage or transmission of a plant
pathogen are unknown, EPG is instrumental in
elucidating such information. Secondly, once
such mechanisms are understood, EPG can be
used to demonstrate the effects of insecticides,
antifeedants, or other chemical compounds
on specific feeding behaviors responsible for
damage or transmission. Thirdly, EPG can
similarly identify the effects of resistant vs.
susceptible varieties of crop plants, includ-
ing transgenic plants genetically engineered
to express biopesticides. Rapid computerized
analysis of EPG data can provide quantitative
comparisons of, for example, the responses of
vectors to resistant and susceptible plants. A
researcher can then predict whether a pathogen
will be transmitted from/to a putatively resis-

BesH H3W

tant host plant, leading to a novel mechanism
for host plant resistance.

The purpose of this paper is to review:
(1) principles and history of EPG, especially
the development of the new and improved,
third-generation AC-DC monitor, (2) what
waveforms and types of information can be
gained via EPG, using aphid pests as a model
system, and (3) how EPG can be applied to the
special needs of Taiwanese agriculture, espe-
cially for seven species of aphids of economic
significance. For the first time in print, our
review describes and discusses in details the
information of all three types of EPG monitors
used for research on aphids. Future papers will
review the use of EPG in studies of leafthop-
per, planthopper, psyllid, and whitefly feeding
in relation to Taiwanese agriculture. Some of
the narrative herein on EPG principles is ex-
cerpted and/or adapted from (Backus in press),
to which the reader is referred to for more in-
formation.

HISTORY AND PRINCIPLES OF
ELECTROPENETROGRAPHY

Basic principles. As diagrammed in Fig.
1A, the insect is made a part of an electrical
circuit by attaching a thin (~10-60 um) gold
wire to its dorsal surface with conductive glue
or paint, then connecting the insect to the input
of a head stage amplifier attached to a moni-
tor that also electrifies the plant (Vs to the
electrode in the plant soil, Fig. 1). When the
insect’s stylets probe the plant tissues, fluids
in the stylet food and salivary canals ionically
conduct the electrical signal through the insect
to the monitor, where it is amplified (secondary
signal processing circuit, Fig. 1) and outputted
to a computerized digital display (not depicted
in Fig. 1). Variable biopotentials (i.c., biologi-
cal voltages or emf [see below] in Fig. 1B)
and/or electrical resistances to fluid flow (Ra
[see below] in Fig. 1B) generated by the in-
sect-plant interface instantaneously transform
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Diagrammatic representation of the primary (1°) circuit of an EPG monitor. (A) Realistic model of the

plant and insect. (B) Electronic block diagram of primary circuit, including variable biopotentials (emf) and variable
resistance (Ra). 2° = secondary circuit (i.e., signal processing circuitry); head ampl. = head stage amplifier; emf =
electromotive force (biopotential); Ra = insect (e.g., aphid) resistance; Ri = input impedance of the head amplifier; Vs
= source voltage. (Derived from an original drawing by G. Walker, in Walker 2000. Reprinted with permission of the

American Phytopathological Society)

the constant applied signal into a fluctuating-
voltage output signal that is graphed over time
as a waveform.

History and monitor designs. First de-
veloped in the late 1950s to early 1960s, EPG
has advanced over the last 50 years along with
the revolution in electronics. The earliest,
first-generation EPG monitors, developed by
McLean and Kinsey, used technology typical
of the time, i.e., glass-tube amplifiers in the
late 1950s, later evolving into early solid-state
transistors by the 1960s (McLean & Kinsey
1964). They also used AC (alternating current)
applied signal, and a low amplifier sensitivity
or input impedance (Ri) of 106 Ohms (McLean
& Weigt 1968), in a design inspired by radio
technology, with which McLean was familiar.

These early ‘AC monitors” with low Ri output-
ted signals that were caused primarily by elec-
trical resistance to/conductance of ionic charg-
es carried in fluids (e.g. saliva, plant fluids)
passing through the stylets (modeled as a vari-
able resistor, Ra, in Fig. 1B) (Walker 2000).
Thus, the earliest AC monitors detected for the
first time, in real time, vital information such
as beginning and termination of stylet probing,
saliva secretion and salivary sheath formation
(today termed pathway activities), stylet move-
ments such as extension, retraction, and par-
tial stylet withdrawal, and stylet contact with
vascular tissues such as phloem and xylem
(Backus et al. 2005). Some AC monitor de-
signs actually could detect a small fraction of
the biopotentials (voltages) in the circuit (emf,
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defined below) (Backus ef al. 2000); however,
practically speaking, AC monitors outputted
virtually no emf, due primarily to low Ri level
and the then-prevalent use of slow-response
strip chart recorders, but also secondarily to
bandpass filters found in certain AC monitor
designs (Backus ez al. 2000; Tjallingii 2000).

By the late 1970s, electronics had been
revolutionized with improved solid-state
transistor technology (by then termed opera-
tional amplifiers, or op amps), so that more
sophisticated amplifiers and recording devices
were available and affordable. The design of
the second-generation electropenetrography
(termed ‘DC monitor’ or ‘DC system’) was
introduced by Schaefers (1966), but greatly
improved by Tjallingii (1978). Tjallingii used
op amps in simple printed circuits, DC (direct
current) applied signal, Faraday cages to con-
trol noise, FM tape recorders or rapid-response
strip chart recorders as output devices, and
(most importantly) higher amplifier sensitiv-
ity (Ri of either 109 or 1013 Ohms) (Tjallingii
1978, 1985a). Tjallingii’s elegant analyses
(Tjallingii 1978, 1985a) also established the
modern theoretical understanding for EPG sci-
ence by introducing the concepts of the R (or
resistance) component (Ra, described above)
and the electromotive force, emf (nearly syn-
onymous with biological voltage or biopoten-
tial) component, blended together in the output
signal (Walker 2000). The R and emf compo-
nents are also termed electrical origins of a
waveform, and are the foundation of modern
EPG science.

There are two known mechanisms under-
lying the emf component in the plant or plant-
insect interface. The first is disruption of
the plant cell membrane’s charge separation
between external and internal cell environ-
ments, by stylet tips breaking living plant cell
membranes. Such membrane breakages lead to
two electrical effects on waveform output: (1)
sudden voltage drops as the stylets puncture a
membrane, and (2) positive or negative voltage
levels that indicate extracellular (apoplastic)
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vs. intracellular (symplastic) stylet tip posi-
tions, respectively. The second biopotential
mechanism is streaming potentials, i.e., tiny
voltages developed by charge separation that
occurs nearly instantaneously in ionic fluids
rapidly moving through thin capillary tubes,
such as the stylet food and salivary canals
(Walker 2000). Streaming potentials cause
regular-frequency waveforms that result from
rhythmic pumping of muscles (Walker 2000),
such as the cibarial dilator muscles control-
ling uptake of fluid into the functional foregut
(Dugravot et al. 2008). Increased Ri level in
the DC monitor (compared with AC moni-
tor designs) made it possible to detect both R
components (previously detected by the AC
monitor) and additional emf components in the
EPG output waveform. Identifying the elec-
trical origin(s) of a waveform greatly aids in
defining its biological meaning.

Another valuable theory of Tjallingii
was the sigmoidal emf responsiveness curve
(Tjallingii 1978, 1985a), later renamed the R/
emf responsiveness curve (Backus & Bennett
2009; Backus in press). The curve is produced
when the proportion (0-100%) of emf in an
insect’s total EPG output signal (Walker 2000)
is graphed in relation to Ri level (on a scale of
106 to 1013 Ohms) (Backus & Bennett 2009).
The lower the Ri level, the smaller the propor-
tion of the total signal that consists of emf (Fig.
2). Because the ratio of R/emf is reciprocal
within the total EPG signal, the smaller the
emf proportion, the larger the R proportion
(Backus et al. 2000; Walker 2000; Backus &
Bennett 2009). In addition, the position of the
R/emf responsiveness curve with respect to Ri
can shift with the size of the insect being re-
corded [Fig. 2; compare small aphids vs. small
leathoppers vs. large sharpshooter leathoppers
(Cicadellidae: Cicadellinae)]. Generally, the
larger an insect’s body (i.e., with larger-diam-
eter food and salivary canals, therefore greater
ionic conductivity), the more the responsive-
ness curve shifts towards the left on the chart
(Fig. 2). Thus, lower Ri levels allow detection
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Fig. 2. Theoretical R/emf responsiveness curves for selected example insects. See text for summary, and (Backus &
Bennett 2009) for more detailed explanation of the theory. (Reprinted with permission of the American Phytopatho-

logical Society)

of more emf in the signal of large hemipterans
like sharpshooter leafthoppers, compared with
smaller species like aphids. The Ri level that
represents the 50:50 R/emf balance point will
detect the maximum number of waveforms
from both electrical origins, and thus present
the best representation of all possible prob-
ing behaviors. Tjallingii chose an intermediate
Ri level of 109 Ohms for his (DC monitor)
design, to balance R and emf components for
small aphids. Thus, the R/emf responsiveness
curve explains why an AC monitor (Ri 106
Ohms) detected almost no emf component in
aphid probing (Backus & Bennett 2009), but
slightly more in waveforms of sharpshooters
and other large insects (Backus ef al. 2005).
By the mid-1990s, all EPG researchers
were using computerized analog-to-digital
waveform display, greatly improving wave-
form fine-structure detail from both AC and
DC recordings (Reese et al. 1994). Also by
that time, EPG had gradually become special-
ized so that AC monitors were used primarily
for medium-to-large insects such as leafhop-
pers, planthoppers, and other auchenorrhyn-
chans, while DC monitors were used for small-
er insects, especially aphids, whiteflies, thrips,

psyllids, and other sternorrynchans (Backus
1994). Such specialization lasted until AC
monitors were no longer manufactured (about
2,000); since then, most research has used DC
monitors until recently. In retrospect, the R/
emf responsiveness curve explains part of the
specialization of AC versus DC recordings for
differently-sized insects, because signals from
small insects like sternorrhynchans would
contain both R and emf at Ri 109 Ohms, while
recordings of larger insects like auchenorrhyn-
chans would contain both components at lower
input impedance (Ri 106 Ohms). However, an-
other reason for past specialization may be due
to a difference in tolerance to type of applied
signal. Although such differential tolerance is
poorly known and an active area of research,
anecdotal observations suggest that large leaf-
hoppers like sharpshooters seem to tolerate AC
better than DC at low Ri levels, while aphids
may tolerate DC better (Backus unpub. data).
This is important because many R-dominant
waveforms can only be detected with rather
high applied voltages (hundreds of mV) com-
bined with low Ri (Ri 10° or 10" Ohms). When
high voltages are used, the insect’s physiology
must tolerate such high current densities. For
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some reason (perhaps related to intercellular
versus intracellular style of feeding, see be-
low), different insects seem to tolerate DC or
AC better at low Ri combined with high volt-
ages.

To increase flexibility for all types and
sizes of insects, a third-generation, ‘univer-
sal” EPG monitor (termed AC-DC) was de-
veloped by Backus and Bennett (Backus &
Bennett 2009). It provides selectable Ri levels
of 106-1,010 plus 1,013 Ohms, choice of AC
or DC applied signal, and modern, up-to-date
electronics such as instrumentation-quality
op amps on standardized, commercially-
manufactured printed circuit boards. This
instrument removes artifactual voltages and
other problems of older electronics (Backus
et al. 2000; Backus & Bennett 2009), and has
controls that are highly sensitive and scalable.
Although termed ‘AC-DC’, the ‘universal’ in-
strument is not the same as the old AC monitor
technology. The AC-DC monitor was designed
to incorporate all functions of the second-
generation DC monitor, including retaining
emf despite making AC applied signal avail-
able (for use with insects that don’t tolerate
DC at high voltages). For example, the AC sig-
nal processing circuit no longer has highpass/
bandpass filters, coupling capacitors, log am-
plifiers, or other components now understood
to remove emf from the output signal (Backus
et al. 2000; Tjallingii 2000; Backus & Bennett
2009). Although rectification is still performed
for AC signal processing, a voltage offset knob
allows the user to remove the waveform fold-
over caused by rectification of negative-going
waveforms, restoring perfect waveform fidelity
to output of the DC monitor. In addition, the
third-generation monitor expands EPG tech-
nology to include the first-ever, user-defined
choice of Ri levels, very high amplification
capabilities, and precise reproducibility of set-
tings with high-resolution dials for gain and
applied voltage control, allowing settings to be
exactly reproduced among recordings (Backus
& Bennett 2009).
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As a result of the above design innova-
tions, the AC-DC monitor combines all the
advantages of both previous generations of
EPG monitor, with virtually none of the dis-
advantages. Thus, a researcher can precisely
tailor the monitor settings to the specific
needs of each insect species recorded, allow-
ing characterization of a ‘waveform library’ of
output signals at different Ri levels, more ac-
curately and correctly defining emf- versus R-
components (Backus et al. 2013; Pearson et al.
2014).

Using the AC-DC monitor, it was found
that there were no differences in appearance
of aphid waveforms based on type of applied
signal per se, i.e., AC versus DC. However,
large differences occurred based on Ri level,
as predicted by the R/emf responsiveness
curve (Backus & Bennett 2009). These results
support the success of the design goals for this
monitor. In a similar manner, differences in
amplitude among waveforms can be used to
demonstrate the effects of the R/emf respon-
siveness curve, to determine electrical origins
of waveforms by changing the Ri level.

Principles underlying biological mean-
ings of EPG waveforms. The biological
meanings of EPG waveforms are defined by
correlation with: (1) stylet tip locations in the
plant (e.g. vascular versus non-vascular tis-
sue termini), via histology of salivary sheaths,
cut stylets in probed plant tissues, and/or fluid
exudation of cut stylets, (2) intricate stylet
activities (e.g., stylet movements, salivation,
etc.) performed by the insect, via observa-
tion in transparent artificial diets, and other
methods, and (3) electrical characteristics of
the waveforms, some of which have been ex-
plained above (Walker 2000).

Additional electrical characteristics of
waveforms include those that reveal stylet
depth. This can occur in two ways, depend-
ing upon Ri level. Waveforms recorded at
lower Ri level (106 or 107 Ohms, depending
on species) are usually positive-going, and the
position of the waveform above 0 V baseline
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(termed voltage level) is correlated with stylet
depth (see figures in Backus in press). In other
words, the voltage level rises or falls as the
stylets are partially withdrawn or pushed more
deeply into the plant tissue, respectively (Jiang
& Walker 2001; Backus et al. 2005). Thus,
stylet depth in the plant is a strong R compo-
nent. At higher Ri settings (10°~10"° Ohms),
waveforms usually become both positive- and
negative-going (Figs. 3A and 3B), and the
biological meaning of voltage level shifts so
that it reflects the electrical charge immedi-
ately surrounding the stylets tips; thus plant
electrical charges internal or external to cells
create a biopotential, i.e., an emf component.
Negative voltage level (termed ‘intracellular’
level in the DC EPG literature) (Walker 2000)
denotes symplastic space (i.e., inside living
cells whose charge separation between exter-
nal and internal environment is maintained
by an intact plasma lemma that is either not
disrupted by stylet penetration or sealed by
sheath saliva). Positive voltage level (termed
‘extracellular’) denotes apoplastic space in the
plant (i.e., intercellular spaces, interior of cell
walls between living cell membranes, mature
xylem, or living cell interiors whose electri-
cal charge separation has been destroyed by
stylet action) (Backus et al. 2009; Miranda et
al. 2009; Pearson et al. 2014). Interestingly, at
the intermediate Ri level of 108 Ohms with the
AC-DC monitor, waveform voltage level can
be either positive-going only or both negative-
and positive-going, depending upon the insect
(i.e., probably quality of wiring job) or probe.
Another general characteristic is presence
of a landmark waveform termed the X wave
(Backus et al. 2009). Originally identified
by McLean & Kinsey (1967), an X wave is a
complex, highly visible, stereotypically re-
peating waveform that is species-specific and
(to date) performed only by salivary sheath
feeders (McLean & Kinsey 1967; Backus &
Bennett 2009). An X wave marks contact with
and penetration of the stylets into a preferred
cell type for eventual, sustained ingestion.

Accordingly, a true X wave marks the transi-
tion between pathway and sustained ingestion
phases; both are performed in an acceptable
‘target’ cell of the preferred ingestion cell
type. For all sheath-feeding hemipterans, X
waves provide a visual portrayal of the behav-
ioral acceptance process for an ingestion site.
Thus, they represent a series of behaviors that:
(1) sensorially test and judge the acceptability
of a phloem sieve element or xylem vessel ele-
ment (depending on the ingestion preference
of the species), (2) secure a firm attachment to
that cell, and (3) begin overcoming any chal-
lenges or defenses presented in the cell by the
plant (Backus et al. 2009). Identification of
the sharpshooter X wave marked the first time
that such specialized contact and acceptance
behaviors have been demonstrated for xylem
vessels by preferential xylem-ingesters; all
other X waves have been defined for preferen-
tial phloem-ingesters (e.g. aphids, deltocepha-
line leathoppers).

APPLICATIONS OF EPG TO
APHID BEHAVIOR AND IPM

Since the earliest years of electropen-
etrography, aphids have been widely used as
models for studying hemipteran feeding behav-
iors. The relatively large size and low mobility
of aphids makes them perfect for EPG studies.
Today, virtually everything known about aphid
feeding behavior can be attributed to EPG.
Feeding activities of aphids are composed of
several sequential behaviors. After an aphid
make contacts with a plant, it antennates, us-
ing chemosensory hairs to sense gustatory cues
(Powell & Hardie 2002). During the first few
probes, an aphid will intermittently puncture
living plant cells (Tjallingii 1985b), and plant
fluids then are taken up to the precibarium (or
antecibarium) to make contact with chemo-
sensilla therein; the aphid then will decide to
leave the plant or continue probing into the
vascular tissues (Powell ef al. 2006).

The following review summarizes and
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synthesizes information about aphid feeding
from all three generations of EPG technol-
ogy. Today, aphid waveforms are classified
into three main phases, including: (1) pathway
phase, (2) phloem phase, and (3) xylem phase,
plus a transition phase (X wave) that alter-
nates between pathway and phloem. Pathway
phase comprises waveforms A, B, C, F, and
potential drop (pd) (Figs. 3A-3D) (Tjallingii
1978); phloem phase consist waveform El and
E2 (Figs. 3E-3H); xylem phase consists only
of waveform G (Fig. 3J) (Tjallingii 1987). Al-
though the waveforms can be readily catego-
rized by human eyes, it is difficult to define
each of the waveform explicitly. In addition
to subjective categorization, crude definitions
based on relative amplitude, frequency, and
voltage levels are used to characterize each
waveform (Tjallingii 1978). Almost all aphid
species studied show very similar waveforms,
representing distinct, corresponding behav-
iors. The consistency among aphid species is a
powerful advantage for selection of aphids as
the model for EPG studies, as well as for ap-
plication to integrated pest management tactics
against these important pests.

Aphid waveforms and their biological
meanings:

Pathway phase: A, B, and C. In order to
locate and establish sustained phloem inges-
tion, aphids use the salivary sheath strategy of
feeding (thus, secreting both sheath and watery
saliva), performing intercellular stylet penetra-
tion during most of the stylet probe/penetration
(individual stylet insertion), simultaneously
secreting sheath and watery saliva (Moreno et
al. 2011), with intracellular penetration more
rarely (Fig. 3A) (Pollard 1973). Onset of a
stylet probe usually takes place within 1 min
after the aphid makes proboscis contact with
the plant (Powell ez al. 2006). Penetration of
stylets causes an abrupt, positive-going volt-
age change. Following initial penetration,
waveforms A, B, and C (Figs. 3A and 3B)
are usually observed (Tjallingii 1978). These
waveforms are always performed in consecu-
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tive sequence, and together are referred to as
‘pathway activities’ of aphid stylet penetra-
tion (Tjallingii & Hogen Esch 1993). A, B,
and C were highly compressed and combined
as a single waveform (called Salivation) in the
early years of EPG, due to the slow speed of
then-prevalent strip chart recorders; thus it is
unknown whether the three waveform types
were distinguishable using the low Ri level of
the first-generation AC monitor (McLean &
Kinsey 1967). Although the detailed activities
underlying A, B, and C are still to be unrav-
eled, their importance prior to sustained phlo-
em sap ingestion is certain. Details about the
route and positions of the stylets within plant
tissues can be found in Tjallingii & Hogen
Esch (1993).

Pathway phase: pd. During pathway,
especially waveform C (which represents the
majority of pathway), there are often numer-
ous intracellular punctures of cells along the
stylet route, represented by potential drops
(pd) (Figs. 3B and 3D), which last for 5-15 s.
The first pd can take place as soon as 10 s af-
ter initiating stylet probing, but it usually oc-
curs within 1 min after penetration (Fig. 3B).
Parallel lines of evidence over several papers
support that these sudden voltage drops are
caused by the puncture of parenchyma or epi-
dermal cell membranes. For example, by com-
paring waveforms of aphids on artificial diets,
protoplast suspensions, and plants, Tjallingii
(1985b) was able to correlate waveform pd
with the presence of living cells. In addition,
the voltage level of pd is usually lower than
that of waveform C by 100-180 mV; this volt-
age level resembles the membrane potential of
plant cells (-100 to -200 mV), as well as that
of waveform E (discussed below), when sty-
lets are located inside a phloem sieve element
(Tjallingii 1982). It was thus concluded that
pd was caused by the change of potential from
intercellular regions into intracellular ones
(Tjallingii 1985b). Further support for the hy-
pothesis occurred when numerous mesophyll
punctures were observed along the salivary
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Fig. 3. Summaries of typical EPG waveforms (using an AC-DC monitor at Ri 109 Ohms) from stylet probing of the
pea aphid, Acyrthosiphon pisum. (A) Drawing of a hypothetical salivary sheath/stylet pathway to xylem and phloem
cells with labeled portions of the sheath to represent typical locations of the waveforms (letters) recorded during each
stage of probing. The sheath is hollow because the stylets were removed during E2, to identify the final sheath branch
into a phloem sieve element cell. Filled, abandoned, branches represent stylet derailment during probing (waveform F;
not pictured below) and xylem ingestion (waveform G, not pictured below). All scale bars represent 2 s of recording,
unless otherwise stated. (B) Start of a stylet probe (voltage increase after flat baseline/non-probing; baseline denoted
by an arrow). Note that waveform A is quite brief, and that the first intracellular puncture (pd) occurred within the first
30 s. The two pd’s are also noticeably below the baseline level (therefore, negative-going). (C) Waveform C, much
later in pathway; note that its amplitude (Y axis) is shorter than that of either A or B. Amplification of parts b and c is
4x. (D) Short section of waveform C with embedded pd (with pd sub-phases), at twice the amplification (8x) of part
c. (E) Compressed view of 5.5 X waves at the end of pathway in the same probe, prior to E1 then E2. Boxed area of
waveform with * is enlarged in the inset box, showing details of sub-phase II of the R-pd. Lettered boxes on wave-
forms are expanded in the next sections. (F) Start of E1, with positive-going peaks, showing the evolution of its ap-
pearance over time. Amplification of sections f-h is 8x (double that of section e). (G) Tallest peaks of E1 in transition
to E2, during which the E1 and E2 peaks overlap and merge. (H) E2 alone, much later in the probe. An appearance
similar to classical E2 (using the DC monitor), with negative-going peaks, occurs at the beginning of this excerpt near
the letter h; other variations in appearance are typical of pea aphid recordings with the AC-DC monitor, probably due
to greater sensitivity and rapid response time of modern amplifier electronics.
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sheath (i.e., route of stylets) using electronic
microscopy (Tjallingii & Hogen Esch 1993).
Potential drops are subdivided into three
sub-phases (or sub-types), namely I, II, and III
(Fig. 3D). Sub-phase I is the abrupt, descend-
ing drop of the waveform; sub-phase II is the
short period of stable waveform at a lower
potential level; sub-phase III is the sudden
rise/recovery of potential back to the original
(extracellular) level. The activities reflected
by pd sub-phases I and III are the penetration
of stylets through the plasmalemma and the
withdrawal of stylets, respectively (Tjallingii
1985b). Sub-phase II is a more complicated
waveform consisting of three distinctive
parts, II-1, 11-2, or II-3 (Fig. 3D) (Powell et
al. 1995). Because it is very difficult to cor-
relate stylet activity in a cell within 5-15 s
by conventional methods (e.g. stylectomy),
different approaches using aphid-transmitted
non-persistent viruses as phloem markers have
been used to elegantly correlate the behavior
of aphids during sections of pd sub-phase II
(Martin et al. 1997). Emulating the idea from
earlier, AC monitor research of Scheller &
Shukle (1986) (discussed below), aphid-virus
combinations were used from two pathosys-
tems, Aphis gossypii Glover transmitting Cu-
cumber mosaic virus (CMV) and Myzus persi-
cae Sulzer transmitting Potato virus Y (PVY).
In the first study, non-viruliferous aphids were
recorded during an acquisition access period
on virus-infected plants, which was terminated
at the end of sub-phase II-1, II-2, or II-3 in
the first-recorded pd, and the aphid was later
used to test inoculation efficiency. In a second
experiment (similar to the acquisition experi-
ment), viruliferous aphids were recorded dur-
ing an inoculation access period, which was
terminated at the end of sub-phase II-1, II-
2, or 1I-3 in the first pd. The result indicated
that pd subphase 11-3 was correlated strongly
with acquisition thus indicating intracellular
ingestion, and pd subphase II-1 corresponded
to viral inoculation thus indicating intracellu-
lar salivation. These findings suggest that the
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behaviors during sub-phase II-1, 11-2, or II-3
are likely salivation, unknown behavior, and
ingestion of plant cell contents, respectively
(Martin et al. 1997). Harris later hypothesized
that sub-phase II-2 represents egestion of fluid
from the precibarium in the functional foregut
(Harris & Harris 2001). This hypothesis has
not been experimentally tested in aphids, how-
ever, the existence of egestion in hemipterans
has recently been proven (Backus ef al. 2015).

The pd waveform is best viewed using
high Ri levels, such as with the DC (10’ Ohms)
or AC-DC monitors (10° Ohms or higher),
because all three sub-phases are visible. How-
ever, sub-phase II-2 was also detectable using
the AC monitor (Reese et al. 2000) at lower Ri
level (10° Ohms). Sub-phases I and III (the fall
and rise) were not visible, but a version of sub-
phase II (a mostly-flat line, without divisions
into the three sections) was visible. When pd’s
are recorded at multiple Ri levels using the
third-generation AC-DC monitor, the depth
of the pd and amount of detail of sub-phase II
sections increase as Ri is stepped up from 10°
to 10" Ohms (Backus & Bennett 2009). This
confirms that the sub-phase II details are emf
components.

Pathway phase: F. Waveform F is oc-
casionally observed during pathway activi-
ties, and it was never recorded in feeding of
artificial diet. The duration of waveform F
varies from minutes to hours and does not lead
to phloem penetration. All the aphid species
tested in the study of Tjallingii (1987) perform
this waveform, but showed different frequen-
cies among host plants. According to histo-
logical studies, the aphid’s stylets were always
located within the intercellular space of epi-
dermal cells with thick cell walls and obscure
middle lamellae. However, results from radio-
isotope intake experiment shows a ten times
higher rate of plant sap uptake during F than
during waveform A, B, and C. Based on lim-
ited information, waveform F is presumed to
be the interaction between stylet and particular
cell walls while the stylets are struggling to



The Views of EPG Technique 229

free themselves from a tight space (Tjallingii
1987). The waveform is now termed ‘derailed
stylet mechanics’. Waveform F was termed
‘non-phloem ingestion’ in studies with the
AC monitor, and was not distinguishable from
waveform G (see below) using the lower Ri
level of that early monitor.

X wave, an inter-phase transition. The
first identification of an X wave as a land-
mark waveform was made with the AC moni-
tor at low Ri level. Although the behavior
represented by the X wave was unknown, it
was found to precede ingestion from phloem
sieve elements by Acyrthosiphon pisum Har-
ris, 100% of the time (McLean & Kinsey 1964,
1967). A study of feeding by Sitobion avenae F.
(Scheller & Shukle 1986) elegantly correlated
X waves with inoculation by using the aphid-
transmitted plant virus, Barley yellow dwarf
virus (BYDV) as a marker. BYDV is persis-
tent-circulatively transmitted by S. avenae
(among many aphids), and is phloem-limited.
Virions are acquired by ingestion of phloem
sap, and inoculated (after a latent period for
virus circulation) via salivation into phloem
sieve elements (Sylvester 1980). EPG wave-
forms were recorded for 90 min while viru-
liferous aphids were feeding on healthy test
plants. Results showed that X waves were pre-
requisite for inoculation, thus they represented
both contact with and salivation into phloem
sieve elements. A single X wave resulted in
a 65% chance of inoculation and subsequent
infection, regardless of the duration of the X
wave. The probability of inoculation/infection
increased with increasing numbers of X waves
(Scheller & Shukle 1986).

A deeper understanding of the relationship
between X waves and pd’s began to develop
when Reese er al. (2000) identified the first
part of the X wave as a pd that was significant-
ly longer than earlier pd’s in the same probe.
The second part of the X wave was a return to
C with a longer, more elaborate comb-like por-
tion than in pre-X pathway C. Thus, the long-
duration components of the X wave made the

waveform easily identifiable, even in the high-
ly compressed recordings of the AC monitor.
Identification of an unusual form of pd, the
R-pd, finally explained the mechanism of the
aphid X wave. R-pd’s have been observed in 4.
pisum, Brevicoryne brassicae (L.), Drepano-
siphum platanoidis (Schrank), and Periphyllus
acericola (Walker) (Tjallingii & Gabry$ 1999;
Backus & Bennett 2009). This unusual pd is an
extended form of normal pd, with longer sub-
phase II and smaller amplitude (Fig. 3E, inset
box with *). R-pd is always part of an X wave
(Fig. 3E), thus always precedes waveform
E1l, and occurs more often on mature and old
leaves (less preferred feeding sites) than young
leaves and stems by B. brassicae. Together
with the results from electron micrographs,
Tjallingii & Gabrys$ (1999) concluded that
the R-pd waveforms (and thus X waves) were
caused by repeated punctures into and out of
the same sieve element. Accordingly, the aphid
X wave represents a transition alternating be-
tween pathway and phloem phases. Although
the function of the X wave behavior is not
yet proven, it is likely to be part of the cell-
acceptance process of aphids, as with X waves
of other sheath-feeders (Backus et al. 2009).
Phloem phase: E1 and E2. Early stud-
ies using the DC monitor showed that phloem
penetration was associated with waveform D
+ E (pd) (Kimmins & Tjallingii 1985), which
was later renamed and divided into wave-
forms E1 and E2 (Tjallingii 1990). Usually,
El begins right after the last X wave; after a
certain period of E1, E2 will ensue on a suit-
able plant. E1 and E2 are composed of very
regular, repetitive peaks (Figs. 3E-3H). The
amplitudes of waveforms E1 and E2 are low
compared to waveforms A, B, and C. The main
differences between the two waveforms are
their patterns and electrical origins. Waveform
El is an emf-dominated waveform, whereas
E2 is an R-dominated waveform, which means
waveform E2 changes according to the adjust-
ment of substrate voltage, and waveform E1 is
less affected (Tjallingii 1990). Waveform E2
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always occurs after E1, and never the reverse.
Although waveforms E1 and E2 seem to be
highly associated, performance of waveform
El does not necessarily lead to E2 (Prado &
Tjallingii 1994). Early studies with the AC
monitor could not distinguish between E1 and
E2, due to low Ri level; the combined wave-
form was referred to as ‘phloem ingestion’ due
to histological correlation with phloem; how-
ever this waveform is now better described as
phloem phase.

The biological meanings of waveform E1
and E2 are well understood. They were first
associated with sap ingestion and salivation,
respectively, based on experiment result using
radioactive labeled feeding solutions and elec-
tromyograms (EMG) of salivary pump muscle
(Tjallingii 1978).In the early DC literature,
duration of waveform D (today equivalent to
El and E2, together) was positively correlated
with the amount of radioactive orthophosphate
inside aphids, and the frequency of the fluctua-
tion pattern coincided with pattern of salivary
pump movement in the EMG. The positions of
the stylets were demonstrated by stylet ampu-
tation and electron microscopy observation.
When aphid stylets were amputated 7 min 30 s
after the start of waveform E1 and E2, phloem
sap exuded from the cut end of the stylets due
to the phloem turgor pressure. Electron micro-
graphs clearly showed that the stylets, during
waveform E1/E2, were inside the lumen of
sieve element (Kimmins & Tjallingii 1985)
and no sheath saliva was found inside sieve el-
ement (Tjallingii & Hogen Esch 1993).

In the study of Prado & Tjallingii (1994),
they reported that the behaviors during wave-
form E1 and E2 were correlated with salivation
(E1) and ingestion simultaneous with watery
salivation (E2) in phloem sieve elements, af-
ter repeating and expanding upon the original
study of Scheller & Shukle (1986). Again, they
used the aphid-transmitted plant virus, Barley
yellow dwarf virus (BYDV), but used the bird
cherry-oat aphid, Rhopalosiphum padi (L.),
as the vector. This time, either acquisition or
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inoculation behaviors were terminated by pull-
ing the aphid away from the plant at a specific
time point. Results showed that when wave-
form E2 lasted for 10 min or longer, the acqui-
sition efficiency was 58% and had the stron-
gest relation to virus acquisition, whereas the
duration and numbers of waveform El showed
relevance for virus inoculation (Prado &
Tjallingii 1994), similar to X waves in Schell-
er & Shukle (1986). When combined, the re-
sults of Scheller & Shukle (1986) and Prado &
Tjallingii (1994) demonstrate that repetitive
sieve element punctures (i.e., R-pd’s in X
waves) and continuous watery salivation (i.e.,
waveform E1) both represent the complicated
behavior prior to acceptance of a sieve element
cell, as described above under ‘X waves.’

In a study using Aphis fabae Scopoli,
the average time for aphids to access phloem
was 45 min per probe, but the average time to
achieve sustained phloem ingestion usually
took 3—4 h (Tjallingii 1994). An intriguing
relationship was found between waveform E1
and host plant acceptance. Aphids that feed on
host plants with varying degrees of resistance
usually perform longer durations of E1 events,
and sometimes shorter or absent events of E2
(Nielson & Don 1974; Niassy et al. 1987; Ryan
et al. 1987; Dixon et al. 1990). This indicates
the importance (and potential mechanisms) of
salivation against host plant defenses respons-
es and any resistance factors located in phloem
sap.

Xylem phase: G. Waveform G is pro-
duced occasionally by aphids on diets and
plants, and is presumed to be xylem ingestion
by histological evidence, which correlated
the waveform and the location of stylets in
xylem. In addition, starving the aphid or put-
ting aphids in a desiccated environment before
the experiment can significantly increase the
numbers and durations of waveform G events
(Spiller et al. 1990). The differences between
waveform G and E2 are as follows: (1) more
sinusoidal shape, (2) higher amplitude, (3)
higher potential level (waveform G has an
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extracellular potential level), and (4) more
irregular pattern (Tjallingii 1987). As major
phloem-ingesters, most of the aphids used in
EPG studies didn’t show much xylem ingest-
ing. However, alate (winged) 4. fabae tend to
ingest from xylem after they settle on plants
(about 60% of individuals), whereas no apter-
ous individuals performed waveform G (Powell
& Hardie 2002). The authors concluded that
there could be an evolutionary benefit of xy-
lem ingestion for aphid dispersal by different
morphological groups of aphids.

APPLICATIONS OF APHID EPG TO
IPM RESEARCH

In addition to basic feeding behavior re-
search, the behavioral characteristics of aphids
uncovered by EPG can be applied across a
wide discipline of practical studies. One of
the major applications of EPG is in evaluation
of host plant resistance. Aphid’s behavioral
characteristics on aphid-susceptible and -re-
sistant cultivars or host and non-host plants
provides the researcher a time-saving tool to
evaluate the degree of resistance (Nielson &
Don 1974; Lohar & Kawada 1987; Peters et
al. 1988; Montllor & Tjallingii 1989; Annan et
al. 2000; Wang et al. 2004), or to identify the
location of resistance (van Helden & Tjallingii
1993; Caillaud et al. 1995; Kaloshian et al.
2000; Zehnder 2001; Sandanayaka et al. 2003;
Le Roux et al. 2008; Lightle et al. 2012; Koch
et al. 2015). Another agricultural application
of EPG is evaluation of feeding behavioral
changes by the application of pesticides or
repellents (Holbrook 1977; Reuter et al. 1993;
Harrewijn & Kayser 1997; Abraham & Epper-
lein 1999; Kang et al. 2012). Aphids are major
vectors of many plant pathogenic viruses that
cause enormous loss worldwide. The viral
transmission behaviors of aphids have been
extensively studied via EPG. Aphid behaviors
that are correlated with viral acquisition or in-
oculation can be identified (Hodges & McLean
1969; Holbrook 1978; Powell 1991; Prado &

Tjallingii 1994; Martin et al. 1997), and differ-
ences in feeding behavior of viruliferous/non-
viruliferous aphids or on virus-infected/virus-
free host plants can be disclosed (Ullman et al.
1988; Blua & Perring 1992; Quiroz et al. 1992;
Boquel et al. 2011, 2012; Hu et al. 2013).

EPG can also be applied to studies of
ecology and evolutionary biology. The results
of interactions between aphids and plants can
often be quickly inferred by EPG, which has
been mentioned in previous paragraph. In addi-
tion, intraspecific interactions or interspecific
interactions of aphids were studied by compar-
ing behaviors recorded using EPG monitors
(Chongrattanameteekul et al. 1991; Formusoh
et al. 1992; Prado & Tjallingii 1997; Morris &
Foster 2008; Brunissen et al. 2009). Moreover,
behavioral variations were used to reflect ge-
netic variations and to test hypothesis of host
specialization, diversification, and sympatric/
allopatric speciation of aphids (Caillaud 1999;
Powell & Hardie 2000; Funk & Bernays 2001;
Tosh et al. 2001, 2003; Halarewicz & Gabry$
2012; Kordan et al. 2012).

PROSPECTS FOR APHID EPG
RESEARCH IN TAIWAN

Although EPG has been used for aphid
studies for over 50 years, until recently, there
was no research in Taiwan that involved EPG.
Aphids are among the most important pests in
Taiwan. They can cause severe yield loss by
direct feeding damage or transmitting plant vi-
ruses (Lee 1986; Bau et al. 2004; Deng 2011).
There are seven aphid-transmitted plant vi-
ruses of economic importance in Taiwan, i.e.,
Cucumber mosaic virus, Papaya ringspot virus
W strain, Papaya ringspot virus, Potato virus
Y, Turnip mosaic virus, Zucchini yellow mo-
saic virus, and Banana bunchy-top virus (Deng
2011; Tsai & Chen 2011). Researchers have
been struggling for years to find ways to con-
trol these viral diseases. One of the most ef-
fective and fundamental ways of dealing with
viral diseases is breeding resistant strains of



232 Eit== S0

crop plants (Niassy et al. 1987; Li et al. 2007,
Smith & Boyko 2007). Crops resistant to either
insect vector or virus can benefit agricultural
production by decreasing the transmission
of virus; those resistance traits are sometime
mutually inclusive (Chen et al. 1996). EPG
can provide a rapid preliminary evaluation of
the crops for aphid resistance in most of the
aphid-plant combinations, due to the similar-
ity of waveforms among aphids. Most of the
aphid-transmitted viral diseases in Taiwan are
non-persistently transmitted, which means the
acquisition or inoculation can take place early
in a single probe, most likely during pd’s in
pathway phase. In this case, future EPG re-
search would need to focus on resistance fac-
tors located in the epidermis or on the surface
of plant that can prevent the transmission be-
havior.

EPG can also be valuable for study of re-
sidual pesticide effects, enabling researchers
to evaluate the potential of pesticides for viral
disease control. Despite the fact that some of
the major aphid vectors in Taiwan have already
been studied, the effects of viruses on behav-
iors of aphids have not been quantified using
EPG. EPG is a promising method for research-
er to decipher the interaction between aphid
and specific virus, and might lead to influen-
tial discoveries in basic biology and beneficial
application in agriculture.

The above-mentioned examples clearly
show the potential and importance of EPG in
understanding the behaviors of aphid pests in
Taiwan, and it is certain that valuable informa-
tion will continuously be discovered by the use
of EPG.

REFERENCES

Abraham, K. and K. Epperlein. 1999. Influence of imida-
cloprid after seed-treatment of maize on the sucking
behavior of the bird-cherry aphid (Rhopalosiphum
padi L.) and on the transmission of BYDV using
electrical penetration graph technique in laboratory
investigations. Gesunde Pflanzen 51:90-94.

65 % 531

Almeida, R. P. P. and E. A. Backus. 2004. Stylet penetra-
tion behaviors of Graphocephala atropunctata (Si-
gnoret) (Hemiptera, Cicadellidae): EPG waveform
characterization and quantification. Ann. Entomol.
Soc. Amer. 97:838-851.

Almeida, R. P. P. and A. H. Purcell. 2006. Patterns of
Xylella fastidiosa colonization on the precibarium
of sharpshooter vectors relative to transmission to
plants. Ann. Entomol. Soc. Amer. 99:884-890.

Annan, I. B., W. M. Tingey, G. A. Schaefers, W. F.
Tjallngil, E. A. Backus, and K. N. Saxena. 2000.
Stylet penetration activities by Aphis craccivora
(Homoptera: Aphididae) on plants and excised plant
parts of resistant and susceptible cultivars of cowpea
(Leguminosae). Ann. Entomol. Soc. Amer. 93:133—
140.

Backus, E. A. 1994. History, development, and applica-
tions of the AC electronic monitoring system for
insect feeding. p.1-51. in: History, Development,
and Application of AC Electronic Insect Feeding
Monitors. (Ellsbury, M. M., E. A. Backus, and D. L.
Ullman, eds.) Entomological Society of America.
Lanham, MD. 128 pp.

Backus, E. A. Sharpshooter feeding behavior in relation
to transmission of Xylella fastidiosa: A model for
foregut-borne transmission mechanisms. in: Vector-
Mediated Transmission of Plant Pathogens. (Brown,
J. K., ed.) Amer. Phytopathol. Soc. (in press)

Backus, E. A. and W. H. Bennett. 2009. The AC-DC Cor-
relation Monitor: New EPG design with flexible
input resistors to detect both R and emf components
for any piercing-sucking hemipteran. J. Insect Physi-
ol. 55:869-884.

Backus, E. A., M. J. Devaney, and W. H. Bennett. 2000.
Comparison of signal processing circuits among
seven AC electronic monitoring systems for their
effects on the emf and R components of aphid (Ho-
moptera: Aphididae) waveforms, p.102-143. in:
Principles and Applications of Electronic Monitoring
and Ohter Techniques in the Study of Homopteran
Feeding Behavior. (Walker, G. P. and E. A. Backus,
eds.) Entomological Society of America. Lanham,
MD. 260 pp.

Backus, E. A., J. Habibi, F. Yan, and M. Ellersieck. 2005.
Stylet penetration by adult Homalodisca coagulata
on grape: Electrical penetration graph waveform
characterization, tissue correlation, and possible
implications for transmission of Xylella fastidiosa.
Ann. Entomol. Soc. Amer. 98:787-813.

Backus, E. A., W. J. Holmes, F. Schreiber, B. J. Reardon,
and G. P. Walker. 2009. Sharpshooter X wave: Cor-
relation of an electrical penetration graph waveform
with xylem penetration supports a hypothesized



The Views of EPG Technique 233

mechanism for Xylella fastidiosa inoculation. Ann.
Entomol. Soc. Amer. 102:847-867.

Backus, E. A., M. Rangasamy, M. Stamm, H. J. McAus-
lane, and R. Cherry. 2013. Waveform library for
chinch bugs (Hemiptera: Heteroptera: Blissidae):
Characterization of electrical penetration graph
waveforms at multiple input impedances. Ann. Ento-
mol. Soc. Amer. 106:524-539.

Backus, E. A., H. J. Shugart, E. E. Rogers, J. K. Morgan,
and R. Shatters. 2015. Direct evidence of egestion
and salivation of Xylella fastidiosa suggests sharp-
shooters can be “flying syringes”. Phytopathology
105:608-620.

Bau, H. J., Y. H. Cheng, T. A. Yu, J. S. Yang, P. C. Liou,
C. H. Hsiao, C. Y. Lin, and S. D. Yeh. 2004. Field
evaluation of transgenic papaya lines carrying the
coat protein gene of Papaya ringspot virus in Tai-
wan. Plant Dis. 88:594-599.

Blua, M. J. and T. M. Perring. 1992. Effects of zucchini
yellow mosaic virus on colonization and feeding
behavior of Aphis gossypii (Homoptera: Aphididae)
alatae. Environ. Entomol. 21:578-585.

Boquel, S., C. Delayen, A. Couty, P. Giordanengo, and A.
Ameline. 2012. Modulation of aphid vector activity
by potato virus y on in vitro potato plants. Plant Dis.
96:82-86.

Boquel, S., P. Giordanengo, and A. Ameline. 2011. Diver-
gent effects of PVY-infected potato plant on aphids.
Eur. J. Plant Pathol. 129:507-510.

Brunissen, L., A. Cherqui, Y. Pelletier, C. Vincent, and P.
Giordanengo. 2009. Host-plant mediated interac-
tions between two aphid species. Entomol. Exp.
Appl. 132:30-38.

Caillaud, C. M. 1999. Behavioural correlates of genetic
divergence due to host specialization in the pea
aphid, Acrythosiphon pisum. Entomol. Exp. Appl.
91:227-232.

Caillaud, C. M., J. S. Pierre, B. Chaubet, and J. P. Di Pi-
etro. 1995. Analysis of wheat resistance to the cereal
aphid Sitobion avenae using electrical penetration
graphs and flow charts combined with correspon-
dence analysis. Entomol. Exp. Appl. 75:9-18.

Chen, J. Q., B. Delobel, Y. Rahbé, and N. Sauvion. 1996.
Biological and chemical characteristics of a genetic
resistance of melon to the melon aphid. Entomol.
Exp. Appl. 80:250-253.

Chongrattanameteekul, W., J. E. Foster, R. H. Shukle, and
J. E. Araya. 1991. Feeding behavior of Rhopalo-
siphum padi (L.) and Sitobion avenae (F.) (Hom.,
Aphididae) on wheat as affected by conspecific
and interspecific interactions. J. Appl. Entomol.
111:361-364.

Deng, T. C. 2011. Evolutionary change of trends in
prevalence of cucurbits-infecting viruses in Taiwan,
1981-2011. p.147-163. in: Proceedings of the Sym-
posium on Integrated Management Technology of
Insect Vectors and Insect-Borne Diseases. July 15,
2011. Taichung, Taiwan. Taiwan Agriculture Re-
search Insttitute, Taichung. (in Chinese with English
abstract)

Dixon, A. G. O., P. J. Bramel-Cox, and J. C. Reese. 1990.
Feeding behavior of biotype E greenbug (Homoptera:
Aphididae) and its relationship to resistance in sor-
ghum. J. Econ. Entomol. 83:241-246.

Dugravot, S., E. A. Backus, B. J. Reardon, and T. A.
Miller. 2008. Correlations of cibarial muscle activi-
ties of Homalodisca spp. sharpshooters (Hemiptera:
Cicadellidae) with EPG ingestion waveform and
excretion. J. Insect Physiol. 54:1467-1478.

Formusoh, E. S., G. E. Wilde, and J. C. Reese. 1992.
Reproduction and feeding behavior of greenbug bio-
type E (Homoptera: Aphididae) on wheat previously
fed upon by aphids. J. Econ. Entomol. 85:789-793.

Funk, D. J. and E. A. Bernays. 2001. Geographic variation
in host specificity reveals host range evolution in
Uroleucon ambrosiae aphids. Ecology 82:726-739.

Halarewicz, A. and B. Gabrys. 2012. Did the evolution-
ary transition of aphids from angiosperm to non-
spermatophyte vascular plants have any effect on
probing behaviour? Bull. Insectol. 65:77-80.

Harrewijn, P. and H. Kayser. 1997. Pymetrozine, a fast-
acting and selective inhibitor of aphid feeding. In-
situ studies with electronic monitoring of feeding
behaviour. Pestic. Sci. 49:130-140.

Harris, K. F. and L. J. Harris. 2001. Ingestion-egestion
theory of cuticula-borne virus transmission. p.
111-132. in: Virus-Insect-Plant Interactions. (Harris,
K. F.,, O. P. Smith, and J. E. Duffus, eds.) Academic
Press. San Diego, CA. 376 pp.

Hodges, L. R. and D. L. McLean. 1969. Correlation of
transmission of bean yellow mosaic virus with sali-
vation activity of Acyrthosiphon pisum (Homoptera:
Aphididae). Ann. Entomol. Soc. Amer. 62:1398—
1401.

Holbrook, F. R. 1977. Aldicarb and thiofanox: Effect on
the feeding activity of green peach aphids. J. Econ.
Entomol. 70:742-744.

Holbrook, F. R. 1978. Transmission of potato leaf roll
virus by the green peach aphid. Ann. Entomol. Soc.
Amer. 71:830-831.

Hu, Z., H. Zhao, and T. Thieme. 2013. Modification of
non-vector aphid feeding behavior on virus-infected
host plant. J. Insect Sci. 13:1-11.



234 Eit== S0

Jiang, Y. X. and G. P. Walker. 2001. Pathway phase wave-
form characteristics correlated with length and rate
of stylet advancement and partial stylet withdrawal
in AC electrical penetration graphs of adult white-
flies. Entomol. Exp. Appl. 101:233-246.

Kaloshian, I., M. G. Kinsey, V. M. Williamson, and D. E.
Ullman. 2000. Mi-mediated resistance against the
potato aphid Macrosiphum euphorbiae (Hemiptera:
Aphididae) limits sieve element ingestion. Environ.
Entomol. 29:690-695.

Kang, M. A., M. J. Seo, I. C. Hwang, C. Jang, H. J. Park,
Y. M. Yu, and Y. N. Youn. 2012. Insecticidal activ-
ity and feeding behavior of the green peach aphid,
Myzus persicae, after treatment with nano types of
pyrifluquinazon. J. Asia Pac. Entomol. 15:533-541.

Kimmins, F. M. and W. F. Tjallingii. 1985. Ultrastructure
of sieve element penetration by aphid stylets during
electrical recording. Entomol. Exp. Appl. 39:135-
141.

Koch, K. G., N. Palmer, M. Stamm, J. D. Bradshaw, E.
Blankenship, L. M. Baird, G. Sarath, and T. M.
Heng-Moss. 2015. Characterization of greenbug
feeding behavior and aphid (Hemiptera: Aphididae)
host preference in relation to resistant and suscep-
tible tetraploid switchgrass populations. Bioenerg.
Res. 8:165-174.

Kordan, B., K. Dancewicz, A. Wroblewska, and B.
Gabrys$. 2012. Intraspecific variation in alkaloid
profile of four lupine species with implications for
the pea aphid probing behaviour. Phytochem. Lett.
5:71-717.

Le Roux, V., S. Dugravot, E. Campan, F. Dubois, C. Vin-
cent, and P. Giordanengo. 2008. Wild Solanum resis-
tance to aphids: Antixenosis or antibiosis? J. Econ.
Entomol. 101:584-591.

Lee, H. 1986. Seasonal occurrence of the important insect
pests on cabbage in southern Taiwan. J. Agric. Res.
China 35:530-542. (in Chinese with English ab-
stract)

Leopold, R. A., T. P. Freeman, J. S. Buckner, and D. R.
Nelson. 2003. Mouthpart morphology and stylet
penetration of host plants by the glassy-winged
sharpshooter, Homalodisca coagulata, (Homoptera:
Cicadellidae). Arthropod Struct. Dev. 32:189-199.

Li, Y., C. B. Hill, S. R. Carlson, B. W. Diers, and G. L.
Hartman. 2007. Soybean aphid resistance genes in
the soybean cultivars Dowling and Jackson map to
linkage group M. Mol. Breed. 19:25-34.

Lightle, D. M., M. Dossett, E. A. Backus, and J. C. Lee.
2012. Location of the mechanism of resistance to

Amphorophora agathonica (Hemiptera: Aphididae)
in red raspberry. J. Econ. Entomol. 105:1465-1470.

65 % 531

Lohar, M. K. and K. Kawada. 1987. Probing behaviour
of the aphid, Schizaphis graminum (Rondani), Rho-
palosiphum maidis (Fitch) and Longiunguis sacchari
(Zehntner) on resistant and susceptible sorghum
plants. Ber. Ohara Inst. landw. Biol., Okayama Univ.
19:137-144.

Martin, B., J. L. Collar, W. F. Tjallingii, and A. Fereres.
1997. Intracellular ingestion and salivation by aphids
may cause the acquisition and inoculation of non-
persistently transmitted plant viruses. J. Gen. Virol.
78:2701-2705.

McLean, D. L. and M. G. Kinsey. 1964. A technique for
electronically recording aphid feeding and saliva-
tion. Nature 202:1358-1359.

McLean, D. L. and M. G. Kinsey. 1967. Probing behavior
of the pea aphid, Acyrthosiphon pisum. 1. Definitive
correlation of electronically recorded waveforms
with aphid probing activities. Ann. Entomol. Soc.
Amer. 60:400-405.

McLean, D. L. and W. A. Weigt, Jr. 1968. An electronic
measuring system to record aphid salivation and in-
gestion. Ann. Entomol. Soc. Amer. 61:180-185.

Miranda, M. P., A. Fereres, B. Appezzato-Da-Gloria, and
J. R. S. Lopes. 2009. Characterization of electrical
penetration graphs of Bucephalogonia xanthophis, a
vector of Xylella fastidiosa in citrus. Entomol. Exp.
Appl. 130:35-46.

Montllor, C. B. and W. F. Tjallingii. 1989. Stylet penetra-
tion by two aphid species on susceptible and resis-
tant lettuce. Entomol. Exp. Appl. 52:103-111.

Moreno, A., E. Garzo, G. Fernandez-Mata, M. Kassem, M.
A. Aranda, and A. Fereres. 2011. Aphids secrete wa-
tery saliva into plant tissues from the onset of stylet
penetration. Entomol. Exp. Appl. 139:145-153.

Morris, G. and W. A. Foster. 2008. Duelling aphids: Elec-
trical penetration graphs reveal the value of fighting
for a feeding site. J. Exp. Biol. 211:1490-1494.

Niassy, A., J. D. Ryan, and D. C. Peters. 1987. Variations
in feeding behavior, fecundity, and damage of bio-
types B and E of Schizaphis graminum (Homoptera:
Aphididae) on three wheat genotypes. Environ. En-
tomol. 16:1163-1168.

Nielson, M. W. and H. Don. 1974. Probing behavior of
biotypes of the spotted alfalfa aphid on resistant
and susceptible alfalfa clones. Entomol. Exp. Appl.
17:477-486.

Pearson, C. C., E. A. Backus, H. J. Shugart, and J. E. Mu-
nyaneza. 2014. Characterization and correlation of
epg waveforms of Bactericera cockerelli (Hemiptera:
Triozidae): Variability in waveform appearance in
relation to applied signal. Ann. Entomol. Soc. Amer.
107:650-666.



The Views of EPG Technique 235

Peters, D. C., D. Kerns, G. J. Puterka, and R. McNew.
1988. Feeding behavior, development, and damage
by biotypes B, C, and E of Schizaphis graminum
(Homoptera: Aphididae) on ‘Wintermalt” and ‘Post’
barley. Environ. Entomol. 17:503-507.

Pollard, D. G. 1973. Plant penetration by feeding aphids
(Hemiptera, Aphidoidea): A review. Bull. Entomol.
Res. 62:631-714.

Powell, G. 1991. Cell membrane punctures during epider-
mal penetrations by aphids: consequences for the
transmission of two potyviruses. Ann. Appl. Biol.
119:313-321.

Powell, G. L. E. N. and J. I. M. Hardie. 2000. Host-
selection behaviour by genetically identical aphids
with different plant preferences. Physiol. Entomol.
25:54-62.

Powell, G. and J. Hardie. 2002. Xylem ingestion by
winged aphids. Entomol. Exp. Appl. 104:103-108.

Powell, G., T. Pirone, and J. Hardie. 1995. Aphid stylet
activities during potyvirus acquisition from plants
and an in vitro system that correlate with subsequent
transmission. Eur. J. Plant Pathol. 101:411-420.

Powell, G., C. R. Tosh, and J. Hardie. 2006. Hostplant
selection by aphids: Behavioral, evolutionary, and
applied perspectives. Annu. Rev. Entomol. 51:309—
330.

Prado, E. and W. F. Tjallingii. 1994. Aphid activities dur-
ing sieve element punctures. Entomol. Exp. Appl.
72:157-165.

Prado, E. and W. F. Tjallingii. 1997. Effects of previous
plant infestation on sieve element acceptance by two
aphids. Entomol. Exp. Appl. 82:189-200.

Purcell, A. H., A. H. Finlay, and D. L. McLean. 1979.
Pierce's disease bacterium: Mechanism of transmis-
sion by leathopper vectors. Science 206:839-841.

Quiroz, C., R. M. Lister, R. H. Shukle, J. E. Araya, and J.
E. Foster. 1992. Selection of symptom variants from
the NY-MAV strain of barley yellow dwarf virus and
their effects on the feeding behavior of the vector
Sitobion avenae (Homoptera: Aphididae). Environ.
Entomol. 21:376-381.

Reese, J. C., D. C. Margolies, E. A. Backus, S. Noyes, P.
Bramel-Cox, and A. G. O. Dixon. 1994. Character-
ization of aphid host plant resistance and feeding be-
havior through use of a computerized insect feeding
monitor. p.52-72. in: History, Development, and Ap-
plication of AC Electronic Insect Feeding Monitors.
(Ellsbury, M. M., E. A. Backus, and D. L. Ullman
eds.) Entomological Society of America. Lanham,
MD. 128 pp.

Reese, J. C., W. F. Tjallingii, M. Van Helden, and E.
Prado. 2000. Waveform comparisons among AC and

DC electronic monitoring systems for aphid (Ho-
moptera: Aphididae) feeding behavior. p.70-101. in:
Principles and Applications of Electronic Monitoring
and Other Techniques in the Study of Homopteran
Feeding Behavior. (Walker, G. P. and E. A. Backus,
eds.) Entomological Society of America. Lanham,
MD. 260 pp.

Reuter, L. L., N. C. Toscano, and T. M. Perring. 1993.
Modification of feeding behavior of Myzus persicae
(Homoptera: Aphididae) by selected compounds.
Environ. Entomol. 22:915-919.

Ryan, J. D., K. W. Dorschner, M. Girma, R. C. Johnson,
and R. D. Eikenbary. 1987. Feeding behavior, fecun-
dity, and honeydew production of two biotypes of
greenbug (Homoptera: Aphididae) on resistant and
susceptible wheat. Environ. Entomol. 16:757-763.

Sandanayaka, W. R. M., V. G. M. Bus, P. Connolly, and
R. Newcomb. 2003. Characteristics associated with
woolly apple aphid Eriosoma lanigerum, resistance
of three apple rootstocks. Entomol. Exp. Appl.
109:63-72.

Schaefers, G. A. 1966. The use of direct current for elec-
tronically recording aphid feeding and salivation.
Ann. Entomol. Soc. Amer. 59:1022-1024.

Scheller, H. V. and R. H. Shukle. 1986. Feeding behav-
ior and transmission of barley yellow dwarf virus
by Sitobion avenae on oats. Entomol. Exp. Appl.
40:189-195.

Smith, C. M. and E. V. Boyko. 2007. The molecular bases of
plant resistance and defense responses to aphid feed-
ing: Current status. Entomol. Exp. Appl. 122:1-16.

Spiller, N. J., L. Koenders, and W. F. Tjallingii. 1990. Xy-
lem ingestion by aphids: A strategy for maintaining
water balance. Entomol. Exp. Appl. 55:101-104.

Sylvester, E. S. 1980. Circulative and propagative vi-
rus transmission by aphids. Annu. Rev. Entomol.
25:257-286.

Tjallingii, W. F. 1978. Electronic recording of penetration
behaviour by aphids. Entomol. Exp. Appl. 24:721—
730.

Tjallingii, W. F. 1982. Electrical recording of aphid pen-
etration. p.409-410. in: Proceedings of the Sth Inter-
national Symposium on Insect-Plant Relationships.
March 1-4, 1982. Centre for Agricultural Publica-
tion and Documentation, Wageningen, The Nether-
lands.

Tjallingii, W. F. 1985a. Electrical nature of recorded sig-
nals during stylet penetration by aphids. Entomol.
Exp. Appl. 38:177-186.

Tjallingii, W. F. 1985b. Membrane potentials as an indica-
tion for plant cell penetration by aphid stylets. Ento-
mol. Exp. Appl. 38:187-193.



236 G

Tjallingii, W. F. 1987. Stylet penetration activities by
aphids: New correlations with electrical penetration
graphs. p.301-306. in: Proceedings of the 6th Inter-
national Symposium on Insect-Plant Relationships.
May 31, 1987. Junk. Dordrecht, Germany.

Tjallingii, W. F. 1990. Continuous recording of stylet
penetration activities by aphids. p.89-99. in: Aphid-
plant Genotype Interactions. (Campbell, R. K. and R.
D. Eikenbary, eds.) Elsevier Science Pub. Amster-
dam, The Netherlands. 378 pp.

Tjallingii, W. F. 1994. Sieve element acceptance by
aphids. Eur. J. Entomol. 91:47-52.

Tjallingii, W. F. 2000. Comparison of AC and DC systems
for electronic monitoring of stylet penetration activi-
ties by homopterans. p.41-69. in: Principles and Ap-
plications of Electronic Monitoring and Other Tech-
niques in the Study of Homopteran Feeding Behavior.
(Walker, G. P. and E. A. Backus, eds.) Entomological
Society of America. Lanham, MD. 260 pp.

Tjallingii, W. F. and B. Gabrys. 1999. Anomalous stylet
punctures of phloem sieve elements by aphids. Ento-
mol. Exp. Appl. 91:97-103.

Tjallingii, W. F. and T. Hogen Esch. 1993. Fine structure
of aphid stylet routes in plant tissues in correlation
with EPG signals. Physiol. Entomol. 18:317-328.

Tosh, C. R., G. Powell, and J. Hardie. 2003. Decision
making by generalist and specialist aphids with the
same genotype. J. Insect Physiol. 49:659-669.

Tosh, C. R., K. F. A. Walters, and A. E. Douglas. 2001. On
the mechanistic basis of plant affiliation in the black
bean aphid (4phis fabae) species complex. Entomol.
Exp. Appl. 99:121-125.

65 % 531

Tsai, C. W. and W. T. Chen. 2011. Control strategies of
important aphids that transmit viral diseases of
crops. p.183-191. in: Proceedings of the Symposium
on Integrated Management Technology of Insect
Vectors and Insect-Borne Diseases. July 1-2, 2011.
Taichung, Taiwan. Taiwan Agriculture . Research In-
stitute, Taichung. (in Chinese with English abstract)

Ullman, D. E., C. O. Qualset, and D. L. McLean. 1988.
Feeding responses of Rhopalosiphum padi (Homop-
tera: Aphidae) to barley yellow dwarf virus resistant
and susceptible barley varieties. Environ. Entomol.
17:988-991.

van Helden, M. and W. F. Tjallingii. 1993. Tissue locali-
sation of lettuce resistance to the aphid Nasonovia
ribisnigri using electrical penetration graphs. Ento-
mol. Exp. Appl. 68:269-278.

Walker, G. P. 2000. A beginner's guide to electronic moni-
toring of homopteran probing behavior. p.14-40. in:
Principles and Applications of Electronic Monitoring
and Other Techniques in the Study of Homopteran
Feeding Behavior. (Walker, G. P. and E. A. Backus,
eds.) Entomological Society of America. Lanham,
MD. 260 pp.

Wang, Y. M., P. F. Zhang, and J. Q. Chen. 2004. Host-
preference biotypes of the cotton aphid, Aphis gos-
sypii glover and the behavioral mechanism in their
formation. Acta Entomol. Sin. 47:760-767.

Zehnder, G. W., A. J. Nichols, O. R. Edwards, and T. J.
Ridsdill-Smith. 2001. Electronically monitored cow-

pea aphid feeding behavior on resistant and suscep-
tible lupins. Entomol. Exp. Appl. 98:259-2609.



The Views of EPG Technique 237

EaRIRENIERE (EPG)
R T ek N T T R i T il

Elaine A. Backus' #hta%® &RE1=* HER

e

Backus, E. A. ~ R4 ~ BESE(T - AESE 2016 « BB B (EPG) © Hlk = =5
HUEAT P 2 Tl - %“%%Eﬂn 65(3):219-237 -

WA R A AR EUR R B R AL 1 AL A R ) AR F )8 AR 0 BT R R AR TS
AW BABARE AR R AR AT R 0 GAERKIE © B E 50 SFA7 AT L AR IK B4 8 3% (electrical
penetration graph; EPG) B RI4& » 4 IR LA R L) st o w4 EPG £ R 3B @ E R FRE TAES
B (IPM) #Rw » 635 (1) R F B LA IRRIT L MG MM G FHA KA » EPG LT A 2 itk
T E 5 (2) ARk LB % 0 EPG TTAE R A S AR S RIERBHFRTEERNBE > LE—F
‘é?f?':’i"-T{’Z,%/‘\%ﬁ'fﬁ‘"%&ﬂi?\ﬁ%Lﬁiﬁ P14k g% 09 R A ;5 (3) EPG 84K J& A A 1= Bl ML 4% o £ 4o SR A2 % 09 5F

C AR KRR A DB R D OED o RO EREEZB AR (1) EPG $9REARJE & - 45 43
%% 3R AC-DCHRBEFTNE 5 (2) AR AKX R &% - 1F LIRAARL T & EPG 4% : (3) EPG TTJ& A &
SHBEGIRE R AR R HAA LA 2B T RS o AXAR A RIR S 3 A EPG £ ¥ A5 R
9 AT R

RASREE ¢ FLERNERER SR - A H ~ IRtTh -

FERHEE C 20154 11 H 30 H 5 #E2HHH : 20154 12 H 16 H -
" iEEMER ¢ htshih@tari.gov.tw
‘%lﬁ%% B%%Eﬁn%ﬁ%ﬁmméﬁﬁﬁﬁﬁ HEESEE o FEE Il -
EEgREARIERESYHA T - 58 mEPﬁi
P EEIE AT BRI RSB BE - EE BIATN -
! liijil\jtﬂffﬁ%f“f_ﬁ'ﬁéﬁaz%i ér/% L‘EPFE
BZEgREABRERAESYHRINES - 68 G4 -
PRSI RS E G :ﬂﬁﬁ%ﬁmﬁﬂ@ﬁuu%?ﬁ%%m WA R S5 B R IR Y M B ] o BRI R E R
Y2 AL B g £ -



