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Midgut pH of gypsy moth larvae was depressed artificially with buffered diet to examine the
impact of alkalinity on the caterpillars’ ability to tolerate a dietary polyphenol and a quinone.
A 2 × 3 factorial design was used, with 2 levels of succinate buffer and 3 dietary amendments
(tannic acid, juglone, or control). Development was monitored during the third and fourth
instars, with consumption, food passage rates, midgut pH, and midgut redox potential (Eh)
measured in the fourth instar. Diet buffering successfully depressed midgut pH to hypotheti-
cally suboptimal acidic levels without reductions in survivorship, but it did reduce larval
growth and impede development. Buffering dramatically reduced survivorship of fourth instar
larvae eating diets containing tannic acid or juglone. Growth increased on unbuffered diet
amended with tannic acid, but not with juglone. Caterpillars passed food through the gut
more slowly when feeding on buffered tannic acid diet or on unbuffered juglone diet. These
results indicate that maintenance of midgut alkalinity is critical to tolerance of dietary tannic
acid and juglone, and that these allelochemicals have very different activities in the caterpillar
gut.  1997 Elsevier Science Ltd. All rights reserved
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INTRODUCTION

Lepidoptera larvae such as the gypsy moth (Lymantria
dispar L.) must maintain gut conditions that enable them
to maximize extraction of nutrients from plant tissues
while minimizing any deleterious effects of secondary
metabolites. In part, gut pH (hydrogen ion availability)
determines what chemical transformations ingested com-
pounds may undergo (Appel, 1993). For example, in
more acidic environments, phenolics can form hydrogen
bonds with dietary proteins or enzymes (Feeny, 1969);
while at higher pHs, stronger ionic and covalent bonding
and/or damaging oxygen radical formation may occur
(Felton et al., 1989, 1994). Gut alkalinity may improve
both the quality and quantity of extracted protein
(Woodham, 1983; Felton and Duffey, 1991), and influ-
ence susceptibility to viral pathogens (Keating et al.,
1990; Appel and Schultz, 1994). Because of its poten-
tially multifaceted impacts, gut pH is an important trait
to consider when examining anti-nutritive and/or toxic
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effects of allelochemicals in insect diets. In this study we
examine the impact of midgut pH on the ability of L.
dispar caterpillars to tolerate a dietary polyphenol (tannic
acid) and a quinone (juglone).

MATERIALS AND METHODS

Insects and diet treatments

Gypsy moth egg masses were obtained from USDA
Otis Methods Development Center (Otis ANGB, MA).
Eggs were sterilized in formalin for 1 h, rinsed, and incu-
bated at 30°C. The first 900 larvae to hatch were placed
on the standard wheat germ diet (ODell et al., 1985).
Larvae were reared at three per cell in 50-cell jelly trays
(Hopple Plastics, Florence, KY) covered with mylar
(after Appel and Schultz, 1992). They were reared at
30°C on a 16:8 (L:D) photoperiod.

To examine the impact of diet on survivorship, the first
larvae to reach the third instar were distributed randomly
among the six treatment diets (n = 24 per diet) in individ-
ual diet cells and monitored daily through the third and
fourth instars. To examine the impact of diet on growth,
consumption and gut physicochemistry, additional larvae
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molting to the third instar on successive days were dis-
tributed randomly among treatments.

A 2 × 3 factorial design was used to determine the
effects of dietary buffer (Buffered or Unbuffered) and
allelochemical constituents (Control, 4% dry wt tannic
acid, or 4 mm juglone) on growth, midgut pH and redox
potential. To eliminate additional sources of variation, a
single batch of each diet type was used throughout the
experiments, and diet components were thoroughly
mixed. For buffered diets, the standard wheat germ diet
was modified by substituting deionized distilled water
with 0.25m succinic acid (Sigma Chemical Company, St
Louis, MO; S-7501) adjusted to pH 4.0 with NaOH. Suc-
cinate was shown in previous experiments to alter pH
without significantly altering Eh (Table 1). For alleloch-
emical treatments, we chose concentrations of tannic acid
and juglone that reflected those normally occuring in foli-
age of oaks and walnuts, respectively. Oaks are a pre-
ferred hostplant for L. distars, and walnut is an important
secondary host for older caterpillars. Tannic acid (Sigma
T-0125) was added to the diet at 4% of the diet dry wt,
and juglone (Sigma J-0500) at 4 mm. The tannic acid we
used was shown via HPLC to be a mixture of tetra-,
penta-, and hepta-galloyl glucose, all major components
of oak gallotannins (Appel and Schultz, unpublished).

Diet and gut physicochemistry measures

Final diet pH and redox potentials (Eh) were measured
on single replicates of diet homogenized in water using
an Orion Research (Model 231) pH/mV/temp meter, a
22 gauge micro needle pH electrode (Sam Agulian,
Hamden, CT), a 0.02 in. platinum electrode
(Microelectrodes, Inc.), and liquid junction Ag/AgCl ref-
erence electrodes (Mere-1, World Precision Instruments).
Eh readings were standardized to the hydrogen reference
probe by adding 200 mV.

Diet buffering capacities (Schultz and Lechowicz,
1986) were determined by titrating 1 g of diet homogen-
ized in 1 ml deionized distilled water with 0.05m NaOH
to a pH of 8.75. Buffering capacity is expressed as
mol OH− g−1 fresh diet.

TABLE 1. Summary of diet characteristics

Diet Buff Allelochemical pH Eh Buffering
(mV) capacity

(mmol OH
− g−1 fresh

diet)

1 B None 4.04 283 590
2 B Tannic acid 4.00 297 697
3 B Juglone 4.14 300 715
4 N None 5.30 260 140
5 N Tannic acid 5.43 239 130
6 N Juglone 5.25 297 150

Buff = buffering treatment—B = buffered to pH 4 with 0.25m succi-
nate, N = unbuffered; tannic acid = 4% of diet dry wt; juglone
= 4 mm.

The impact of diet treatment on larval gut physicoch-
emistry was determined on 3-day-old fourth instar larvae
used to measure consumption (see below). Larvae were
chilled, pinned to a dissecting tray, and body length was
measured. A longitudinal ventral incision was made
exposing the gut, and pH and Eh measurements were
taken at three points along the length of the midgut
(7 # n # 12 per diet) and averaged, using the same pro-
bes used to measure diet pH and redox (see above).

Larval survivorship, consumption, and growth
The impact of diet treatment on larval performance

was determined by monitoring survivorship of third and
fourth instar larvae and measuring growth, food passage
rate, and consumption by fourth instar larvae. We had
initially planned to carry out the experiment to pupation
and use pupal weight as our growth measure; however,
a growth chamber failure in the fifth stadium prevented
this. As we had already determined larval body lengths
during measurement of gut physicochemistry (see
above), the relationship of body length to mass was
determined for another set of larvae reared in the same
manner on each experimental diet (n = 23 per diet).
Length–mass relationships were calculated using linear
regression, and larval mass was calculated from length
data. Differences in larval mass among treatments are
expected to reflect differences in eventual pupal mass and
fecundity (Rossiter et al., 1988; Kleiner and Montgom-
ery, 1994).

Food passage rates were measured on 2-day-old fourth
instar larvae that had been placed in cells without diet
for 24 h (10 # n # 15 per diet). Larvae were placed on
pre-weighed 1 g blocks of diet of the same type on which
they had fed during their 3rd stadium. Cells were moni-
tored every 10 min and the time interval of first observed
feeding (Ii) and first appearance of frass (If) were noted
(Keating, 1988). Body lengths were measured after frass
first appeared. The food passage rate (FPR) was calcu-
lated by the equation: FPR (cm/min) = (Body length in
cm)/(If − Ii)(10 min).To estimate the effect of diet treat-
ment on consumption, larvae were allowed to continue
feeding for 24 h at which point they were removed from
diet and chilled for measurement of body length and gut
physicochemistry. Remaining diet was separated from
frass and dried to a constant weight to determine the final
dry wt (Dwf). At the beginning of the experiment, five
uneaten 1 g blocks of each diet type were dried and the
average of their dry wts was used as an estimate of the
initial dry wt (Dwi) of blocks in each treatment. The
amount of food consumed (C) was calculated on a dry
wt basis and expressed as a fraction of body length to
account for differences in consumption among larvae of
different sizes using the equation: C (mg/cm) = (DWi

− DWf)/Body length. We recognize two weaknesses of
this experiment:

1. the use of average body mass in these ratios has been
criticized because it may not be independent of treat-
ment effects, and
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2. our larvae did not consume the majority of their diet
cubes which can introduce error into estimates of
initial diet dry wt (Schmidt and Reese, 1986).

As a consequence, we interpret these results as estimates
of consumption.

Statistics

General Linear Models procedures (GLM; SAS Insti-
tute, 1985) were used to determine the significance of the
effects of buffer, allelochemicals, and their interaction on
average midgut pH and Eh, instar duration, body length,
body mass, food passage rate, and amount consumed.
Significant differences among means were determined by
Tukey’s studentized range (HSD) test. Body mass to
body length relationships were examined using GLM
regression procedures. Significance of diet impact on sur-
vivorship was determined using the Chi-square test
(Ott, 1993).

RESULTS

Diet treatments

Table 1 summarizes diet characteristics. Buffered diets
had a pH of 4.0–4.1, and unbuffered diets had a pH of
5.3–5.4. Both of these values are within the natural range
of oak foliage (pH 4.1–5.6; Schultz and Lechowicz,
1986). Eh values were similar among diets, in the range
239–300 mV. Buffered diets exhibited buffering
capacities up to five times greater than unbuffered diets,
regardless of amendment. The buffering capacity of buff-
ered diets was more than twice as great as the most
strongly-buffered sample from foliage of 23 hardwood
species reported by Schultz and Lechowicz (1986). Buff-
ering capacities of unbuffered diets are more representa-
tive of tree foliage.

Midgut pH and redox potential

Fourth instar L. dispar feeding on buffered diets had
significantly lower average midgut pH values than those
feeding on unbuffered diets (6.46 vs 8.74) (P , 0.0001;
Fig. 1 and Table 2). Neither allelochemical treatment nor
its interaction with buffering influenced midgut pH
(Table 2). The redox potential of the midgut was highly
variable and the means did not differ significantly among
buffer or allelochemical treatments (Fig. 1 and Table 2).

Survivorship

Survivorship of fourth instar L. dispar (Fig. 2) varied
significantly among diet treatments (P , 0.001). Sur-
vivorship on both the buffered tannic acid and buffered
juglone diets was significantly lower than on unbuffered
diets and buffered control. Buffering alone had no impact
on survivorship.

Instar duration

The duration of the third stadium was not influenced
by the diet treatments. However, allelochemical and

FIGURE 1. Average midgut pH and Eh (redox, mV) of fourth instar
L. dispar feeding on six diet treatments (7 # n # 12). Error bars show
SE. B = buffered (with 0.25m succinic acid to pH 4.0), N = unbuffered,
c = control, T = tannic acid (4% dry wt), J = juglone (4 mm). Bars
with at least one upper case letter in common are not significantly
different from one another at a = 0.05. Dots with at least one letter
in common are not significantly different from one another at a = 0.05.

buffer had a significant impact on fourth stadium dur-
ation with no significant interaction (Table 2). Larvae fed
buffered diets completed their fourth stadium more
slowly than those on unbuffered diets (P , 0.0001;
Fig. 3). The effect of buffer was largely due to a signifi-
cant increase in stadium duration on the buffered tannic
acid diet (P = 0.0015).

Body length and mass

Allelochemical and buffer had a significant impact on
body length, but there was no significant interaction
between them (Table 2). Two-day-old fourth instar L.
dispar fed buffered diets were shorter than those fed
unbuffered diets (P , 0.0001;Fig. 4). Tannic acid
increased larval body length, especially when unbuffered
(Fig. 4).

Body lengths of fourth instar larvae in the supplemen-
tary experiment were strongly correlated with body mass
as expected; however, regression equations differed
slightly among diet types (Table 3). Body mass of the
original experimental group was estimated using these
regression equations, and analyzed for treatment effects
(Fig. 5 and Table 2). Allelochemical and buffer had a
significant impact on body mass, but there was no sig-
nificant interaction between them (Table 2). As with
body length, body mass of L. dispar larvae was reduced
on buffered diets (P , 0.0001), and allelochemical diets
(P , 0.0001) compared to controls. Larvae feeding on
the unbuffered tannic acid diet had higher masses than
those feeding on all other diets (Fig. 5).
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TABLE 2. ANOVAs of diet effects on fourth instar L. dispar midgut pH and Eh, survivorship, instar duration, body length, body mass, food
passage rate and amount consumed. Diet treatments were Buffer (diet buffered to pH4 with 0.25m succinate) and Allelochemical (diet amended

with 4%(w/w) tannic acid or 4 mm juglone).

Variable Source df F-ratio P

Midgut pH Allelochemical 2 1.84 0.1690
Buffer 1 98.72 0.0001

Allelochemical × buffer 2 2.54 0.0893

Midgut Eh Allelochemical 2 0.09 0.9169
Buffer 1 1.017 0.3201

Allelochemical × buffer 2 1.73 0.1885

Instar duration Allelochemical 2 7.01 0.0015
Buffer 1 21.17 0.0001

Allelochemical × buffer 2 2.50 0.0883

Body length Allelochemical 2 10.43 0.0001
Buffer 1 35.70 0.0001

Allelochemical × buffer 2 1.60 0.2074

Body mass Allelochemical 2 14.18 0.0001
Buffer 1 41.94 0.0001

Allelochemical × buffer 2 2.83 0.0637

Food passage rate Allelochemical 2 1.77 0.1791
Buffer 1 0.10 0.7540

Allelochemical × buffer 2 5.44 0.0067

Amount consumed Allelochemical 2 0.17 0.8423
Buffer 1 0.86 0.3580

Allelochemical × buffer 2 3.41 0.0395

FIGURE 2. Percent survival of third to fourth instar L. dispar feeding
on six diet treatments. B = buffered (with 0.25m succinic acid to pH
4.0), N = unbuffered, C = control, T = tannic acid (4% dry wt), J =
juglone (4 mm). Bars marked with asterisks are significantly lower (at
a = 0.05) than values expected for the hypothesis of no treatment effect

on survival.

FIGURE 3. Duration (days) of fourth instar L. dispar feeding on six
diet treatments. Error bars show SE. B = buffered (with 0.25m succinic
acid to pH 4.0), N = unbuffered, C = control, T = tannic acid (4% dry
wt), J = juglone (4 mm). Bars with at least one letter in common are

not significantly different from one another at a = 0.05.
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FIGURE 4. Body length (cm) of fourth instar L. dispar feeding on six
diet treatments. B = buffered (with 0.25m succinic acid to pH 4.0), N
= unbuffered, C = control, T = tannic acid (4% dry wt), J = juglone
(4 mm). Bars with at least one letter in common are not significantly

different from one another at a = 0.05.

TABLE 3. Mass (M) to body length (BL) relationships of fourth instar L. dispar feeding on six diet treatments

Buffer Allelochemical Regression equation r2 P

B None M = 12.34BL − 12.99 0.89 0.0001
B Tannic acid M = 10.89BL − 9.86 0.82 0.0001
B Juglone M = 8.88BL − 7.39 0.82 0.0001
N None M = 11.29BL − 10.14 0.63 0.0001
N Tannic acid M = 18.22BL − 23.85 0.78 0.0001
N Juglone M = 14.56BL − 16.91 0.83 0.0001

B = buffered to pH4 with 0.25m succinate, N = unbuffered; tannic acid = 4% of diet dry wt; juglone = 4 mm.

FIGURE 5. Body mass (mg) of 2-day-old fourth instar L. dispar feed-
ing on six diet treatments. Error bars show SE. B = buffered (with
0.25m succinic acid to pH 4.0), N = unbuffered, C = control, T = tannic
acid (4% dry wt), J = juglone (4 mm). Bars with at least one letter in
common are not significantly different from one another at a = 0.05.

Food passage rate

Food passage rate was not influenced significantly by
either allelochemical or buffer; however it was influenced
by their interaction (P = 0.0067; Table 2). Passage rates
were slowed considerably on unbuffered juglone and
buffered tannic acid diets (Fig. 6). An effect of tannic
acid on the rate of food passage, independent that of
buffer, was not detected at a = 0.05.

Amount consumed

Diet consumption was not influenced significantly by
either allelochemical or buffer; however it was influenced
by their interaction (P = 0.0395; Table 2). Consumption
was lowest on buffered control and unbuffered juglone,
intermediate on buffered tannic acid, buffered juglone,
and unbuffered tannic acid diets, and highest on unbuff-
ered control diets (Fig. 7). This consumption pattern did
not parallel variation in growth parameters (Fig. 5).

FIGURE 6. Rate of food passage (cm min−1) of fourth instar L. dispar
feeding on six diet treatments. Error bars show SE. B = buffered (with
0.25m succinic acid to pH 4.0), N = unbuffered, C = control, T = tannic
acid (4% dry wt), J = juglone (4 mm). Bars with at least one letter in
common are not significantly different from one another at a = 0.05.
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FIGURE 7. Amount of food consumed in 24 h by fourth instar L. dis-
par feeding on six diet treatments. Error bars show SE. B = buffered
(with 0.25m succinic acid to pH 4.0), N = unbuffered, C = control, T
= tannic acid (4% dry wt), J = juglone (4 mm). Bars with at least one
letter in common are not significantly different from one another at a

= 0.05.

DISCUSSION

Impact of diet treatment on gut conditions

All buffered diets lowered the average midgut pH of
fourth instar L. dispar, regardless of dietary allelochem-
ical. Buffered guts had an average midgut pH of 6.46,
well below the reported range for this species in instar
four (9.8–10.2; Schultz and Lechowicz, 1986; Appel and
Schultz, unpub. data). This difference was not merely
caused by initial diet pH. Although Appel and Maines
(1995) and Schultz and Lechowicz (1986) showed that
L. dispar larvae can compensate for relatively acidic diets
during extended feeding bouts, in this study midgut pH
remained depressed on buffered diets throughout 24 h
feeding periods, long enough for caterpillars to counter
initial diet conditions if they were capable of doing so.
These results confirm that diet buffering can have a pro-
found impact on midgut conditions in L. distar larvae
(Karowe and Martin, 1993). We clearly prevented cater-
pillars from attaining a hypothetically optimal midgut pH
by feeding them buffered artificial diets.

Gut pH and Eh are apparently regulated independently,
as neither buffering nor allelochemical treatment influ-
enced midgut Eh. Juglone’s failure to influence L. dispar
midgut Eh is surprising considering that it is a strong
reducing agent. Juglone lowers midgut Eh of Helicov-
erpa zea (Noctuidae) (Johnson and Felton, 1996) and
may be responsible for the low Eh of Polia latex feeding
on black walnut foliage (Appel and Martin, 1990). How-
ever, H. zea has a weakly oxidizing midgut (Johnson and
Felton, 1996), and L. dispar has a strongly oxidizing
midgut. On artificial diet containing 8mm juglone, a con-
centration two-fold higher than that used in this study,
midgut Eh of H. zea is dramatically reduced from approx.
+ 90 to − 156 mV (Johnson and Felton, 1996), whereas

midgut Eh of L. dispar is only reduced from 120 to
57 mV (Appel, unpubl.). Tannic acid also failed to influ-
ence midgut Eh of both H. zea and L dispar. As midgut
Eh in L. dispar larvae has been associated with the over-
all level of phenolic oxidizing groups in oak leaves
(Appel and Maines, 1995), the results of the present
study suggest that oak leaf phenolics other than hydrolyz-
able tannins (of which tannic acid is a component),
and/or foliar enzymes may influence gut Eh when larvae
consume foliage.

Impact of diet treatment on survivorship

Tannic acid and juglone caused significant mortality
in L. dispar larvae when added to buffered diets (Fig. 2),
but neither compound elevated mortality above control
levels when larvae were allowed to maintain alkaline gut
conditions; buffering alone had no impact on mortality
(Fig. 2, control diets). It is unclear why either compound
is toxic when diets are buffered. Either could produce
reactive oxygen species (ROS) under the Eh conditions
measured in these experiments (Appel, 1993; Felton et
al., 1994). However, one would expect ROS to form at
least as readily under the alkaline midgut conditions
observed in larvae fed unbuffered diets (Appel, 1993).
Perhaps under more alkaline conditions ROS form less
toxic covalent ligands with proteins or other substrates
more rapidly (Appel, 1993), or luminal detoxification
enzymes (Lindroth et al., 1990) are more active.

Impact of diet treatment on growth and consumption

Larvae gained significantly less mass and took slightly
longer to develop on buffered diets than when they were
permitted to maintain alkaline gut conditions. These
results could reflect

1. difficulty in extracting nutrients or energy from buff-
ered diets,

2. chronic toxic effects of buffered diets,
3. metabolic costs of attempting to compensate for diet-

ary buffering and maintain alkalinity, and/or
4. metabolic costs of production of higher levels of

digestive enzymes to compensate for their presumably
reduced activity in the lumen due to low pH.

These experiments were not designed to separate these
effects completely. In allelochemical-free diets, buffers
may have had an indirect inhibitory effect on digestion
by generating acidic conditions that reduced the effec-
tiveness of alkaline proteases. However, caterpillars
neither slowed food passage on buffered control diets as
they might to digest recalcitrant food, nor ate more as
they might to compensate for a lower food value; this
suggests that buffering per se did not reduce digestibility
or food value of unamended diets. Since larval mortality
did not differ between buffered and unbuffered control
(unamended) diets, it seems unlikely that buffer toxicity
was a problem. Dow (1984) and Karowe and Martin
(1993) established the possibility that cation pumping
and other mechanisms responsible for maintaining alka-
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line midgut conditions might be energetically costly.
Such a cost may provide a partial explanation for reduced
larval growth on buffered, unamended diets, although we
cannot completely rule out reduced food value as a cause.

The dramatically lower food passage rate of caterpil-
lars on buffered tannic acid diets may reflect a reduced
food value, and is consistent with the suggestion that
alkaline midgut conditions increase the value of tannin-
containing food, perhaps by dissociating polyphenol–
nutrient complexes (Berenbaum, 1980). Although we
expected body mass to be greatest on unbuffered diet
containing no allelochemical, larvae actually achieved
the highest body masses on unbuffered diets containing
tannic acid. This suggests that tannin oxidation, which is
likely under the alkaline and high Eh midgut conditions
of L. dispar caterpillars, did not result in oxidative coup-
ling to nutrients. In fact, recent evidence suggests that
tannin tolerance may be related to the fate of oxidized
tannin, and not simply to its oxidation (Barbehenn and
Martin, 1992, 1994).

Gypsy moth larvae did not slow food passage when
fed juglone-containing buffered diets (Fig. 5). Instead,
passage rate was slowed dramatically when juglone was
administered in unbuffered diets, a result also observed
by Lindroth et al. (1990). It seems clear that juglone elic-
its a shift in processing rates, but only under normal,
preferred gut pH conditions. This response is opposite
the caterpillars’ response to tannic acid, and suggests that
juglone and tannic acid are perceived quite differently by
L. dispar larvae and may have very different activities
in the caterpillar gut. Juglone’s main impact on the insect
may be a toxic one, while tannic acid may reduce food
value in addition to being toxic at low pH conditions. In
either case, L. dispar larvae clearly minimize negative
impacts of dietary allelochemicals on growth and sur-
vival by maintaining a preferred gut pH.
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