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Summary. The midgut pH of late instar gypsy moth (Ly- 
mantria dispar L.) larvae is strongly alkaline, and varies 
with diet, larval stadium, and time since feeding. Midgut 
pH rises with time since feeding, and does so more quickly, 
reaching greater maximum values, on some diets than 
others. Leaf tissues of 23 tree species resist increases in alka- 
linity differentially; this trait and differing initial leaf pH 
may explain the impact of diet on gut pH. Third instar 
larvae may have gut conditions favorable for tannin-protein 
binding shortly after ingesting certain foods, but with time 
midgut alkalinity becomes great enough to dissociate tan- 
nin-protein complexes. Older instars rarely exhibit gut pHs 
low enough to permit tannin activity. Alkaline gut condi- 
tions may explain the gypsy moth's ability to feed on many 
tanniniferous plant species, especially in later instars. Con- 
sequences for pathogen effectiveness are discussed. 
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Plant tannins may act as defenses against herbivores (Feeny 
1976; Rhoades 1979; Swain 1977), but unequivocal evi- 
dence for this role has been difficult to obtain (see review 
in Crawley 1983). This difficulty may arise because some 
insect herbivores have gut conditions which counter tannin 
activity, including alkaline pH (Berenbaum 1980; Martin 
and Martin 1983) and the presence of surfactants (Martin 
and Martin 1984). Both traits could reduce tannin/protein 
binding, eliminating the proposed digestion-inhibition ac- 
tion of tannins in the gut. In reviewing the literature, Beren- 
baum (1980) found that lepidopteran larvae which feed on 
woody, tanniniferous plants had an average midgut pH of 
8.76 - high enough to dissociate protein complexes with 
both hydrolyzable and condensed tannins (Loomis and Ba- 
taille 1966; Van Sumere et al. 1975). 

Factors which influence midgut pH in insects are not 
well understood (Chapman 1971). In this paper we report 
findings which identify several influences on the larval mid- 
gut pH of the gypsy moth (Lymantria dispar L.), a lepidop- 
teran which feeds on over 200 species of woody plants, 
many of which produce substantial quantitites of tannin 
(Lechowicz 1983). We found that diet, time since feeding, 
and larval age influence the midgut pH of later instar larvae 
significantly, and that at least from the third instar on, 
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gypsy moth larvae usually maintain gut pH conditions that 
should inhibit tannin activity. 

Materials and methods 

Gypsy moth egg masses from F1 parents reared on standard 
lab diet (USDA 1981) under controlled conditions were 
obtained from the USDA Forest Service (Hamden, CT, 
USA). Eggs were disinfected (USDA 1981) and larvae 
maintained on the same lab diet when not being used in 
experiments. 

Third, 4th, and 5th instar larvae were switched from 
lab diet to field-collected leaves 24 h before dissection to 
measure gut pH on leaf diets, pH comparisons between 
instars were made 2 h after the last feeding activity by the 
larvae. Diet comparisons were made 0.5 h after feeding. 
All larvae were size- and age-matched, and leaves were kept 
fresh in aquapiks during feeding. 

To assess pH as a function of time elapsed since feeding, 
4th instar larvae were fed red oak (Quercus rubra) leaves 
until frass drop and cessation of feeding indicated that guts 
were full; dissection confirmed gut fullness. Larvae were 
kept inactive without food at 5 ~ C until dissected at 4 time 
intervals. 

When gypsy moth larvae enter the 4th instar, they begin 
feeding primarily at night and spend the daylight hours 
resting on the host tree trunks (Leonard 1970). Larvae used 
to measure gut pH change during these longer (12 h) resting 
periods after feeding were collected as 5th instars from Pop- 
ulus grandidentata and Quercus rubra tree trunks in the field. 
Larvae were collected at 4 intervals during this resting peri- 
od and dissected immediately to identify possible changes 
in midgut pH. Comparing cell and trichome structures of 
the gut contents with samples from the host leaves con- 
firmed that larvae actually had fed upon the tree species 
from which they were collected. 

The midgut is the primary site of digestion and absorp- 
tion, especially of protein (Chapman 1971; Berenbaum 
1980), so we focused our pH measurements there. Measure- 
ments were made at 6 locations along the length of the 
midgut, using a silver wire microprobe (MEPH-I, W,P. In- 
struments, Inc., New Haven, CT, USA), a glass capillary 
reference electrode (MERE-l,  WPI), and a specially- 
matched, temperature-corrected electrometer (PX-250, 
WPI). One measure per foregut was also taken to determine 
the pH of the food bolus before it entered the midgut. 

Larvae were anesthetized with diethyl ether until immo- 
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bile, then dissected; values did not differ from those taken 
from a small number of unanesthetized individuals. Time 
from immobilization to measurement was identical for all 
larvae. Preparation temperatures fluctuated less than 2 ~ C. 
Hemolymph was drawn away from the gastrointestinal tract 
using paper tissues until the body cavity was dry. Alkaline 
midgut fluid was found to become neutral (pH 7.0) within 
10--15 rain of exposure to air (Schultz unpublished work), 
so the probe was inserted directly through the gut wall 
at 6 measured intervals. Longitudinal mixing of gut fluids 
was minimal. 

At least 15 larvae were dissected per treatment. Their 
pH values tended to rise from the most anterior portion 
of the midgut to a maximum whose position varied as a 
funtion of time since feeding and declined slightly toward 
the hindgut (Schultz unpublished work). Because of this 
pattern, and to permit independent statistical treatment of 
larvae, pH maxima for the larvae were compared using 
analysis of variance and Duncan's multiple range test. Stan- 
dard deviations reported here describe between-larva varia- 
tion in maximum pH attained under a given treatment. 

Preliminary studies confirmed earlier reports that most 
leaf tissues have low pH values (Smith and Raven 1979; 
Table 3). Hence, we determined that the best measure of 
any influence of leaf tissue on midgut pH would be to titrate 
macerated leaf tissue from its initial pH of that of the aver- 
age lepidopteran midgut (8.75; Berenbaum 1980). The work 
necessary to regulate gut pH should depend on the leaf 
tissue's initial pH and its ability to "resist" rising pH. We 
call this resistance the leafs "buffering capacity". As a 
measure of this capacity, we quantified the amount of base 
necessary to bring a gram of fresh leaf homogenate to 
pH 8.75; we refer to this amount as the tissue's "titer". 

We measured the titer of frozen ( - 2 0  ~ C) leaf tissues 
from 104 individuals of 23 tree species fed upon by gypsy 
moth larvae (Maufette et al. 1983). Approximately 0.5 g 
of leaf blade was thawed for 5 min in a dessiccator, weighed, 
ground, and placed 50 ml distilled water; the initial leaf 
homogenate pH was read after 1 minute. The homogenate 
was then titrated immediately with 0.015 molar NaOH, 
stored in CO2-free atmospheres and standardized with po- 
tassium biphalate; they were essentially carbonate-free. 
Then titration was performed slowly until pH 8.75 was 
reached, and titer calculated as gmoles OH-/g fresh leaf 
mass. 

Results 

Gypsy moth midgut pH was alkaline, ranging from near 
neutrality to a maximum recording of 12.4. Although 5th 
instar larvae tended to have higher pH values, no statistical 
differences were found between 4th and 5th instar larvae, 
so these were lumped for analysis. Alkalinity was signifi- 
cantly greater in 4/5th instar larvae than in 3rd instars when 
diet and time since feeding were controlled (Table 1). Maxi- 
mum midgut pH values were about one full pH unit greater 
in the 4/5th stadia. 

Midgut pH increased with the time since last feeding 
(Fig. 1). Starved 4th instar larvae had a mean midgut pH 
of 8.4, but this increased to 9.0 within 0.5 h, and exceeded 
11 by 5 h after feeding on red oak. 

The midgut pH measurement obtained at 0.5 h after 
feeding varied with diet composition (Table 1). It was signif- 
icantly greater when the food was lab diet than when it 

Table 1. Mean (standard deviation) midgut pH maxima of 3rd 
and 4th instar gypsy moth larvae 2 h after feeding. 95% CI = 95% 
confidence intervals. Means with different letters are different at 
P<.005, ANOVA, Duncan's Multiple Range Test. N=t5/treat- 
ment 

Diet Instar 3 Instar 4 
pH (sd) pH (sd) 

Lab diet 9.21 (0.50) a 10.01 (0.34) b 
95% CI = 8.85- 9.57 9.82-10.20 

Q. rubra 10.32 (0.42) b 10.96 (0.39) c 
95% CI= 10.08-10.56 10.66-11.25 
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Fig. l. Mean midgut pH maxima for 4th instar gypsy moth larvae 
as a function of time since feeding on Q. rubra leaves. Vertical 
lines give standard deviations. Bars with different letters are statisti- 
cally different at P< .001 

Table 2. Mean (standard deviation) maximum midgut pH values 
for 4th instar gypsy moth larvae 0.5 h after consuming different 
foods. Values with different letters are significantly different at 
P<.05 

Diet N pH (sd) 

Empty 20 8.40 (1.0) a 
Q. rubra 30 9.25 (0,77) c 
P. grandidentata 28 9.89 (0.51) b 
Lab Diet 20 10.04 (0.39) b 

was Q. rubra (Table 1), and a P. grandidentata diet pro- 
duced pH values higher still (Table 2). In contrast, foregut 
pH was nearly neutral when empty (mean pH 7.76, SD =- 
0.67, N =  15), and slightly acid when filled with Q. rubra 
(pH 6.22, SD=  1.03, N=22)  or P. grandidentata (pH 6.14, 
SD = 0.74, N =  38). 

The impact of diet appeared to result in different tempo- 
ral patterns in gut pH on different tree species in the field 
(Fig. 2). When wild-collected larvae had fed overnight on 
P. grandidentata (big-toothed aspen), their midgut pH 
values were significantly higher than those for larvae feed- 
ing and resting on Q. rubra (oak) until 1630 h, when the 
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Fig. 2. Daily pattern of 5th instar midgut pH maxima for gypsy 
moth larvae resting on Q. rubra (oak) and P. grandidentata (aspen) 
tree trunks. P values for pairwise Mann-Whitney U Test at each 
sampling time 

reverse was true (Fig. 2). All field values were lower than 
pH values measured in the laboratory using the same tree 
species. Dissection revealed that larvae packed the foregut 
with leaf material just before dawn and moved portions 
of  this bolus into the midgut at intervals during the day. 
Hence, new leaf material at the entrance to the midgut 
temporarily decreased the pH there. 

The average pH of  freshly homogenized leaf tissue from 
23 hardwood tree species ranged from pH 4.1 to 6.2 (Ta- 
ble 3). The average titer of  spring foliage varied considera- 
bly among species; it ranged from 43.9 ~tmoles O H - / g  fresh 
leaf in Fraxinus americana to 247.8 gmoles O H - / g  fresh 
leaf in Acer rubrum. Of the 104 trees sampled, most  had 
relatively low titer and changed little between years; the 
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median titer was 84.0 moles O H - / g  fresh leaf in 1980 and 
81.3 in 1981. The correlation of  1980 and 1981 titers for 
individual trees was 0.76 (P=0.0001,  n = 91, Pearson prod- 
uct-moment correlation). 

Discussion 

The pH conditions in the gypsy moth foregut should permit 
the formation of  tannin-protein complexes there. Since 
there is no further tissue maceration once food enters the 
foregut (Chapman 1971), it seems likely that any binding 
between protein and leaf tannin would occur before the 
food bolus enters the midgut. Hence, a role of  elevated 
midgut pH may be to dissociate complexes formed as the 
leaf is chewed or as it rests in the foregut. 

Differences in initial leaf pH and titer are probably re- 
sponsible for some of  the variation in the pH responses 
of  gypsy moth larvae to different diets. When consumed, 
leaf material is fairly acid and is reasonably well buffered. 
Raising the pH of  a gut full o f  leaf material requires work- 
ing against this acidity and buffering capacity. For  example, 
the titer of  P. grandidentata is about  half that of  Q. rubra, 
and gut pH rises more quickly to a higher peak in larvae 
eating the former than in those eating the latter. This is 
in accord with the lower pH and greater buffering capacity 
of  oak foliage compared with big-toothed aspen (Table 3). 

We doubt  that differences among tree species in pH 
titer (the amount  of  base needed to raise tissue pH from 
its initial value to pH 8.75 or higher) reflect adaptation 
aimed at influencing tannin effectiveness. Although intra- 
cellular pH gradients are maintained in the leaf by active 
expenditure of  energy (Raven and Smith 1976; Smith and 
Raven 1979), acidity of  macerated leaf tissue results f rom 

Table 3. The pH and titer of foliage in spring 1980 and 1981. Same individual trees were sampled in both years at Mont St. Hilaire, 
Quebec (Lechowicz 1983). Species are ranked from least to highest mean titer over the two years. Means (standard error) 

Tree species Sample 1980 1981 
size: 
1980, 1981 pH Titer moles OH-/g pH Titer moles OH-/g 

Fraxinus americana 6,6 
Ulmus rubra 5,4 
Juglans cinerea 1 ,i 
Populus deltoides 3,3 
Tilia americana 5,5 
Populus grandidentata 7,7 
Ulmus americana 3,3 
Populus tremuloides 5,5 
Ostrya virginiana 6,6 
Amelanchier spp. 5,5 
Prunus pensylvanica 4,3 
Populus balsamifera 2,2 
Fagus grandifolia 6,6 
Betula populifolia 2,3 
Betula alleghaniensis 5,5 
Acer pensylvanieum 5,5 
Betula papyrifera 5,5 
Prunus serotina 3,1 
Carya cordiformis 5,5 
Quercus rubra 6,5 
Acer spicatum 4,2 
A cer saccharum 4, 5 
Acer rubrum 2,3 

5.72 (0.06) 36.4 (3.6) 5.95 (0.07) 51.4 (22.6) 
6.19 (0.07) 59.3 (13.9) 6.21 (0.12) 39.8 (5.1) 
5,50 58.6 5.85 54.7 
5.40 (0.06) 58.8 (2.3) 5.67 (0.05) 57.2 (12.8) 
5.70 (0.40) 61.0 (5.7) 6.18 (0.06) 57.4 (10.5) 
5.55 (0.04) 63.4 (3.4) 5.88 (0.05) 52.1 (4.2) 
5.47 (0.03) 48.7 (4.6) 5.68 (0.19) 73.8 (19.1) 
5.74 (0.04) 63.1 (9.2) 5.97 (0.03) 74.0 (10.0) 
5.00 (0.10) 77.5 (8.8) 5.29 (0.08) 71.8 (8.8) 
5.09 (0.06) 71.7 (12.1) 5.28 (0.08) 84.6 (8.3) 
4.89 (0.09) 97.2 (6.8) 5.51 (0.13) 64.9 (5.9) 
4.94 (0.44) 98.8 (45.5) 5.52 0.42) 63.6 (17.6) 
4.26 (0.09) 91.8 (7.8) 5.14 (0.16) 74.6 (10.0) 
4.63 (0.42) 124.6 (25.7) 5.58 (0.10) 77.6 (12.1) 
4,34 (0.12) 88.2 (8.2) 4.47 (0.13) 93.2 (8.0) 
4.55 (0.t0) 85.2 (3.1) 4.83 (0.14) 101.8 (13.9) 
4.48 (0.09) 114.9 (13.8) 5.22 (0.18) 95.2 (14.2) 
4.42 (0.03) 122.9 (9.6) 5.50 67.2 
4.97 (0.12) 145.6 (25.5) 5.33 (0.08) 114.7 (9.7) 
4.04 (0.17) 163.4 (12.8) 3.95 (0.04) 168.2 (9.7) 
4.30 (0.06) 175.6 (20.8) 4.20 (0.10) 168.6 (31.2) 
4.53 (0.33) 157.6 (3.8) 4.47 (0.23) 179.5 (13.9) 
4.05 (0.05) 266.3 (58.8) 4.16 (0.08) 240.9 (12.1) 
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liberating the acid contents of vacuoles, and its titer from 
mixing of liberated organic acids and salts. We think it 
probable that the mixture of acids and salts present varies 
as a function of complex interacting physiological factors. 

It is clear, however, that gypsy moth midgut pH com- 
monly exceeds the upper limits of most tanning activity. 
If  larvae of instar 3 rest more than 1 h after filling the 
gut, midgut conditions would be hostile to maintaining tan- 
nin-protein complexes; older instars need wait only one-half 
hour, perhaps less, to overcome tanning activity. Larvae 
do commonly rest long enough between feeding bouts to 
achieve alkaline pH levels in the midgut (Lance et al. 1983; 
Schultz unpub, work). The increase in midgut pH with lar- 
val age could permit older larvae to exploit some plant 
material made less available to younger larvae by its greater 
tannin activity. The ability of older larvae to feed on more 
host species is well established for this, as well as other 
lepidopteran species (USDA 1981). The commonly-held 
perception of the gypsy moth as broadly polyphagous (e.g., 
Lechowicz 1983) derives mainly from observations of later 
instars. 

Conversely, our findings suggest that if tannins have 
an influence on digestion or assimilation, it is more likely 
to occur in the youngest instars. At present, we cannot 
measure the pH of 1st or 2nd instar guts. However, the 
age trend we found in instars 3-5 suggests that these earliest 
stages may not be able to achieve strongly alkaline midgut 
conditions. In younger instars, pH may rise slowly enough 
to permit some tannin-protein binding when the tissues con- 
sumed have high titer; this is less likely in larvae in the 
4th instar and older. If  the maximum or mean pH of the 
gut through time influences insect performance, then differ- 
ences among tree species in titer could influence growth 
or survival. Few studies have focused on the youngest in- 
stars, but the limited data available support this hypothesis 
(M.E. Montgomery, USDA Forest Service unpublished 
work). Until we have more data on performance of early 
instars, it is premature to conclude that tannins have no 
negative impact on the gypsy moth. 

Maintaining alkaline gut conditions may have functions 
other than dissociating tannin-protein complexes. Extract- 
ing leaf proteins is more efficient under alkaline conditions 
(Lowry et al. 1951 ; Bradford 1976; C. Jones and D. Hare, 
pers. comm.). The surfactant properties of ingested lipids 
are enhanced under alkaline conditions (Turunen 1979). 
The resulting surfactants facilitate lipid uptake (Turunen 
1979) and can inhibit tannin-protein binding (Martin and 
Martin 1984). Alkaline conditions also facilitate the activity 
of epoxidases, which detoxify olefin- or terpenoid-derived 
toxins ingested with food (Brooks 1977). Hence, midgut 
alkalinity may provide multiple advantages to the herbivo- 
rous insect. 

There also may be disadvantages to maintaining highly 
alkaline gut conditions. If ionic pumping is one mechanism 
for achieving alkalinity, there could be significant metabolic 
costs. Polyhedral inclusion bodies of the gypsy moth nucle- 
ar polyhedrosis virus require alkaline conditions for solubil- 
ity and infection, as does the parasporal crystalline toxin 
of the pathogenic Bacillus thuringiensis (USDA 1981; 
Schultz 1983). It seems likely that increased susceptibility 
to disease could be a cost of gut alkalinity (Schultz 1983). 

Our results point to the need for better controlled and 
more realistic studies of tannin action in insects. None of 
the studies cited in Berenbaum's (1980) review controlled 

insect age or time since feeding, and many failed to control 
diet. Any study of tannin action should be carried out under 
a range of alkaline and surfactant conditions to permit valid 
conclusions about their importance (Martin and Martin 
1984), and probably should focus on complex dissociation 
rather than formation. Careful attention must be given to 
the physiological traits of the herbivores being studied, since 
many of them are likely to be adapted to high-tannin diets. 
Perhaps the gypsy moth provides one such example. 
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