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The midgut pH of gypsy moth (Lymantria dispar) larvae was significantly lower when larvae 
were fed acidic foliage. At 30 min after the start of a feeding bout, larvae feeding on bigtooth aspen 
(foliage pH = 6.04) had average midgut pH levels of 10.16, while larvae feeding on red oak foliage 
(foliage pH = 3.84) had average midgut pH levels of 9.36. Midgut pH was also significantly reduced 
when larvae were fed acidic artificial diets. At 30 min, average midgut pH levels were 9.80 and 9.42 
for larvae fed diets buffered at pH 7 and 4, respectively. Larval susceptibility to the gypsy moth 
nuclear polyhedrosis virus was also significantly reduced when larvae consumed virus on highly 
acidic foliage and acidic artificial diets. Diet pH may affect virus activity by changing midgut pH 
and altering the rate and location of virion release in the midgut lumen. 8 1990 Academic press, IIIC. 

KEY Worms: Lymantria dispar, susceptibility to NPV; gypsy moth nuclear polyhedrosis; diet 
pH; midgut pH. 

INTRODUCTION 

Many entomologists have noted that the 
susceptibility of insects to their pathogens 
may be significantly altered by host plant 
foliage (see review, Benz, 1987). Most 
workers have focused on host plant food 
quality or the presence of plant allelochem- 
icals to explain their observations. Host 
plant foliage may also be affecting patho- 
gens through its effect on the pH of the in- 
sect’s digestive tract. 

Several insect species, especially lepi- 
dopteran larvae, maintain high midgut pH 
levels (Berenbaum, 1980). Midgut pH can 
affect the activity of digestive enzymes and 
larval ability to digest and absorb nutrients 
in the presence of digestion inhibitors 
(Dadd, 1975; Berenbaum, 1980). MidgutpH 
may also affect the susceptibility of insects 
to pathogens (Heimpel, 1955; Sharpe and 
Detroy, 1979; Stiles and Paschke, 1980). 

Schultz and Lechowicz (1986) observed 
that gypsy moth, Lymantria dispar, larvae 
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fed foliage from different host plant species 
had significantly different midgut pH lev- 
els. Keating and Yendol (1987) found that 
gypsy moth larvae fed gypsy moth nuclear 
polyhedrosis virus (NPV) on different host 
plant species had significantly different 
mortality rates. The objectives of this study 
were to examine the effect of diet pH and 
buffering capacity on gypsy moth larval 
midgut pH and to relate this impact to the 
susceptibility of larvae treated with virus 
on different host plant species. 

METHODS AND MATERIALS 

Midgut pH offoliage-fed larvae. Larval 
midgut pH measurements were made by 
methods modified from Schultz and 
Lechowicz (1986). Larvae were anesthe- 
tized with diethyl ether and immediately 
dissected to expose the intact digestive 
tract. Hemolymph was removed from the 
surface of the gut with paper tissues. A sil- 
ver wire microelectrode (MEPH-1, W.P. 
Instruments, Inc., New Haven, Connecti- 
cut) and a glass capillary reference elec- 
trode (MERE-l, WPI) were inserted di- 
rectly into the lumen of an intact midgut 
immediately after dissection. Two mea- 
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surements were taken in most guts: one in 
the anterior third and one in the middle 
third of the midgut. Heimpel (1955), Dow 
(1984), and Schultz and Lechowicz (1986) 
have observed that midgut pH declines rap- 
idly after disruption of the gut lining and 
exposure of the contents to air, so measure- 
ments were made as quickly as possible and 
no attempt was made to measure the pH of 
posterior third of the midgut. 

Host plant foliage was collected in late 
May from a single tree of each of four spe- 
cies: red oak (Quercus rubru), black oak 
(Q. velutina), quaking aspen (Populus tre- 
muloides), and bigtooth aspen (P. grandi- 
dentutu). All selected trees were located in 
a l-ha block in a mixed stand of young trees 
growing in sandy loam soil 5 km north of 
State College, Pennsylvania. 

Gypsy moth larvae were reared through 
third instar on a wheat germ and casein- 
based artificial diet (Bio-Serv, Frenchtown, 
New Jersey) from egg masses provided by 
the APHIS, U.S. Department of Agricul- 
ture (Otis, Massachusetts). Upon molting 
to fourth instar, larvae were removed from 
diet and held without food for 24 hr so that 
all larvae had empty guts prior to consum- 
ing foliage. Measurements were made on a 
subset of these larvae to determine the mid- 
gut pH at the start of feeding. Following 
starvation, larvae were allowed to feed 
freely for 30 min on leaf discs cut from one 
of the four host plant species. After feed- 
ing, larvae were removed from foliage and 
held at room temperature until dissected. 
Midgut pH for subsets of larvae fed differ- 
ent host plants was measured at 30, 60, 90, 
and 120 min from the time the larvae began 
feeding. 

Measurements were made in both the an- 
terior and the middle portions of the mid- 
guts of six larvae for each host plant and at 
each time point, and the anterior midgut pH 
alone was measured for two additional lar- 
vae for each treatment. The anterior and 
middle midgut readings were combined for 
each larva in which both measurements 
were made to calculate an average midgut 

pH for individual larvae. Significant differ- 
ences in midgut pH at a given time point 
were determined with ANOVA and Dun- 
can’s new multiple range test (Steel and 
Torrie, 1980). 

Foliage pH and buffering capacity. The 
foliage pH and buffering capacity were de- 
termined by methods modified from 
Schultz and Lechowicz (1986). Leaf sam- 
ples were collected from the same trees 
concurrent with the collection of leaf mate- 
rial for the midgut pH measurements. 
Three leaf samples for each host plant spe- 
cies were added to distilled water at 25 mg 
fresh weight/ml of water and homogenized 
for 30 sec. The homogenate was divided 
into two aliquots, and the pH of each ali- 
quot measured within 10 min of homogeni- 
zation (Orion Model 231 pH meter). 

Schultz and Lechowicz (1986) defined fo- 
liage “buffering capacity” as the capacity 
of leaf tissue to resist rising pH, and they 
used this term as a measure of the physio- 
logical effort required of larvae to raise the 
pH of ingested leaf tissue to larval midgut 
pH levels. Buffering capacity was mea- 
sured by titrating each constantly stirred al- 
iquot with 0.1 M NaOH until the pH of the 
aliquot remained within 0.10 pH units of 9.5 
for 1 min, and the titer was calculated in 
micromoles OH-/g fresh leaf material. The 
pH values and buffering capacities of the 
two aliquots were averaged to give the pH 
and buffering capacity of each sample; 
three samples were analyzed for each host 
plant species. Significant differences in pH 
and buffering capacity among the host plant 
species were determined with ANOVA and 
Duncan’s new multiple range test following 
ANOVA (Steel and Torrie, 1980). 

Virus bioassay with host plant foliage. 
The susceptibility of gypsy moth larvae to 
the gypsy moth nuclear polyhedrosis virus 
when the virus was consumed on different 
host plants was examined by methods pre- 
viously described by Keating and Yendol 
(1987) and Keating et al. (1988). Foliage for 
bioassays was collected from the same 
trees concurrent with collections for midgut 
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pH measurements. Larvae were reared 
through second instar on the same gypsy 
moth artificial diet described above (Bio- 
Serv), removed from food for 24 hr upon 
molting to third instar, and then allowed 24 
hr to consume a single virus-treated leaf 
disc (8 mm diameter) cut from one of the 
above host plant species. Each leaf disc 
was treated with 2-p,l aliquots of a suspen- 
sion of 3 x lo7 polyhedral inclusion bodies 
(PIBs)/ml suspension. Thus, each larva re- 
ceived a dose of 60,000 PIBs/larva in con- 
junction with foliage from a different host 
plant species. Control larvae were fed leaf 
discs treated with distilled water. Larvae 
which failed to consume the entire leaf disc 
within 24 hr were discarded at this point. 
After this inoculation on foliage, larvae 
were returned to an artificial diet for a 17- 
day incubation period during which mortal- 
ity due to virus was recorded daily. Since 
larvae were treated identically before and 
after inoculation, any differences in mortal- 
ity rates among larvae inoculated with the 
same viral dose, but on different foliage 
types, may be attributed to the impact of 
diet on viral activity at the time of inocula- 
tion. Treatments on each host plant species 
were replicated four times with approxi- 
mately 50 larvae in each replicate. Differ- 
ences in mortality among larval groups in- 
oculated on different host plant species 
were compared with ANOVA and Dun- 
can’s new multiple range test after the arc- 
sin transformation of mortality in each rep- 
lication (Steel and Torrie, 1980). 

Midgut pH and virus bioassay with arti- 
ficial diets. In addition to foliage pH, there 
are many other chemical differences among 
different host plant species. To examine the 
effect of diet pH on midgut pH in the ab- 
sence of any other diet chemistry differ- 
ences, two artificial diets were prepared 
with equal amounts of wheat germ, cellu- 
lose, and agar (Keating et al., 1988). The 
diets were buffered with 0.10 M citrate and 
the pH of the two diets was adjusted to 4 or 
7 with HCl or NaOH, respectively. Fourth 
instar larvae, reared and starved as de- 

scribed above, were allowed to feed on pH 
4 or pH 7 diets for 30 min and were then 
removed from diet and held at room tem- 
perature until dissected at 30, 60, 90, 120, 
and 180 min after feeding began. Gut pH 
measurements were made in the anterior 
and middle midgut of six to eight larvae for 
each treatment; anterior and medial read- 
ings were combined and averaged. Signifi- 
cant differences in midgut pH were deter- 
mined using Duncan’s NMR test following 
ANOVA. The pH and buffering capacity of 
the artificial diets were determined by ho- 
mogenizing the diets in distilled water (25 
mg diet/ml H,O) and titrating with NaOH to 
pH 9.5. 

The effect of diet pH on larval suscepti- 
bility to NPV was assessed with artificial 
diet bioassay methods previously described 
(Keating et al., 1989). In brief, larvae were 
reared through second instar on a gypsy 
moth artificial diet, removed from food for 
24 hr upon molting to third instar, and then 
allowed 24 hr to consume a single virus- 
treated diet plug (40 mg) of citrate-buffered 
diets adjusted to pH 4 or 7. Each diet plug 
was treated with 2+1 aliquots of a 3 x lo5 
PIBs/ml suspension. Thus, each larva re- 
ceived a dose of 600 PIBs/larva in conjunc- 
tion with pH 4 or pH 7 diets. The dosages 
administered on the artificial diets were 
lower than the dosages used with leaf ma- 
terial because larvae were much more sus- 
ceptible when fed virus on artificial diets. 
Controls fed on diet plugs treated with dis- 
tilled water but no virus. Larvae were al- 
lowed 24 hr to consume all of the virus- 
treated diets and were then transferred 
back to the rearing diet for a 17-day incu- 
bation period during which mortality due to 
virus was assessed daily. As in the leaf disc 
bioassay, those larvae which failed to con- 
sume all of the food material were dis- 
carded. ANOVA was used to determine 
significant differences in mortality rates af- 
ter arcsin transformation of the data. 

Effect of pH on PZB dissolution rates. To 
determine whether pH-related variation in 
mortality was due to differential PIB disso- 
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lution, we examined the effect of variable 
pH and ionic strength on PIB dissolution 
rates with spectrophotometric methods 
modified from Gudauskas and Canerday 
(1968). Four 0.1 M carbonate buffer solu- 
tions were prepared and adjusted to pH 9.5, 
10, 10.5, and 11, respectively. Aliquots of 
the different buffer solutions were com- 
bined 1: 1 with aliquots of a 4 x lo7 PIBs/ml 
suspension. Dissolution was monitored by 
removing 1 ml aliquots of the mixture at 1, 
2, 3, 4, 5, 7, 20, 30, and 60 min after the 
buffer was added and reading the absor- 
bance at 580 nm. The dissolution of the 
PIBs was followed until no change in absor- 
bance was observed for two or three con- 
secutive time points. The initial absorbance 
(time = 0) was determined with a control 
tube containing 5 ml of the PIB suspension 
and 5 ml of distilled water, and the final 
absorbance for completely dissolved PIBs 
was approximately 25% of the absorbance 

at time = 0. The amount of dissolution at a 
given point in time was calculated as (ab- 
sorbance at time t - final absorbance)/ 
(initial absorbance - final absorbance). 
The amount of dissolution was plotted 
against time and the time at which the dis- 
solution process was 50% complete was in- 
terpolated from this plot. The effect of in- 
creasing ionic strength on the rate of disso- 
lution was determined at each of the above 
four pH levels by adding 100 or 200 mM 
NaCl to each carbonate buffer. Aliquots of 
buffer and PIBs were combined and disso- 
lution was monitored at time intervals as 
described above. 

RESULTS 

Midgut pH of foliage-fed larvae. The 
mean pH of the empty midguts of starved 
larvae was 10.77 -t 0.3. Once feeding began 
and the relatively acidic foliage entered the 
midgut, the midgut pH levels declined con- 

TABLE 1 
MEAN (*SD) ANTERIOR AND MIDDLE MIDGUT pH LEVELS AT VARIOUS TIME POINTS AFTER CONSUMPTION 

OF SELECTED HOST PLANT SPECIES BY GYPSY MOTH LARVAE 

Time from start 
of feeding 

30 

60 

90 

120 

Host plant Mean anterior 
species midgut pHb 

Red oak 9.23 2 0.33” 
Black oak 9.54 ? 0.25b 
Quaking aspen 9.98 2 0.38’ 
Bigtooth aspen 10.09 2 0.31C 

Red oak 9.58 2 0.37” 
Black oak 9.87 2 0.22” 
Quaking aspen 10.27 + 0.32b 
Bigtooth aspen 10.27 * 0.26b 

Red oak 9.81 t 0.39” 
Black oak 9.95 * 0.30” 
Quaking aspen 10.33 * 0.30b 
Bigtooth aspen 10.40 2 0.23b 

Red oak 9.96 2 0.34” 
Black oak 10.31 2 O.lgb 
Quaking aspen 10.44 5 0.23b 
Bigtooth aspen 10.40 ? 0.26b 

Range of 
anterior 

pH levels’ 

1.08 
0.80 
1.26 
0.74 

1.10 
0.64 
0.88 
0.76 

0.94 
0.96 
0.90 
0.63 

0.83 
0.50 
0.65 
0.78 

Mean middle 
midgut pHd 

9.58 f  0.30” 
10.03 2 0.27b 
10.22 f  0.25b 
10.32 2 0.31b 

9.91 f  0.36” 
10.23 * 0.23ab 
10.45 f  0.36b 
10.49 2 0.2gb 

10.02 2 0.25” 
10.21 + O.lga 
10.52 k 0.22b 
10.50 t O.lgb 

10.20 2 0.33” 
10.54 -t- 0.22a 
10.51 f  0.15” 
10.52 k 0.26” 

Range of 
middle 

pH levels’ 

0.73 
0.66 
0.73 
0.84 

0.94 
0.68 
0.90 
0.78 

0.72 
0.47 
0.58 
0.48 

0.76 
0.60 
0.36 
0.71 

a Values followed by the same letter are not significantly different, P > 0.05 (Duncan’s NMR test). Significant 
differences are calculated within each time period only, and superscript letters in different time periods or 
different columns are not related. 

bN=8. 
’ Maximum observed pH - minimum observed pH. 
dN=6. 
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siderably in all larvae, regardless of host 
plant species (Table 1, Fig. 1). Midgut pH 
then appeared to rise steadily during the 
course of digestion, regardless of foliage 
type, although the mean pH often failed to 
return to levels in starved larvae within the 
120-min period of the experiment, espe- 
cially among larvae fed red oak foliage (Ta- 
ble 1, Fig. 1). Midgut pH levels were signif- 
icantly higher in the middle portion of the 
midgut than in the anterior midgut pH at 
each point in time (Table 2). These ditfer- 
ences between midgut regions appeared to 
be greater among oak-fed larvae than in as- 
pen-fed larvae, and variation generally de- 
creased with time after feeding (Tables 1 
and 2). The highest individual readings in 
fed larvae were observed in larvae that had 
exhausted their foregut supply of stored 
acidic foliage. 

Significant differences were found among 
the mean anterior midgut pH levels of lar- 
vae fed different host plant species, with 
the greatest differences occurring closest to 
the start of feeding (Table 1). At all time 
points, the anterior midgut pH was signifi- 
cantly more acidic in red oak-fed larvae 
when compared with quaking aspen- or big- 
tooth aspen-fed larvae. Larvae feeding on 

9.25 I I I I 

0 30 60 90 120 

TIME SINCE START OF FEEDING (MIN) 

FIG. 1. Average midgut pH after consumption of 
selected host species (combined anterior and middle 
measurements). Data points within a given time point 
followed by the same superscript letters are not signif- 
icantly different, P > 0.05 (Duncan’s NMR test). 

TABLE 2 
MEAN ANTERIOR AND MIDDLE MIDGUT pH (*SD) 

FOR EACH POINT IN TIME FOR ALL LARVAE 
INDEPENDENT OF HOST PLANT SPECIES 

Time from start Midgut 
of feeding region Mean pH 

30 Anterior 9.63 f  0.44” 
Middle 10.03 f  0.39b 

60 Anterior 9.95 k 0.42” 
Middle 10.33 ” 0.37b 

90 Anterior 10.01 * 0.37” 
Middle 10.31 5 0.37b 

120 Anterior 10.23 +- 0.29” 
Middle 10.44 + 0.27b 

D Values followed by the same letter are not signif- 
icantly different, P > 0.05 (Duncan’s NMR test). Sig- 
nificant differences are calculated within each time pe- 
riod only, and superscript letters in different time pe- 
riods are not related. 

black oak showed significantly lower ante- 
rior midgut pH levels than larvae fed either 
aspen species until 120 min after feeding 
began. At no time were there any signifi- 
cant differences in pH between larvae fed 
quaking or bigtooth aspen. 

Mean middle midgut pH levels were also 
significantly different among larvae fed dif- 
ferent foliage (Table 1). Larvae feeding on 
red oak had significantly lower middle mid- 
gut pH levels when compared with larvae 
feeding on quaking or bigtooth aspen until 
120 min after the start of feeding. At most 
time points, there were no significant dif- 
ferences in middle midgut pH levels among 
larvae fed black oak, quaking, or bigtooth 
aspen foliage. At no time point was there 
any significant difference between larvae 
fed quaking or bigtooth aspen. 

When anterior and middle midgut read- 
ings for each larva were combined and av- 
eraged, significant differences in average 
midgut pH were found among larvae fed 
different host plant species (Fig. 1). At all 
time points, the average midgut pH of lar- 
vae fed red oak was significantly lower than 
the average pH found in larvae fed quaking 
aspen or bigtooth aspen. Black oak-fed lar- 
vae had significantly more acidic average 
midgut pH levels than larvae fed big tooth 
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aspen at 30 min after feeding began and 
more acidic pH levels than both aspen spe- 
cies at 90 min. 

Foliage pH and buffering capacity. Dif- 
ferences in midgut pH among larvae fed dif- 
ferent host plant species reflected differ- 
ences in the pH and buffering capacity of 
the foliage. Red oak foliage was signifi- 
cantly more acidic than black oak, quaking 
aspen, or bigtooth aspen leaf material, and 
black oak foliage was more acidic than fo- 
liage from either aspen species (Table 3). 
Red oak foliage also had a much greater 
buffering capacity than the foliage from 
black oak, and both oak species were better 
buffered than quaking and bigtooth aspen 
foliage (Table 3). 

Virus bioassay with foliage. Mortality 
among larvae fed NPV on leaf discs was 
significantly affected by the type of foliage 
consumed in conjunction with the virus. 
Larvae inoculated on virus-treated red or 
black oak were significantly less suscepti- 
ble to the virus than larvae feeding on virus- 
treated quaking or bigtooth aspen (Table 3). 
Mortality among control larvae fed leaf 
discs treated with virus-free distilled water 
was <2%, indicating that virus-free foliage 
was innocuous. 

Midgut pH and virus bioassay with arti- 
ficial diets. The results of the artificial diet 
experiments followed the pattern in the 
host plant foliage experiments. Larvae fed 
buffered diets adjusted to pH 4 had signifi- 

cantly lower anterior midgut pH levels at 
30, 60, and 90 min after the start of feeding 
when compared with the anterior midgut 
pH of larvae fed buffered diets adjusted to 
pH 7 (Table 4). No significant differences in 
middle midgut pH were found among larvae 
fed pH 4 and pH 7 diets (Table 4). How- 
ever, when the anterior and middle pH 
readings were averaged for each larva, the 
average midgut pH of larvae fed pH 4 diets 
was again significantly lower than the mid- 
gut pH of larvae fed pH 7 diets at 30, 60, 
and 90 min after the start of feeding (Fig. 2). 
The measured pH of each diet was 4.19 and 
7.29, and the buffering capacity of the two 
diets was 300 and 36 )IM OH-/g diet for the 
pH 4 and 7 diets, respectively. The effect of 
artificial diet pH on larval susceptibility to 
nuclear polyhedrosis virus has been re- 
ported previously (Keating et al., 1989). It 
was found that larvae fed virus on pH 4 
diets were significantly less susceptible 
than larvae fed the virus-treated pH 7 diet, 
with average mortality rates of 22.6 and 
64.2% for pH 4 and 7, respectively. There 
was no mortality among control larvae on 
either diet. 

The dissolution of PIBs was strongly af- 
fected by both the pH and the ionic strength 
of the solution. At pH 9.5, complete disso- 
lution was only observed when 100 or 200 
mM NaCl was added to the buffer, and the 
time required to complete 50% of the total 
dissolution was approximately 51 and 28 

TABLE 3 
MEAN (*SD) LEAF TISSUE HOMOGENATE pH AND BUFFERING CAPACITY FOR SELECTED GYPSY MOTH HOST 

PLANTS AND MEAN (?SD) MORTALITY RATES FOR LARVAE INOCULATED WITH 60,000 PIBS/LARVA IN 
CONJUNCTION WITH FOLIAGE OF SELECTED HOST PLANTS 

Mean leaf Mean buffering capacity Mean percentage 
Host plant species tissue pH” (micromole OH-/g leaf material) mortalityb 

Red oak 3.84 2 0.13” 515.1 -+ 42.F 49.5 f 7.2a 
Black oak 4.55 * 0.43b 268.7 2 54.3b 52.0 2 16.1” 
Quaking aspen 5.89 + 0.14c 191.9 + 36.4’ 91.5 2 4.1b 
Bigtooth aspen 6.04 2 0.07’ 144.8 2 10.4’ 96.0 2 2.gb 

0 Values followed by the same letter are not significantly different (P > 0.05) using Duncan’s NMR test. 
* Data were subjected to arcsine transformation for ANOVA, but untransformed mortalities are reported in 

the table. Percentage mortalities followed by the same letter are not significantly different, P > 0.05 (Duncan's 
NMR test). 
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TABLE 4 
MEAN (*SD) ANTERIOR AND MIDDLE MIDGUT pH LEVELS AT VARIOUS TIME PRINTS AFTER CONSUMPTION 

OF BUFFERED ARTIFICIAL DIETS BY GYPSY MOTH LARVAE 

Range of Range of 
Time from start Artificial Mean anterior anterior Mean middle middle 

of feedingb diet pH midgut pHb pH levels’ midgut pH pH levels’ 

30 4 9.13 f  0.14” 0.35 9.12 + 0.21a 0.59 
I 9.62 f  0.34b 1.27 9.% + 0.34* 0.99 

60 4 9.52 + 0.20” 0.60 10.08 f  0.36” 0.79 
7 9.89 + 0.17b 0.66 10.31 f  O.lla 0.33 

90 4 9.58 + 0.17’ 0.52 10.20 f  o.20a 0.58 
7 9.96 2 0.17b 0.41 10.34 k 0.16a 0.47 

120 4 9.93 f  0.25” 0.69 10.46 + 0.33* 0.99 
7 9.86 + 0.14a 0.36 10.41 f  0.25” 0.66 

180 4 10.02 f  0.44” 0.94 10.45 f  0.43” 1.06 
7 10.07 f  0.21” 0.60 10.55 -t O.lY 0.60 

0 Values followed by the same letter are not significantly different, P > 0.05 (F test). Significant differences 
are calculated within each time period only, and superscript letters in diierent time periods are not related. 

b N = 8 at 30, 60, and 90 min; N = 6 120 at and 180 min. 
c Maximum observed pH - minimum observed pH. 

min with 100 and 200 mM NaCl, respec- 
tively. At pH 10, dissolution was more 
rapid and the rate of dissolution was greater 
when salt was present with 50% dissolution 
times of approximately 11, 4.5, and 3 min 
for 0, 100, and 200 mM salt solutions. At pH 
10.5, the PIBs dissolved within 3 to 4 min in 
all buffer solutions with 50% dissolution 
times of approximately 0.5 min for 100 and 

g50L y 
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FIG. 2. Average midgut pH following consumption 
of pH 4 and pH 7 artificial diets using combined ante- 
rior and middle measurements. Data points within a 
given time point followed by the same superscript let- 
ters are not significantly different, P > 0.05 (Duncan’s 
NMR test). 

200 mM salt solutions and 1.25 min for salt- 
free solutions. At pH 11, PIBs dissolved 
completely in less than 1 min in all solu- 
tions, including buffers without salt. 

CONCLUSIONS AND DISCUSSION 

There was considerable variation in pH 
among identically treated larvae, despite 
controlling for midgut region, diet, and 
time. The range of observed midgut pH 
measurements for larvae fed the same host 
plant species for the same length of time 
was often as great as 0.8 to 1.2 pH units, 
while the total range of midgut pH levels for 
all larvae in the study was only about 2.2 
pH units. This variation may be due to 
pulsed movements of stored foliage from 
the foregut into the midgut, causing a brief 
drop in midgut pH. Variation may also be 
the result of slight differences in probe 
placement since large differences occur 
over a distance of a few millimeters in the 
same midgut. 

Dow (1984) and Schultz and Lechowicz 
(1986) have reported that larval midgut pH 
varies along the length of the midgut and 
also varies with diet and time since feeding. 
In this study, midgut pH was significantly 
higher in the middle region than in the an- 
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terior of the midgut. Midgut pH was con- 
sistently lower in larvae fed more acidic di- 
ets and was usually lowest shortly after 
feeding began. Differences among larvae 
fed different host plant species were great- 
est at the earliest time point observed (30 
min) and smallest at the latest time point 
(120 min). 

Gypsy moth larval midgut pH appears to 
be strongly affected by foliage type. The 
midgut pH levels of larvae feeding on the 
highly acidic, strongly buffered red oak fo- 
liage were consistently lower than the mid- 
gut pH levels observed in larvae feeding on 
other host plant species. Larvae feeding on 
the moderately acidic, but less well-buf- 
fered, black oak foliage had intermediate 
pH levels relative to larvae fed other foliage 
types. The highest pH levels were usually 
found in larvae fed the less acidic, poorly 
buffered aspen foliage. Thus, differences 
among larvae in midgut pH are most likely 
the result of differences in both foliage pH 
and foliage buffering capacity. This conclu- 
sion was supported by observations made 
on larvae fed buffered artificial diets ad- 
justed to pH 4 or 7. Larvae fed pH 4 citrate 
diets had consistently lower midgut pH lev- 
els when compared with the pH levels of 
larvae fed pH 7 diets. These findings are in 
agreement with observations of gypsy moth 
larval midgut pH made by Schultz and 
Lechowicz (1986), although they reported 
considerably lower midgut pH levels in lar- 
vae with empty guts. 

Keating et al. (1988) reported a signifi- 
cant positive correlation between larval 
susceptibility to nuclear polyhedrosis virus 
and leaf tissue pH. Similarly, in this study, 
larvae consuming virus on the less acidic, 
poorly buffered quaking or bigtooth aspen 
were significantly more susceptible to the 
virus than larvae fed virus in conjunction 
with more acidic, well-buffered red and 
black oak foliage. Larval susceptibility to 
virus was also greater on artificial diets ad- 
justed to pH 7 than on pH 4 diets. 

In summary, lower mortality rates were 
strongly associated with food material 

which lowered larval midgut pH levels. 
Larvae fed highly acidic diets had signifi- 
cantly less alkaline midguts and were sig- 
nificantly less susceptible to virus. In con- 
trast, Stiles and Paschke (1980) concluded 
that decreasing midgut pH increased the 
susceptibility of mosquito species to a nu- 
clear polyhedrosis virus. 

Virions of nuclear polyhedrosis viruses 
must be released from proteinaceous PIBs 
before infection of the host larvae can oc- 
cur (Granados and Williams, 1986). PIB 
dissolution rates are proportional to pH and 
ionic strength and virion release appears to 
be proportional to PIB dissolution rates 
(Nordin and Maddox, 1971; Pritchett et al., 
1984). While midgut pH levels were lower 
in gypsy moth larvae fed acidic diets, the 
carbonate buffer studies of PIB dissolution 
suggest that pH levels in the middle midgut 
were still high enough to dissolve PIBs and 
to release virions. The ionic strength of T. 
ni digestive juice was reported to be equiv- 
alent to 140 mM NaCl (Pritchett et al., 
1984), and a comparable ionic strength in 
gypsy moth larvae would ensure complete 
PIB dissolution, even in larvae fed red oak 
foliage. However, dissolution and virion re- 
lease were probably slower and occurred 
farther along the digestive tract in those lar- 
vae consuming more acidic diets. 

Infection of the larva probably occurs 
within a variable window of time and space 
open between the time the virions are re- 
leased from the PIBs under alkaline condi- 
tions and the time the virions are degraded 
and inactivated in the hostile environment 
of the midgut lumen (Stiles and Paschke, 
1980; Pritchett et al., 1984). The window 
could be a function of several factors, in- 
cluding midgut pH, food passage rates, the 
activity of virus-associated alkaline pro- 
teases, and digestive proteases and dietary 
compounds (Payne and Kalmakoff, 1978; 
Stiles and Paschke, 1980; Pritchett et al., 
1984; Keating et al., 1988). The probability 
of infection may be dependent upon the 
length of time this window is open and the 
location of the virus in the midgut during 
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this period. This study suggests that GM- 
NPV may be more likely to establish an 
infection if host plant foliage and, thus, 
midgut pH are relatively high. Under these 
conditions, vu-ions were probably released 
rapidly in high concentrations in the ante- 
rior region of the larval midgut. This may 
represent a more favorable infection win- 
dow than the one provided when virus is 
consumed on low pH oak foliage. 

ture Grant 88-37251-4046 and is approved in the Penn- 
sylvania State Agriculture Experiment Station Series. 
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