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Physiological and Biochemical Responses of Resistant and
Susceptible Buffalograsses to Chinch Bug Feeding

Tiffany M. Heng-Moss, Frederick P. Baxendale, Thomas E. Eickhoff, and Robert C. Shearman

SUMMARY

Researchers at the University of Nebraska have been
investigating the physiological and biochemical responses
of resistant and susceptible buffalograss to chinch bug
feeding. Their findings include:

@® The effects of western chinch bug feeding on the physi-
ological responses of resistant (‘Prestige’) and susceptible
(“378’) buffalograsses was documented through measure-
ments of carbon exchange rate, light and carbon assimila-
tion (A-Ci) curves, chlorophyll fluorescence, and nonstruc-
tural carbohydrates. These studies suggest that compensa-
tory photosynthesis takes place in ‘Prestige’, but not in
‘378’. Results from this research demonstrate that short-
and long-term changes in photosynthetic compensation
could be used to differentiate resistant and susceptible
genotypes.

@® Research also characterized protein changes in resistant
and susceptible turfgrasses challenged by chinch bugs and
explored the value of these changes as protein-mediated
markers to screen for insect-resistant turfgrasses. These
studies documented the loss of catalase activity in suscepti-
ble buffalograsses in response to chinch bug feeding, while
resistant buffalograsses showed an increase in peroxidase
activity. These findings suggest that an initial plant defense
response to chinch bug feeding may be to elevate levels of
specific oxidative enzymes, such as peroxidase, to help
detoxify peroxides that accumulate in response to plant
stress.

® Knowledge gained from this research will benefit golf
course superintendents, sod producers, and other turfgrass
managers by furnishing turfgrasses with improved resist-
ance to chinch bugs.

Buffalograss has received considerable atten-

tion as an alternative turfgrass species because of
its low maintenance requirements and excellent

TIFFANY M. HENG-MOSS, Ph.D., Assistant Professor,
Department of Entomology; FREDERICK P. BAXENDALE,
Ph.D., Professor, Department of Entomology; THOMAS E.
EICKHOFF, Graduate Research Assistant, Department of
Entomology; and ROBERT C. SHEARMAN, Ph.D., Professor and
Extension Turfgrass Specialist; Department of Agronomy and
Horticulture; University of Nebraska, Lincoln, NE

USGA Turfgrass and Environmental Research Online 5(20):1-11.
TGIF Record Number: 116490

drought tolerance. Although few arthropods are
injurious to buffalograss, the western chinch bug,
Blissus occiduus Barber, has emerged as an
important insect pest of this warm-season grass
(1). Researchers at the University of Nebraska
evaluated selected buffalograsses for resistance to
the western chinch bug. Of the 90 buffalograss
genotypes evaluated through greenhouse and field
studies, four were categorized as highly resistant
and 22 as moderately resistant (11, 13). Of the
resistant buffalograsses studied, ‘Prestige’ exhibit-
ed the highest level of resistance even though it
often became heavily infested with chinch bugs.
Subsequent choice and no-choice studies charac-
terized ‘Prestige’ as tolerant (14).

From an ecological perspective, plant tol-
erance to insect feeding has several advantages as
a pest management tool. Unlike other manage-
ment approaches, tolerance raises economic/aes-
thetic injury levels decreasing the likelihood of
early pest management intervention and does not
place selection pressure on pest populations. In
spite of its advantages, the use of tolerance for
pest management is limited primarily because the
underlying mechanisms of the tolerance remain
unclear.

The western chinch bug, Blissus occiduus, has emerged as
an important insect pest of buffalograss.


http://www.lib.msu.edu/cgi-bin/flink.pl?recno=116490

When developing insect-resistant turf-
grasses, a thorough understanding of the underly-
ing mechanisms is important for formulating opti-
mal strategies for identifying and exploiting new
sources of resistance.  While considerable
progress has been made in identifying germplasm
resistant to insect pests, progress towards charac-
terization of the physiological and biochemical
mechanisms conferring the resistance has been
limited. The USGA is currently funding this proj-
ect focused on deciphering the role of oxidative
enzymes and other proteins in the defense
response of buffalograss to the western chinch
bug and documenting the impact of chinch bug
feeding on the plant physiology of resistant and
susceptible buffalograsses.

Photosynthetic Responses

Understanding how chinch bug feeding
affects the plant's physiology (e.g., carbon
exchange rates and changes in non-structural car-
bohydrates) may help explain the physiological
and biochemical mechanisms underlying plant
tolerance. Gas exchange processes, such as pho-
tosynthesis, rapidly respond to external factors, so
knowing how insect feeding alters gas exchange
provides an immediate indication of plant stress.
While a number of studies (20, 21, 22, 27) have
assessed the impact of defoliating insects on car-

bon exchange rates, relatively few (12, 17, 24)
have focused on sap-feeding insects and the pos-
sible role of changes in carbon exchange process-
es as a mechanism for plant tolerance to insect
injury.

Plants experience different types of stress
including alterations in chlorophyll content and
photosynthetic activity in response to insect feed-
ing. We documented the impact of western chinch
bug feeding on the physiological responses of
resistant (‘Prestige’) and susceptible ('378") buf-
falograsses through measurements of carbon
exchange rate, light and carbon assimilation (A-
Ci) curves, chlorophyll fluorescence, and non-
structural carbohydrates.

Carbon exchange rates, and light and car-
bon assimilation curves were recorded at 5, 10,
and 20 days after the introduction of chinch bugs
onto resistant and susceptible buffalograsses using
a portable photosynthetic system. Chlorophyll a
kinetic transients were also measured at the same
time intervals using a modulated chlorophyll fluo-
rometer. Non-structural carbohydrate concentra-
tions were quantified by determining the reducing
sugar concentrations as glucose equivalents pres-
ent in the plant material. The specific glucose
equivalents were quantified by measuring the
absorbency of Cu,0O at 600 nm by using a

spectrophotometer.

Mean Carbon Exchange Rates

Days after

Buffalograss Infestation Control Infested % Reduction

.......... (umol CO,m=2shy.............
Prestige 5 124 a 18.2 a
378 5 18.7 a 16.5 a 11.7
Prestige 10 12.7 a 13.2 a
378 10 114 a 9.1 a 20.2
Prestige 20 109 a 9.2 a 15.6
378 20 14.7 a 50 b 66.0

Means in the same row followed by the same letter are not significantly different (P < 0.05).

Table 1. Carbon exchange rates of resistant (‘Prestige’) and susceptible (‘378’) buffalograsses at 5, 10, and 20 days after

chinch bug infestation
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Figure 1. Non-structural carbohydrate concentrations of chinch bug-infested and non-infested susceptible buffalograss (‘378’)
at 5, 10, and 20 days after chinch bug removal. Bars with the same letter are not significantly different (P < 0.05).

Results

No significant differences in carbon
exchange rates were observed between infested
and control plants for the susceptible buffalograss
378 at 5 and 10 days after chinch bug introduc-
tion. However, significant differences between
infested and control ‘378’ plants were detected at
20 days after chinch bug introduction (Table 1).
Carbon exchange rates were similar between
infested and control “Prestige’ plants at 5, 10, and
20 days after chinch bug introduction, suggesting
that resistant plants can allocate energy for recov-
ery from chinch bug injury. Susceptible plants
appear unable to maintain compensatory photo-
synthesis and suffer substantially more tissue
damage from feeding.

Significant differences in the yield of pho-
tochemical efficiency of photosystem Il and the
photosynthetic electron transport ratio were
detected between infested and control ‘378’
plants, whereas no significant differences in these
two fluorescence parameters were observed

between control and infested ‘Prestige’ plants.
Additionally, chinch bug feeding had no signifi-
cant effect on the quenching coefficients and other
fluorescence parameters [minimal fluorescence
(Fo), maximal fluorescence (F,,), and steady-state

(Fs) and maximal steady-state fluorescence (F,s)]

measured.

Chinch bug-infested ‘378 and ‘Prestige’
plants consistently had similar or higher levels of
non-structural carbohydrates compared with their
respective control plants (Figures 1 and 2). These
results suggest that buffalograss plants respond to
chinch bug feeding in the long-term by maintain-
ing a greater proportion of photosynthate as non-
structural carbohydrates. The susceptible buffalo-
grass ‘378’ is unable to maintain adequate photo-
synthetic rates under chinch bug pressure eventu-
ally leading to extensive plant damage.

In contrast, the resistant ‘Prestige’ plants
apparently compensate for chinch bug injury
through enhanced photosynthesis, and, as a result,
sustain less injury. Chlorophyll fluorescence
measurements support this hypothesis. However,
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Figure 2.

Non-structural carbohydrate concentrations of chinch bug-infested and non-infested resistant buffalograss

(‘Prestige’) at 5, 10, and 20 days after chinch bug removal. Bars with the same letter are not significantly different (P < 0.05).

the mechanisms controlling global enhancement
of non-structural carbohydrates in response to
chinch bug feeding are not known. Our chloro-
phyll fluorescence data show significant reduc-
tions in the efficiency of the photochemical reac-
tions of susceptible plants after exposure to chinch
bugs. Reductions in the photochemical quantum
yield and the electron transport rate were observed
after prolonged chinch bug feeding, and corre-
sponded with a 66% reduction in photosynthetic
capacity of injured 378’ plants (Table 1). These
results strongly support photosynthetic compensa-
tory mechanisms as an underlying source of
chinch bug resistance in buffalograss.

The lack of chinch bug feeding effects on
other fluorescence parameters (F,, F,, F, and

Fins) suggests that reductions in the photosynthet-

ic capacity of infested plants is not directly relat-
ed to the blockage of electron flow through the
photosystem Il complex. Based on the F, and

quenching coefficients, the possibility of size

reductions of the quinone pool in infested plants,
which would result in accumulation of active oxy-
gen species and disrupt thylakoid membranes
resulting in chlorophyll content reductions and
chlorosis, can also be discounted (2).

The remaining question is, “What is caus-
ing disruption of the overall photochemical quan-
tum yield and photosynthetic rate?” Chinch bug
injury might be involved with either a modifica-
tion in the photosystem Il structure (e.g., detach-
ment of the antennal chlorophyll complex from
the photosystem) or with CO, fixation (10). Our

non-structural carbohydrate data revealed an
increased concentration of this reducing sugar in
infested *378” plants after a few days of chinch
bug feeding. This suggests the photosynthetic
reductions observed in successive sampling dates
may be related to end product inhibition resulting
from phloem-loading and -unloading dynamics
(16). It also supports the hypothesis that overall
photochemical quantum yield and electron trans-



port rates are more involved with CO, fixation
inhibition.

A second study was conducted to investi-
gate the ability of resistant (‘Prestige’) and sus-
ceptible (*378’) buffalograsses to recover from
chinch bug feeding. Carbon exchange rates of the
resistant and susceptible buffalograsses were
recorded at 3, 24, 48, and 72 hours after chinch
bug removal using a portable photosynthetic sys-
tem. Three types of carbon exchange measure-
ments were performed: carbon exchange meas-
urement (constant light and CO,), light curves

(constant CO, and light intensities ranging from 0

to 2,000 mol photons m-2s-1), and carbon assimi-
lation (A-Ci) curves (constant light intensity and
CO, concentrations ranging from 0 to 1,000 mol
CO, mol1).

Significant differences in carbon exchange
rates were detected between infested and control
‘378’ and ‘Prestige’ plants at all four evaluation
times. Three hours after chinch bug removal,
‘378 and ‘Prestige’ both exhibited carbon
exchange rate reductions in response to chinch
bug feeding (Table 2). Reductions in carbon
exchange rates differed among the resistant and
susceptible buffalograsses. At three hours after

chinch bug removal, the tolerant buffalograss
‘Prestige’ showed an 11.3% reduction in activity
compared to its uninfested control, whereas the
chinch bug-susceptible ‘378’ exhibited a 35.5%
reduction in activity when compared to its respec-
tive control. Infested ‘378’ plants continued to
exhibit significant reductions in carbon exchange
rates at 24, 48, and 72 hours after chinch bug
removal.

Infested ‘Prestige’ plants, on the other
hand, exhibited carbon exchange rates similar to
their uninfested controls. In all cases, ‘378 plants’
had at least a three-fold increase in percent carbon
exchange rate reduction when compared to their
control plants. These results suggest the presence
of compensatory photosynthesis in ‘Prestige’, but
not in ‘378’.

Light response curves were accessed to
provide information on the relationship between
carbon exchange rates and light intensities, specif-
ically, the photochemical efficiency of the buf-
falograss plants (4, 25). Light curves at 3 hours
after chinch bug removal demonstrated that
chinch bug feeding reduces assimilation rates at
light intensities of 150 pmol photons m-2s-1
(Figure 3). Chinch bug feeding reduced carbon
exchange rates for both ‘378 and ‘Prestige’.

Mean Carbon Exchange Rates

Hours after
Buffalograss Removal Control Infested % Reduction
.......... (umol CO,m=2s1y.............
Prestige 3 24.0 a 21.3 a 11.3
378 3 22.6 a 146 b 35.5
Prestige 24 24.6 a 23.0 a 0.07
378 24 23.1 a 17.7 b 23.4
Prestige 48 23.2 a 22.8 a 0.02
378 48 229 a 174 b 24.0
Prestige 72 22.6 a 21.1 a 0.07
378 72 21.4 a 16.8 b 21.0

Means in the same row followed by the same letter are not significantly different (P < 0.05).

Table 2. Carbon exchange rates of resistant (‘Prestige’) and susceptible (‘378) buffalograsses at 3, 24, 48, and 72 hours after

chinch bug removal
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Figure 3. Relationships between different light intensities and carbon exchange rates (light curves) of buffalograsses. Carbon
exchange rates were measured at 3 and 48 hours after chinch bug infestation.

However, the greatest differences in mean carbon
exchange rates at the various light intensities were
observed for ‘378’. Carbon exchange rates of
chinch bug-infested ‘378’ plants did not exceed 15
umol CO, m-2s-1 compared with 22 pmol CO, m-

2571 for the control plants. Carbon exchange rates
were similar for infested and control “Prestige’
plants at both 3 and 48 hours after chinch bug
removal at the different light intensities evaluated.

At 48 hours after chinch bug removal, the
greatest differences in mean carbon exchange
rates at the various light intensities were observed
for *378’ (Figure 3). These differences in carbon
exchange rates between infested and control buf-
falograsses indicate less efficient photochemical
processes in chinch bug-infested ‘378’ plants.
The similarities in carbon exchange rates between
infested and uninfested ‘Prestige’ plants suggest

that chinch bug feeding has minimal influence on
the photochemical efficiency of these resistant
plants.

A-Ci curves provided information on
Rubisco activity and ribulose 1, 5-bisphosphate
regeneration in the dark reaction (Calvin cycle)
(6). At both 24 and 72 hours after chinch bug
removal, A-Ci curves were similar between infest-
ed and control ‘Prestige plants’ (Figure 4), indi-
cating that chinch bug feeding did not alter fixa-
tion over these time intervals. Infested ‘378’
plants had lower levels of photosynthetic activity
at each CO, concentration when compared with

their uninfested controls. These reductions are
consistent with photosynthetic reductions result-
ing from limitations in fixation. Given the absence
of signficant injury effects on chlorophyll fluores-
cence and lack of changes in non-structural carbo-
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Figure 4. Relationships between intercellular CO, concentrations and carbon exchange rates (A-Ci curves) of buffalograsses.
Carbon exchange rates were measured at 24 and 72 hours after chinch bug infestation.

hydrates with injury, these A-Ci curve results sup-
port the hypothesis that photosynthetic reductions
are associated with end-product inhibition.

Our research provides the first investiga-
tion of the physiological responses of buffalograss
to chinch bug feeding and demonstrate that short-
and long-term changes in photosynthetic compen-
sation can be used to differentiate resistant and
susceptible genotypes. Future studies will focus
on evaluating the activity levels of key enzymes
involved in either synthesis or degradation of both
sucrose and starch and on elucidating differences
in plant responses associated with chinch bug
injury.

Oxidative Enzyme Responses
A second component of our research

investigated oxidative enzyme responses in resist-
ant and susceptible buffalograsses challenged by

chinch bug feeding. Plants contain several stress-
related proteins, several of which are dramatically
elevated or repressed under stressful conditions.
Modifications in plant protein profiles and alter-
ations in plant oxidative enzyme levels have been
reported to be among a plant's first response to
insect feeding (3, 7, 8, 9, 15, 18, 23, 26). However
the biochemical and physiological function of
these oxidative enzymes and their role in the
plant's defense response remains unclear. Several
researchers have speculated that oxidative
enzymes may play a direct role in the plant's
response to insect attack by conferring resistance
through adversely affecting the development or
behavior of the insect, strengthening cell walls
through lignification, and/or enabling the plant to
detoxify intermediate compounds produced in
response to plant wounding (5, 8, 15).

Our research also characterized protein
changes in chinch bug-challenged resistant and
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Figure 5. Catalase specific activity (umol/min x mg protein) of buffalograsses

susceptible turfgrasses and explored the utility of
these changes as protein-mediated markers for
screening insect-resistant turfgrasses. The effect
of chinch bug feeding on plant protein content and
enzyme (peroxidase, polyphenol oxidase, and
catalase) activities were examined using a spec-
trophotometer. Four buffalograsses, three resistant
cultivars (“Prestige’, ‘Cody’, and ‘Tatanka’) and
the susceptible cultivar ‘378 (13) were selected
for protein analyses. Buffalograss samples con-
sisting of the crown, leaf blades, and lower leaf
sheaths were collected for protein analyses at 3, 6,
9, 12, and 15 days after chinch bug introduction.
Changes in catalase and peroxidase activi-
ty were observed in both resistant and susceptible
buffalograsses in response to chinch bug feeding.
Susceptible plants had lower levels of catalase
activity when compared to their uninfested con-
trols (Figure 5). In contrast, catalase activities of
resistant plants were similar between infested and

control buffalograsses throughout the study.
Resistant plants had higher levels of peroxidase
activity when compared to their controls, while
peroxidase activity for control and infested sus-
ceptible plants remained at similar levels or were
slightly lower for infested plants (Figure 6).
These findings suggest that chinch bug feeding
results in a reduction of catalase activity in sus-
ceptible buffalograsses, while resistant buffalo-
grasses are able to tolerate chinch bug feeding by
increasing their peroxidase activity. There were
no differences in polyphenol oxidase between
control and infested plants for any of the buffalo-
grasses evaluated.

Among the enzymes examined, no differ-
ences in isozyme profiles for peroxidase and
polyphenol oxidase were detected between con-
trol and infested ‘378, *Prestige’, ‘Cody’, or
‘Tatanka’ plants. Gels stained for catalase identi-
fied differences in the isozyme profiles of infested
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Figure 6. Peroxidase specific activity (umol/min x mg protein) of buffalograsses

and uninfested 378’ plants. However, infested
and control ‘Prestige’, ‘Cody’, and ‘Tatanka’
plants had similar isozyme profiles. No differ-
ences in protein profiles were observed between
chinch bug-infested *378’, “‘Prestige’, ‘Cody’, or
‘Tatanka’ plants and their respective uninfested
controls.

Our research offers a new perspective on
plant resistance to insects and provides a model
for studying insect-plant interactions. The identi-
fication of protein-mediated markers for insect
resistance provides a novel approach for screening
insect-resistant turfgrasses.  Ultimately, these
molecular markers will provide a set of tools for
screening other buffalograsses for resistance to
chinch bugs and furnish a starting point for char-
acterizing additional protein-mediated markers
specific to insect resistance.

Acknowledgements

The United States Golf Association, the
International Turfgrass Producers, and University
of Nebraska Agriculture Experiment Station pro-
vided funding for this research.

Literature Cited

1. Baxendale, F. P, T. M. Heng-Moss, and T. P.
Riordan. 1999. Blissus occiduus (Hemiptera:
Lygaeidae): a chinch bug pest new to buffalograss
turf. J. Econ. Entomol. 92:1172-1176. (TGIF
Record 62473)

2. Burd, J. D., and N. C. Elliott. 1996. Changes
in chlorophyll a fluorescence induction kinetics in


http://www.lib.msu.edu/cgi-bin/flink.pl?recno=62473
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=62473

cereals infested with Russian wheat aphid
(Homoptera:Aphididae). J. Econ. Entomol.
89:1332-1337.

3. Chaman, M.E., L.J. Corcuera, G.E. Zuniga, L.
Cardemil, and V.H. Argandona. 2001. Induction
of soluble and cell wall peroxidases by aphid
infestation in barley. J. of Agricultural and Food
Chemistry 49:2249-2253.

4. Chartier, P., M. Chartier, and M. Catskey. 1970.
Resistances for carbon dioxide diffusion and for
carboxylation as factors in bean leaf photosynthe-
sis. Photosynthetica 4:48-57.

5. Dowd, P., and L.M. Lagrimini. 1997. The role
of peroxidase in host insect defense. pp. 195-223.
In N. Carozzi and M. Koziel (eds.) Advances in
insect control. Taylor & Francis, London.

6. Farquhar, G., S. von Caemmerer, and J.A.
Berry. 1980. A biochemical model of photosyn-
thetic CO, assimilation in leaves of C3 species.

Planta 149:78-90.

7. Felton, GW., C.B. Summers, and A.J. Mueller.
1994. Oxidative responses in soybean foliage to
herbivory by bean leaf beetle and three-corned
alfalfa leafhopper. J. Chemical Ecology 20:639-
650.

8. Felton, GW.,, J.L. Bi, C.B. Summers, AJ.
Mueller, and S.S. Duffey. 1994. Potential role of
lipoxygenases in defense against insect herbivory.
J. Chemical Ecology 20:651-666.

9. Green, T. R., and C. A. Ryan. 1972. Wound-
induced proteinase inhibitors in plant leaves: a
possible defense mechanism against insects.
Science 175:776-777.

10. Green, T.GA., B. Schroeter, L. Kappen, R.D.
Seppelt, and K. Maseyk. 1998. An assessment of
the relationship between chlorophyll a fluores-
cence and CO, gas exchange from field measure-

ments on a moss and lichen. Planta 206:611-618.

10

11. Gulsen, O., T. Heng-Moss, R. Shearman, P.
Baenziger, D. Lee, and F. Baxendale. 2004.
Buffalograss germplasm resistance to Blissus
occiduus (Hemiptera: Lygaeidae). J. Econ.
Entomol. 97:2101-2105. (TGIF Record 107288)

12. Haile, FJ., L.G. Higley, X. Ni, and S.S.
Quisenberry. 1999. Physiological and growth tol-
erance in wheat to Russian wheat aphid
(Homoptera: Aphididae) injury. Environ.
Entomol. 28:787-794.

13. Heng-Moss, T. M., F. P. Baxendale, T. P.
Riordan and J. E. Foster. 2002. Evaluation of buf-
falograss germplasm for resistance to B. occiduus
(Hemiptera:Lygaeidae). J. Econ. Entomol.
95:1054-1058. (TGIF Record 83300)

14. Heng-Moss, T. M., F. P. Baxendale, T. P.
Riordan, L. Young, and K. Lee. 2003. Chinch
bug resistant buffalograss: an investigation of tol-
erance, antixenosis, andantibiosis. J. Econ.
Entomol. 96:1942-1951. (TGIF Record 92956)

15. Hildebrand, D.F., J.G. Rodriguez, G.C. Brown,
K.T. Luu, and C.S. Volden. 1986. Peroxidative
responses of leaves in two soybean genotypes
injured by twospotted spider mites (Acari:
Tetranychidae). J. Econ. Entomol. 79:1459-1465.

16. Macedo, T.B. 2003. Physiological responses
of plants to piercing-sucking arthropods. Ph.D.
dissertation. University of Nebraska, Nebraska.

17. Macedo, T.B., C.S. Bastos, L.G. Higley, K.R.
Ostlie, and S. Madhavan. 2003. Photosynthetic
responses of soybean to soybean aphid
(Homoptera: Aphididae) Injury. J. Econ.
Entomol. 96:188-193.

18. Miller, H., D. R. Porter, J. D. Burd, D. W.
Mornhinweg, and R. L. Burton. 1994,
Physiological effects of Russian wheat aphid
(Homoptera: Aphididae) on resistant and suscepti-
ble barley. J. Econ. Entomol. 87:493-499.

19. Ni, X., S.S. Quisenberry, T. Heng-Moss, J.


http://www.lib.msu.edu/cgi-bin/flink.pl?recno=107288
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=83300
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=92956

Markwell, G. Sarath, R. Klucas, and F. Baxendale.
2001. Oxidative responses of resistant and sus-
ceptible cereal leaves to symptomatic and non-
symptomatic cereal aphid (Hemiptera: Aphididae)
feeding. J. Econ. Entomol. 94:743-751.

20. Peterson, R.K.D., and L.G. Higley. 1993.
Arthropod injury and plant gas exchange: current
understandings and approaches for synthesis.
Trends Agric. Sci. Entomol. 1:93-100.

21. Peterson, R.K.D., L.G. Higley, and S.M.
Spomer. 1996. Injury by Hyalaphora cecropia
(Lepidoptera: Saturniidae) and photosynthetic
responses of apple and crabapple. Environ.
Entomol. 25: 416-422.

22. Peterson, R.K.D., L.G. Higley, F.J. Haile, and
J.AF. Barrigossi. 1998. Mexican bean beetle
(Coleoptera: Coccinellidae) injury affect photo-
synthesis of Glycine max and Phaseolus vulgaris.
Environ. Entomol. 27:373-381.

23. Rafi, M. M., R. S. Zemetra, and S. S.
Quisenberry. 1996. Interaction between Russian
wheat aphid (Homoptera: Aphididae) and resistant
and susceptible genotypes of wheat. J. Econ.
Entomol. 89:239-246.

24. Ryan, J.D., R.C. Johnson, R.D. Eikenbary, and
K.W. Dorschner. 1987. Drought/greenbug inter-
actions: photosynthesis of greenbug resistant and
susceptible wheat. Crop Science 27:283-288.

25. Sharkey, T.D. 1985. Photosynthesis in intact
leaves of Cg plants: physics, physiology and rate

limitations. Bot. Rev. 51:53-105.

26. Stout, M.J., A.L. Fidantsef, S.S. Duffey, and
R.M. Bostock. 1999. Signal interactions in
pathogen and insect attack: systemic plant-medi-
ated interactions between pathogens and herbi-
vores of the tomato, Lycopersicon esculentum.
Physiol. and Mol. Plant Path. 54:115-130.

27. Welter, S.C. 1989. Arthropod impact on plant
gas exchange. pp. 135-150. In E.A. Bernays (ed.)

Insect-plant interactions, vol. 1.

Raton, FI.

11

CRC, Boca



