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ABSTRACT Interactions can occur among insects and plant pathogens exploiting the same host
plants, and induced changes in plant chemistry may mediate these interactions. Most studies
have examined interactions from the perspective of individual insects or plant pathogens. We
determined whether co-occurring insects and plant pathogens alter each other's exploitation
patterns in late-season surveys of mature cucurbits. We made field observations of the densities
of3 herbivore species, percentage ofleaf damage and powdery mildew coverage, and occurrence
of 2 common disease symptoms on F 2 individuals of domestic zucchini X wild gourd plants. We
extracted bitter, toxic cucurbitacins and antipathogenic peroxidase enzymes from leaves and
examined variation in chemistry based on the presence or absence of exploiters. We found that
cucumber beetles were present in lower densities on plants with powdery mildew. No other
interactions between insect occurrence and plant pathogen symptoms were found. Levels of
insect infestation and plant pathogen symptom occurrence were not related to cucurbitacin
content or peroxidase activity. Some exploiters do influence host use patterns by other pest
insects and pathogens, but most insects and pathogens appear to interact idiosyncratically with
the host plant late in the season in this system, perhaps because of low densities of exploiters
and low induction of plant chemical resistance.
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HERBIVOROUSINSECI'SEXPLOITINGa common plant host
can influence each other's distribution and survival
through changes in host plant chemistry, predation
mortality, or both (Root 1973; Faeth 1986, 1991;
Hunter 1987). Plant pathogenic viruses, bacteria,
and fungi may also influence insect community
structure in agricultural and natural systems (Kris-
chik 1991). Studies of interactions between plants
and biotic factors have mostly examined one or a
few plant exploiters at a time, and relatively few
have examined plant-mediated interactions be-
tween insects and plant pathogens in the context of
putative chemical defenses (Barbosa 1991, Nichol-
son and Hammerschmidt 1992). If we are to under-
stand phenomena that structure insect or microbe
communities on plants, it would seem imperative to
determine whether and how plant pathogens and
herbivorous insects influence each others' distribu-
tions.

Induced chemical changes occur in many plants
after insect attack (Karban and Myers 1989, Faeth
1991, Wolfson 1991), and pathogen infection (Ham-
merschmidt and Yang- Cashman 1995, Stermer
1995). These changes can affect host suitability for
subsequent insect or microbial exploiters of the
plant (Benedict and Chang 1991, Edwards et al.
1991, Hatcher 1995). Plants in the family Cucurbi-
taceae (squashes, cucumbers, melons, and wild rel-
atives) exhibit a suite of such changes, including
plant-wide increases in peroxidase enzyme activity

after pathogen attack (Hammerschmidt et al. 1982,
Smith et al. 1991). Peroxidases are associated with
increased resistance to subsequent inoculation with
the same or different pathogens, and can persist for
weeks (Staub and Kuc 1980, Dalisay and Kuc 1995).
Some products of peroxidase acivity, such as tough-
ened cell walls and increased concentrations of
toxic oxygen radical molecules, could negatively
influence the ability of insects to exploit the plant
(Duffey and Stout 1996). From the insect perspec-
tive, feeding damage on squash leaves induces in-
creases in toxic, bitter triterpenoid cucurbitacins
(Tallamy 1985). Cucurbitacin induction may in-
crease future damage by adapted herbivores, such as
diabroticite cucumber beetles in which pure cucur-
bitacins induce compulsive feeding behavior
(Chambliss and Jones 1966, Metcalf et al. 1982),
while lowering plant quality for most other chewing
herbivores (Tallamy et al. 1997). Cucurbitacins
have fungistatic actvity (Bar-Nun and Mayer 1990)
and so may have negative effects on fungal and other
pathogens. Cucurbitacin concentration increases in
tissue wilted by bacterial infection, and beetles feed
more on wilted cotyledonary stage plants than on
healthy seedlings (Haynes and Jones 1975). How-
ever, cucurbitacin induction after insect feeding is
ephemeral and localized (McCloud et al. 1995) and
bacterial wilt is followed quickly by plant death.
Associations driven by prior cucurbitacin induction
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may thus be more time dependent than the effects
of peroxidase.

Nutrient changes are also important in cucumber
tissues, as in the case of viral infection decreasing
feeding and reproduction in melon aphids as amino
acid profiles change (Blua and Perring 1992). Al-
teration of carbohydrate and protein content by
pathogens leads to increases in insect feeding, sur-
vival, or fitness in diverse plant systems (Barbosa
1991, Hatcher 1995). Pathogen-induced changes in
plant quality could thus have positive or negative
effects on plant-insect interactions in cucurbits, and
multiple chemical changes involving both nutritive
and defensive components are likely involved.
However, cross-effects of this nature may not al-
ways exist. Under controlled conditions, melon
aphids, spider mites, and fall armyworms do not
exploit fungus or virus-infected plants differently
than healthy controls, although cucumber beetles
feed somewhat more on virus-infected leaves
(Apriyanto and Potter 1990, Ajlan and Potter 1991).
Little is known about the existence, direction, or
chemical foundation of plant-mediated interactions
between insects and phytopathogens under field
conditions.

In this study we sought negative and positive
spatial associations among insects, plant pathogens,
and their symptoms as a way of inferring their ef-
fects on each other. We also attempted to associate
these patterns with biochemical traits of individual
plants, which were mature F2 progeny arising from
several families of crosses between domestic non-
bitter zucchini, Cucurbita pepo (L.) and a bitter
gourd species, C. texana Gray. Individual plants thus
varied in morphology and cucurbitacin content
from the start and perhaps also in other defense-
related traits.

Materials and Methods

Plants and Field Data. Seeds from 141 F2 progeny
of 12 crosses between 'Black Beauty' zucchini, C.
pepo, and Texas gourd, C. texana, were sown in each
of 2 plots in late May 1993 and grown for 3 mo at the
Russell Larson Agricultural Experiment Station of
Penn State University. Fields were fertilized to lev-
els recommended for commercial zucchini produc-
tion (A. Stephenson, Penn State Department of Bi-
ology, personal communication). Roundup
herbicide (Monsanto, St. Louis, MO) was applied
before planting; all subsequent weeding was done
by hand. We thinned seedlings to 3 per hill, and we
used no irrigation. On 3-6 September 1993, as leaves
near the crown were beginning to senesce, we re-
corded numbers of chrysomelid cucumber leaf bee-
tIes (Coleoptera: Chrysomelidae), including spot-
ted cucumber beetles, Diabrotica undecimpunctata
howardi Barber, adult beetles of western corn root-
worm, D. virgifera virgifera LeConte, and striped
cucumber beetles, Acalymma vittatum (F.) on 6
leaves surrounding the midpoint of each vine on
each plant (up to 5 vines sampled per plant). We

also counted melon aphids, Aphis gossypii Glover
(Homoptera: Aphididae), and hemipterous squash
bugs, Anasa tristis De Geer (Hemiptera: Coreidae).
We estimated percentage of leaf area removed by
insect damage and abaxial area covered with pow-
dery mildew fungus, Erysiphe cichoracearum, and
obtained a summed percentage for all leaves exam-
ined on each plant. We counted the numbers of
leaves showing necrosis or wilting symptoms, indic-
ative of plant stress caused by various pathogens as
illustrated in MacNab et al. (1983) ..In the case of
wilting, we examined affected vines for vine-borer
damage, to ensure that pathogens were responsible.
We initially expressed insect count data as densities
per leaf and disease occurrence as the fraction of
examined leaves exhibiting the various symptoms, to
correct for differing numbers of vines (and thus
leaves) available on different plants.

Plant Chemistry. Prior work revealed that bitter
fruit taste, an indication of cucurbitacin production
in plant tissues (Metcalf et al. 1982), assorted in a 3:1
ratio in F2 plants like the ones we used here (A.
Stephenson, personal communication). Because
most herbivore and pathogen activity in the Held
study centered on leaves and flowers, cucurbitacin
concentration in leaf blades was measured as a pos-
sible indicator of resistance. The middle leaf in the
region of each vine used for insect and pathogen
assessment was flash-frozen in liquid nitrogen in the
field immediately after assessment, transported to
the laboratory on dry ice and stored at -20°C until
analysis. Samples from up to 3 different vines per
plant were pooled. Leaf blades were analyzed sep-
arately from petioles because cucumber beetles fed
more on petioles than on blades. Trends in these 2
sample types were similar, and so only leaf blade
data are presented here.

Cucurbitacin E glycoside is the dominant cucur-
bitacin in the hybrid squash we used (Metcalf et al.
1982). For extractions, leaves were weighed with
minimal thawing, ground in 1.7 ml chloroform per
gram fresh weight and filtered, and the filtrate evap-
orated. The dry residue was extracted with 1:1 pe-
troleum ether and 90% methanol, partitioned in a
250-ml round separatory funnel and the methanol
fraction evaporated to dryness. The residue was
weighed and redissolved in 0.03 ml ethyl acetate per
milligram of residue and spotted in I-ILl aliquots
onto a thin-layer chromatography (TLC) plate (10
by 20 cm) containing fluorescent indicator (EM
Science, Gibbstown, NJ). Plates were fully devel-
oped in 80:18:2 ethyl acetate:isopropanol:water. Cu-
curbitacin E glycoside appeared as quenching spots
under short wave UV light (average relative mobil-
ity = 0.47 + -0.03). Quenching zones were scanned
with a Shimadzu 9000S flying spot scanning densi-
tometer (Shimadzu, Kyoto, Japan) at 257 nm wave-
length. Absorbance was integrated into peak area
and converted to concentration using a standard
curve made with cucurbitacin E glycoside partially
purified from bitter fruits. For purification, samples
were extracted and run on TLC plates as above.
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Quenching zones were scraped off and loaded onto
a 25-cm column packed with 10 g silica gel that was
eluted with 25 ml ethyl acetate. Quenching eluates
were collected, dried under nitrogen, and reconsti-
tuted (0.03 ml ethyl acetate per milligram residue).
TLC runs of the reconstituted eluant migrated as a
single spot with peak absorbance at 257 nm, which
is consistent with cucurbitacin E glycoside (Metcalf
et al. 1982). Concentrations in samples were ex-
pressed in nanomol per gram fresh weight tissue.

The method of Hammerschmidt et al. (1982) was
used to quantify peroxidase enzyme activity in
leaves. Briefly, frozen leaves were ground in cold
acetone and vacuum filtered. The residue on the
filter paper was dried to a powder and extracted
with 0.01 M cold phosphate buffer, pH 6.0 for 1 h.
The extract was vacuum filtered and centrifuged
and thc supernatant used for protein and enzyme
assays. Total protein in 40 I-tlextract was determined
using the Bio-Rad (Hercules, CA) modification of
the method of Bradford (1976) at 595 nm with a
Perkin-Elmer (Oakwood, IL) Lambda 3A UV/VIS
spectrophotometer and bovine serum albumin as a
standard (Sigma, St. Louis, MO). Peroxidase activity
(per milligram protein) was measured at 470 nm for
1 min in a reaction mixture containing 1Ol-tlextract
and 990 0.01 M phosphate buffer, pH 6.0 containing
0.25% guiaicol (vol:vol) substrate and 1.25% hydro-
gen peroxide (vol:vol).

Statistics. Because the data did not meet the re-
quirements of parametric statistics (normality and
common error variance), due largely to low insect
and pathogen symptom densities per plant, data for
insect densities, estimated percentage of leaf dam-
age and mildew coverage, and numbers of leaves
with disease symptoms were converted to presence-
absence classes for most analyses. We tested for pair-
wise associations using all 3-way combinations of the
presence-absence variables that satisfied minimum
expected cell frequency requirements (Tabachnick
and Fide1l1989) with hierarchical log-linear analysis
computed by PROC CATMOD (SAS Institute 1990).
This analysis involved a chi-square approximation of
the likelihood ratio statistic, which was used to test the
fit of a series of models to null expectations based on
cell sizes. A poor fit (P = 0.05) when a given term was
omitted from a model indicated that the omitted term
contributed significantly to explaining the patterns of
variation in the data. For each set of 3 variables (for
example: presence or absence of beetles, aphids, and
squash bugs), the 1st model calculated was a saturated
model containing 3 individual variable terms, all 3
possible 2-way interaction terms, and one 3-way in-
teraction term. In subsequent models SAS first per-
manently deleted the 3-way interaction term, then
deleted each of the 2-way terms in tum while keeping
the other 2 in the model. Models containing only one
2-way term were then calculated. The final model
tested for complete independence of the 3 individual
variable terms. In interpreting the analysis output, we
examined this last model first. If the chi-square test on
the fit of this model was significant, we examined more

complex models (Agresti 1990). In cases where not all
4 possible presence-absence combinations for a given
pair of variables occurred in the data, including the
2-way interaction term for this pair produced models
ofless than full rank (Tabachnick and Fide1l1989) and
so these pairs could not be examined. The 3 variable
pairs for which this was the case were: aphids X leaf
damage, aphids X mildew, and leaf damage X wilt
symptom. To obtain full rank models, we created 1
additional observation that contained the missing pair-
wise presence-absence combination. None of the 3
variable pairs were significant in the subsequent anal-
yses, and so the original analyses involving only the
actual observed data are presented here. In cases
where log-linear analysis suggested a significant pair-
wise association, we ran a 2-sample Wilcoxon rank-
sum test (SAS PROC NPARIWAY) comparing the
effect of presence-absence of one of the variables
involved on the quantitative levels of the other vari-
able.

Contingency tables (SAS PROC TABULATE) did
not indicate sufficient expected cell frequencies for
log-linear analysis of cucurbitacin or peroxidase
data (transformed from quantitative levels into cat-
egories above and below the median, to try to make
the analysis comparable to that involving insects and
pathogen occurrence). We therefore used 2-sample
Wilcoxon rank-sum tests to search for associations
between presence-absence of individual insects or
pathogen symptoms and the quantitative levels of
cucurbitacin and peroxidase activity. The Sidak ex-
perimentwise correction factor (SASInstitute 1990)
for 12 tests yielded P < 0 .004 as the level required
for statistical significance.

Results
Insect and Pathogen Community Associations.

No associations in presence-absence were evident
among the 3 insect species we studied- cucumber
beetles, melon aphids, and squash bugs- or among
mildew and the 2 pathogen symptoms, necrosis and
wilting. In testing for associations between insects
and pathogens, only 1 of the 3-way combinations of
variables we examined (beetles, aphids, and pow-
dery mildew presence-absence) yielded a signifi-
cant model of complete independence (Table 1).
Further examination of higher-order models within
this combination suggested that the beetle-mildew
interaction term was significant (Table 2), and
quantitative leaf area covered with mildew was sig-
nificantly higher on plants on which beetles were
absent (Fig. 1) (Wilcoxon rank sum test, Z = 3.84,
P < 0.001, n = 141). Quantitative beetle density
varied significantly according to the presence or
absence of mildew (Z = 3.38, P < 0.001, n = 141).
By comparison, percentage of mildew coverage did
not vary significantly according to the occurrence of
aphids and squash bugs (Fig. 1).

Chemistry and the Exploiter Community. Chem-
ical analyses involved a subset of the plants sampled
for insects and pathogens in the field. Table 3 reveals
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Table 1. Results of 3-way log-linear models testing for interactions between insects and patbogen symptoms using prescncc-nh.cnce
classes

Model terms df x" P

Beetles, aphids, squash bugs 3 2.77 0.4281
Beetles, aphids, damage 2 0.19 0.9084
Beetles, aphids, mildew 2 5.89 0.0526"
Beetles, aphids, leaf necrosis 4 1.83 0.7673
Beetles, aphids, leaf wilting 4 0.43 0.9796
Damage, mildew, leaf necrosis 4 1.19 0.8800
Damage, mildew, leaf wilting 2 1.48 0.4782
Mildew, leaf necrosis, leaf wilting 3 1.02 0.7958

• See Table 2 for a further analysis of this combination of variables.
P values are from chi-square tests of the likelihood ratio assuming complete independence of the 3 variables listed. A significant P value

(P = 0.05) indicates that the variables are not completely independent. To maximize the number of models run, some variables and
combinations of variables were tested redundantly.

no significant differences in either cucurbitacin
content or peroxidase activity between plants on
which beetles, aphids, leaf damage, leaf mildew, leaf
necrosis, or wilting were present or absent. Since
log-linear analysis revealed only 1 significant asso-
ciation among insects and pathogens (beetles and
mildew), each row in Table 3 may be considered in
most cases as an independent comparison, even
though the same set of plants was involved in all
comparisons. Cucurbitacin concentrations tended
to be higher in plants on which insects or disease
symptoms were absent, whereas the opposite trend
was evident for peroxidase enzyme activity.

Table 2. Analysis of associations between presence-absence of
cucumber beetles, melon aphids, and powdery mildew infection

Term df x" P

Model A
Beetles 1 0.86 0.3547
Aphids 1 51.37 <0.0001
Mildew 1 51.37 <0.0001
Aphids x 0

mildew
Likelihood ratio 2 5.89 0.0526

Model B
Beetles 1 4.97 0.0258
Aphids 1 51.37 <0.0001
Mildew 1 42.01 <0.0001
Beetles X 1 4.76 0.0292

mildew
Likelihood ratio 0.00 0.9727

Model C
Beetles 1 0.11 0.7398
Aphids 1 51.11 <0.0001
Mildew I 51.37 <0.0001
Beetles X 1 0.11 0.7398

aphids
Likelihood ratio 5.78 0.0162

Model A (beetle X aphid and beetle X mildew terms omitted)
is not of full rank, because 1 of the 4 possible combinations of
presence-absence of aphid X mildew is not present in the data. The
nonsignificant likelihood ratio for model B (beetle X aphid and
aphid X mildew terms omitted) indicates that this combination of
model terms fits the data well. The poor fit (significant likelihood
ratio) of model C (beetle X mildew and aphid X mildew terms
omitted) suggests that there is a significant association between
presence-absence of beetles and presence-absence of powdery
mildew.

Discussion

This study suggests that by the end of the growth
season, interactions influencing the occurrence of
various members of the zucchini pest community
exist but are rare. Individual insects and pathogens
interact in a mostly idiosyncratic way with their
shared host. There are several possible explanations
for this conclusion. By the census date (early Sep-
tember), several pest species, especially aphids,
squash bugs, and all pathogen symptoms other than
mildew were infrequent. We did not control levels
of initial infestation with insects or infection with
pathogens, and early, potentially influential plant
chemical responses may have waned by the time of
our census. No interactions were evident among
pathogen symptoms, in contrast to studies done
under controlled conditions demonstrating protec-
tion of plants after infection by one patho~en
against later infection by the same or other patho-
gens (Hammerschmidt and Yang-Cashman 1995).
Much additional work under field conditions with
known times of insect infestation and causal patho-
gen infection is needed.

Our data suggest that cucumber beetles avoid
plants infected with powdery mildew. We expected
that diseased plants might be altered chemically in
ways that would either change the ability of insects
to find their host, or affect the digestability or tox-
icity of plant tissue (Hatcher 1995, Duffey and Stout
1996). Even in the apparent absence of peroxidase
and cucurbitacin induction, it is possible that some
of the visual, olfactory, and gustatory cues cucum-
ber beetles use to identify hosts (both in flowers and
leaves) may have been lacking in mildewed plants
because of either physical obstruction by mildew
mycelia and spores, or altered production of chem-
ical cues or nutrients by stressed plants (Hammond
and Hardy 1988), but the chemical basis, if it exists,
is uncertain. In contrast, we did not find an associ-
ation in one case where a chemical mechanism had
already been found-cucumber beetles did not oc-
cur more frequently on wilted than on nonwilted
plants in our study, at least at the time of day plants
were examined, even though a known positive as-
sociation exists, under controlled conditions, be-
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Tat.l" 3. Sumpl" sizes (N) and mean cucurbilacin conteul
(11Il1nVMli'W)nm1llt"roxidmle llctivity (ubsurhance per l11illigrum of
prolt'in lK"r 1I1iIlUlt» in plunts on which the indicated insect or
l>8tho!':('n ")'1nl'tol11 wus pre"eut or ahsenl (Pres or Ahs, rcspectively)
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Fig.!. Comparisons of percentage of leaf area covered
with powdery mildew fungus between squash plants in the
field on which insects were absent or present. Numbers
above bars indicate sample size of plants in each class. The
asterisk indicates a significant association between mildew
and beetles using log-linear analysis (See Table 1) and
Wilcoxon rank sum tests (see text).

tween wilt and beetles, driven by cucurbitacins
(Haynes and Jones 1975). However, Yao et al.
(1996), in examining the relationship between prior
cucumber beetle infestation and bacterial wilt oc-
currence (beetles vector bacterial wilt inoculum)
found that beetle densities declined rapidly after
the 1st few weeks, in accordance with our conclu-
sion that associations may be stronger earlier in the
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and significantly elevated peroxidase activity in re-
sponse to insect attack or pathogen 'infection in
general suggests that if associations between insects
and pathogens are mediated by chemical defenses,
their occurrence may be rare late in the season
because of low densities of most inducing organisms
or changes in the ability of the plant to induce
(Faeth 1991).
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Slim tests, with P < 0.004as the corrected level for significance.
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