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Summary. There is no correlation between protein-precipi- 
tating capacity and either total phenolic or proanthocyani- 
din content of extracts of mature foliage from six species 
of oaks: Quercus alba (white oak), Q. bicolor (swamp white 
oak), Q. macrocarpa (bur oak), Q. palustris (pin oak), Q. 
rubra (red oak), and Q. velutina (black oak). It is argued 
that studies which probe the role of tannins in the selection 
and utilization of food by herbivores should include a pro- 
tein-precipitation assay, since such an assay provides a mea- 
sure of the property of tannins which is presumed to con- 
tribute to their utility as defensive compounds. A con- 
venient modification of the bovine serum albumin (BSA) 
precipitation assay, which measures the amount of protein 
precipitated when a plant extract is added to a BSA solu- 
tion, is described. Advantages of this procedure recommend 
its routine adoption in studies of the role of tannins in 
plant-herbivore interactions. 

Introduction 

Tannins are naturally occurring, water-soluble phenolic 
compounds in the 500 to 3,000 molecular weight range, 
having the property of precipitating proteins from aqueous 
media (Ribareau-Gayon 1972; Haslam 1979; Swain 1979 a, 
b). They have been accorded an important role in protecting 
plant tissues from herbivore attack (Feeny 1976; Rhoades 
and Cates 1976). Commencing with Feeny's classic investi- 
gation of the inhibiting effects of oak leaf tannins on larval 
growth by the winter moth, Operophthera brumata (Feeny 
1968, 1970), a series of papers (Fox and Macauley 1977; 
Chan et al. 1978; McKey et al. 1978; Rhoades 1979; Ber- 
nays et al. 1980, 1981; Moran and Hamilton 1980; Oates 
et al. 1980; Waterman et al. 1980; Lawson et al. 1982) has 
appeared shaping contemporary views concerning the sig- 
nificance of these substances in plant-herbivore interac- 
tions. Since tannins constitute a structurally heterogeneous 
class of compounds, they do not lend themselves to easy 
quantification, and investigations of the importance of tan- 
nins in food selection and utilization have been hampered 
by deficiencies in the methods used to assay for tannin 
content. 

The procedures most frequently used in ecologically 
oriented studies have been the Folin-Denis assay (Swain 

and Hillis 1959), the proanthocyanidin assay (Hillis and 
Swain 1959; Govindarajan and Mathew 1965) and the van- 
illin/HC1 assay (Burns 1971 ; Price et al. 1978). The appeal 
of these three methods is the ease with which they can 
be performed, but each has serious shortcomings as an as- 
say for tannin content (Swain 1979 a). In all three the extent 
of color development depends upon the molecular struc- 
tures as well as the amounts of the tannins present. In addi- 
tion, non-tannic constituents can contribute to color devel- 
opment. Furthermore, the proanthocyanidin and vanillin/ 
HC1 assays depend upon structural elements present only 
in the condensed tannins, and hence provide no measure 
of hydrolyzable tannins. 

Since tannins form insoluble complexes with proteins 
(van Sumere et al. 1975), another approach to measuring 
the amount of tannin in an extract has been to determine 
its capacity to precipitate proteins from solution. Assays 
involving the precipitation of fl-glucosidase (Goldstein and 
Swain 1965), hemoglobin (Bate-Smith 1973; Schultz et al. 
1981), and bovine serum albumin (Hagerman and Butler 
1978) have been described. Since it is the capacity of tannins 
to precipitate proteins, especially digestive enzymes or in- 
gested food plant proteins, which is postulated to be respon- 
sible for the adverse effects which these substances have 
on many organisms, these assays would appear to be partic- 
ularly appropriate ones in studies of the significance of tan- 
nins in herbivory. To date, however, such procedures have 
found only limited use by investigators of plant-herbivore 
interactions. 

In this study we have performed Folin-Denis, proantho- 
cyanidin, and two different protein-precipitation assays on 
extracts of the mature foliage of six species of oaks: white 
oak (Quercus alba), swamp white oak (Q. bicolor), bur oak 
(Q. macrocarpa), pin oak (Q. palustris), red oak (Q. rubra), 
and black oak (Q. velutina). While the results of the two 
protein-precipitation assays are highly correlated, the pro- 
tein-precipitation assays, the Folin-Denis assay, and proan- 
thocyanidin assay provide three entirely different pictures 
of the chemical defenses of these species. Bate-Smith (1977) 
and Swain (1979b) have pointed out the problems inherent 
in using chemical, functional group assays to evaluate tan- 
nin content. Our comparison of the foliage of six oak spe- 
cies underscores the cogency of their remarks, and argues 
strongly for the use of a protein-precipitation assay in stud- 
ies designed to probe the significance of tannins in plant- 
herbivore interactions. 
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Materials and Methods 

Preparation of Extracts 

Mature foliage (Lawson et al. 1982), frozen immediately 
after collection and subsequently lyophilized, was ground 
in a Wiley mill (40-mesh) after removal of the midrib. 
Ground leaf powder was stored in a desiccator until analy- 
sis. Leaf powder (60.0 mg) was extracted twice for 8 min- 
utes with 4 ml of boiling 50% (v/v) aqueous methanol in 
a centrifuge tube (capped with a marble) placed in a heat 
block at 95 ~ C. After centrifugation (12,000• 15 min, 
5 ~ C), the pellet was resuspended in a small volume of 50% 
methanol and centrifuged as before. The volume of the 
combined supernatants was adjusted to 10 ml, and dilutions 
appropriate to each assay were prepared from aliquots of 
this stock solution. 

Assays 

Folin-Denis Assay (Swain and Hillis 1959; Ribtreau-Gayon 
1972). Aliquots of the stock extract derived from 0.06, 0.12, 
0.18, and 0.24 mg (dry weight) of leaf powder were diluted 
to 2.8 ml by the addition of water, and 0.2 ml of  the Folin- 
Denis reagent was added with vigorous vortexing. Three 
minutes later, 0.4 ml of a saturated solution of sodium car- 
bonate and 0.6 ml of water were added. After 60 rain at 
room temperature, absorbance at 725 nm (A725) was mea- 
sured, zeroing the spectrophotometer with a tube contain- 
ing all of the reagents plus water in place of the extract. 
A calibration curve was constructed from commercial 
tannic acid, TA (Sigma Lot 73C-1480), found to contain 
6.4% moisture: A725=0.0199 (],tg TA in assay mixture) 
- 0.0034, in the range 5-25 ~tg TA (r = 0.998, standard error 
of regression coefficient = 0.0004). This regression was used 
to calculate the tannic acid equivalents (~tg TAE) present 
in the extracts. 

Proanthocyanidin Assay (Hillis and Swain 1959; Govindara- 
jan and Mathew 1965). Aliquots of extract derived from 
0.6, 0.9, 1.2, 1.5 and 1.8 mg leaf powder, diluted to 0.3 ml, 
were vortexed with 3.0 ml of a solution of 80% butanol- 
HC1 (preheated to 97 ~ C) containing 15.4% (w/v) ferrous 
sulfate. Heating at this temperature was continued for 
15 rain, during which time the assay tube was capped by 
a marble to allow refluxing of solvent. Absorbance at 
550 nm (A5so) was compared immediately to an unheated 
control, zeroing against distilled water. A calibration curve 
was constructed using commercial bisulfited quebracho, BQ 
(Pilar River Plate Corp., Newark, New Jersey) found to 
contain 18% moisture: AA55 o =0.0020 (gg BQ in the assay 
mixture)+0.0418, in the range 25-250 gg BQ (r=0.997, 
standard error of regression coefficient= 0.00009). This re- 
gression was used to calculate the bisulfited quebracho 
equivalents (gg BQE) present in the extracts. 

fl-Glucosidase Precipitation Assay (Goldstein and Swain 
1965). The aqueous methanolic solvent from 5.0 ml of the 
stock extract was removed at room temperature and re- 
duced pressure using a rotary concentrator, and the residue 
was redissolved in 3.75 ml of acetate buffer (0.1 M, pH 4.8) 
by rotary agitation for 30 rain. Aliquots of this solution, 
containing dissolved extractives from 0.24 to 1.68 mg of 
leaf powder, diluted to 0.3 ml with acetate buffer (0.1 M, 
pH 4.8), were vortexed with 0.3 ml of a solution of/%gluco- 

sidase (Sigma G-8625, Lot 40 F-4017) (0.5 rag/m1) in phos- 
phate buffer (0.1 M, pH 7.0), and then allowed to stand 
at room temperature for 15min. After centrifugation 
(12,000 • g, 15 rain, 5 ~ C), the activity of the enzyme in the 
supernatant was determined in triplicate by combining a 
50 btl aliquot with 3.0 ml of acetate buffer (0.1 M, pH 4.8) 
containing esculin (0.5raM) and aluminum chloride 
(3.75 raM) at 25 ~ C, and following the change in absorb- 
ance at 385 nm (AA3ss) for 3.5 rain on a self-zeroing Zeiss 
PMQ-II  spectrophotometer zeroed against water. The 
change in A385 was demonstrated to be linear for at least 
9 minutes. From a determination of the activity in the origi- 
nal enzyme solution (1.2-1.6 units/ml), the number of units 
of  activity precipitated by the addition of the extract was 
calculated. One unit is the amount of enzyme which liber- 
ates 1 micromole of product per minute under the condi- 
tions of the assay. Assuming that the esculetin-aluminum 
chloride complex generated in this procedure has the same 
extinction coefficient as the one generated in the original 
procedure of Goldstein and Swain (1965), a AA385 of 1 A 
unit/minute corresponds to 0.45 units of enzyme activity. 
A plot of units of activity precipitated vs. mg leaf powder 
suggests a possible sigmoidal dependence, but the middle 
portion of the curve closely approximates linearity. Linear 
regressions were fitted to the nearly linear regions of these 
curves. 

BSA Precipitation Assay: Determination of Protein Precipi- 
tated. Aliquots of the stock extract derived from 1.38, 2.07, 
2.76, 3.45, or 4.14 mg of leaf powder, diluted to 0.69 ml 
with 50% aqueous methanol, were vortexed with 1.39 ml 
of a solution (1 mg/ml) of crystallized, lyophilized BSA 
(Sigma, Lot 70F-9350) in acetate buffer (0.2 M, pH 5.0) 
containing 0.17 M sodium chloride, and allowed to stand 
at room temperature for 15 minutes. After centrifugation 
(12,000 • g, 15 rain, 5 ~ C), the pellet was rinsed gently with 
0.42 ml of the same buffer, centrifuged as before, and the 
supernatants combined to give a final volume of 2.5 ml, 
which was applied to a 1.7 • 5.0 cm column of Sephadex 
G-25 (Pharmacia Fine Chemicals, PD-10 columns), which 
had been equilibrated with an acetate buffer (0.2 M, pH 5.0) 
containing 0.17 M sodium chloride and 13.8% methanol. 
Proteins were eluted completely in 3.5 ml of the same sol- 
vent mixture. This step removes all materials from the su- 
pernatant which absorb at 595 rim. The amount of protein 
in the eluent was determined by vortexing a 50 ~tl aliquot 
with 2.5 ml of Coomassie Brilliant Blue G-250 dye reagent 
(Bio Rad Protein Dye Reagent), and determining As9 5 after 
6 minutes (Bradford 1976) using a blank consisting of 50 btl 
of  buffer plus 2.5 ml of the dye reagent. The absorbance 
at 595 nm was transformed into mg of BSA by the use 
of  a calibration curve constructed on the same day as the 
assay. From a determination of the amount of  BSA in the 
original solution, the amount precipitated by the addition 
of the extract could be calculated. The amount of protein 
in the BSA-tannin precipitate cannot be measured directly, 
since the SDS required to redisolve the precipitate interferes 
with the protein assay. 

BSA Precipitation: Determination of Phenols Precipitated 

(Hagerman and Butler 1978). Aliquots of the stock solution 
derived from 1.0, 1.5, 2.0, 2.5 or 3.0 mg of leaf powder 
diluted to 0.5 ml were vortexed with 1.0 ml of the same 
BSA solution described above. Following the rinsing proce- 
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dure, the pellet was dissolved in 2 ml of  1% SDS in 5% 
triethanolamine. Then 0.5 ml of  ferric chloride (0.01 M in 
0.01 N HC1) was added and vigorously vortexed. A51o was 
measured against a distilled water blank after 15 rain. 

Experimental Design and Data Analysis 

Concentrations of  phenolics and proanthocyanidins and 
measures of  the protein-precipitating capacity of  the foliage 
extracts were obtained from the regression coefficients 
(slopes) of  linear regressions fitted to measurements per- 
formed at several different extract concentrations. This ap- 
proach has several advantages over the more common prac- 
tice o f  conducting measurements at a single concentration. 
The calculation of  the concentration of  a secondary metab- 
olite in a foliage extract, based upon measurements con- 
ducted at a single extract concentration, assumes that a 
linear relationship exists between the independent variable 
(amount of  extract used) and the dependent variable (the 
parameter measured in the assay), and that the y-intercept 
is zero. I f  the relationship is nonqinear,  or if it is linear 
but the intercept is not  zero, then the calculated concentra- 
tion will be dependent upon the amount  of  extract used 
in the assay or the amount  of  foliage extracted. Obviously 
such a dependence would preclude the use of  the data in 
comparing extracts from different sources. By conducting 
measurements at several concentrations it is possible to en- 
sure that the determinations are being performed with 
quantities of  the extract which do generate the requisite 
linear relationship, and to determine how close to zero the 
y-intercept actually is. Some protein-precipitating assays, 
especially the/~-glucosidase precipitation assay and the as- 
tringency test (Bate-Smith 1973), are characterized by large, 
negative y-intercepts, manifested as threshold concentra- 
tions o f  extract below which none of  the test protein is 
precipitated. While it is premature to offer a definitive inter- 
pretation of  these threshold effects, it would seem reason- 
able to suggest that they might be due to the heterogeneity 
of  the protein preparations used in these assays. In the 
fl-glucosidase assay it is possible that other proteins present 
in the enzyme preparation might form less soluble com- 
plexes with tannins than does the enzyme, thereby necessi- 
tating the addition of  larger amounts of  tannins to elevate 
the mass action product  to a value in excess of  the solubility 
product  of  the enzyme-tannin complex. In any event, by 
performing measurements at several concentrations and de- 
termining the protein-binding capacity of  the extract from 
the slope of  the linear segment of  the curve beyond the 
threshold value, the entire problem of the negative y-inter- 
cept is avoided. The slope provides a direct measure of  
the protein-precipitating capacity of  the constituents of  the 
extract in a concentration range where they are actually 
precipitating the test protein. 

Regression coefficients (slopes) and y-intercepts were 
calculated assuming that the independent variable (dry 
weight of  leaf powder extracted) was measured without er- 
ror, employing data in which there was more than one value 
o f  the dependent variable per value of  the independent vari- 
able (Sokal and Rohl f  1969). In calculating standard errors 
of  regression coefficients, mean squares were not  pooled. 
The significance of  differences between regression coeffi- 
cents was tested at the level, P<0 .01 ,  using the Simulta- 
neous Test Procedure described by Sokal and Rohlf  (1969). 

Results and Discussion 

Assays of  Oak Foliage Extracts 

The Folin-Denis assay demonstrates that oak foliage typi- 
cally contains comparatively high levels of  phenolic constit- 
uents, and that of  the six species examined, white oak and 
bur oak contain the highest concentrations (Table/) .  Since 
this method assays for total phenolic content, it provides 
neither a direct nor an indirect measure of  tannin levels, 
and no conclusions concerning the absolute or relative 
amounts of  tannins in these six oak species can be drawn 
from the data. Nonetheless, it is a common practice to 
report the results of  the Folin-Denis assay in terms of  tannic 
acid equivalents (gg TAE/mg).  To enable comparison of  
our data with other results published in this form, we have 
transformed the basic spectroscopic data generated in the 
assay, A725/mg (column 1), into gg TAE/mg (column 2) 
by the use of  a calibration curve. It is important  always 
to keep in mind that expressing the results of  the Folin- 
Denis assay as TAE/mg does not imply that the extract 
contains any tannic acid or any tannins whatsoever, but 
only that the phenolics present generate absorbance at 
725 nm equal to that given by the indicated quantity of  
tannic acid. In our opinion this style of  reporting the data 
should be discouraged, since it can mislead the reader into 
concluding that tannin levels have actually been measured. 
In the absence of  any information concerning the structures 
of  the phenols actually present in the extract, ATzs/mg 
would seem to be the best way to report the results of  
this assay. 

All six species of  oaks contain extractable proantho-  
cyanidins (Table 2), commonly interpreted as an indication 
of  the presence of  condensed tannins. The basic spectro- 
sopic data, AAsso/mg (column 1), have been recalculated 
in terms of  gg bisulfited quebracho equivalents (gg BQE/ 
rag) (column 2) using a suitable calibration curve. The pro- 
anthocyanidin assay is likely to underestimate total tannins, 
since it does not measure hydrolyzable tannins, and to over- 
estimate condensed tannins, since it measures non-tannic 

Table 1. Total extractable phenolic content (Folin-Denis assay) 
of the mature foliage of six oak species. The entries in the first 
data column are the regression coefficients (slopes) of A725 vs. 
mg (dry weight) leaf extracted __ the standard error of the regression 
coefficient (dr= 2). Entries in the second data column are regression 
coefficents (slopes) of ttg TAE vs. mg (dry weight) leaf extracted_+ 
standard error of the regression coefficient, lag TAE was calculated 
from Av25 using a linear regression fitted to a suitable calibration 
curve. Measurements were conducted at four different concentra- 
tions of two separate extracts, except in the case of white oak 
where five separate extracts were examined 

Species Av2s/mg a lag TAE/mg 

Q. alba (white) 3.02 + 0.03 b 156 _+ 3 
Q. macrocarpa (bur) 2.75_+0.05 b, c 138_+2 
Q. palustris (pin) 2.44_+0.03 o, d 123_+2 
Q. bicolor (swamp white) 2.25-t-0.08 ~ 113+_4 
Q. velutina (black) 2.06 _+ 0.06 a 104 -+ 3 
Q. rubra (red) 2.01 _+ 0.13 d 101 + 6 

a y-Intercepts: alba, 0.02; macrocarpa, O.03;palustris, 0.05; bico- 
lor, 0.02; veluntina, -0.08; rubra, 0.02. None of the y-intercepts 
are significantly different from zero (P < 0.01) 

b Values in a column followed by the same letter are not significant- 
ly different (P < 0.01) 
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Table 2. Extractable proanthocyanidin content (HCl-butanol as- 
say) of the mature foliage of six oak species. The entries in the 
first data column are the regression coefficients (slopes) of AAss o 
vs. mg (dry weight) leaf extracted___ the standard error of the regres- 
sion coefficient (df= 3). Entries in the second data column are 
regression coefficients (slopes) of gg BQE vs. mg (dry weight) leaf 
extracted + standard error of the regression coefficient. Ixg BQE 
was calculated from AAs5 o using a linear regression fitted to a 
suitable calibration curve. Measurements were conducted at five 
different concentrations of two separate extracts 

Species AAsso/mg ~ gg BQE/mg 

Q. bicolor (swamp white) 0.319_0.006 b 136_+2.5 
Q. maerocarpa (bur) 0.298 -+ 0.0J2 b 128 -+ 5.0 
Q. rubra (red) 0.161 _+ 0.010 c 60 _+ 3.5 
Q. palustris (pin) 0.123 ___ 0.002 d 41 + 0.7 
Q. velutina (black) 0.100_+ 0.005 ~ 29 _ 1.5 
Q. alba (white) 0.061 _+ 0.001 f 10 __ 0.3 

a y-Intercepts: bicolor, 0.097; macrocarpa, 0.128; rubra, 0.036; pa- 
lustris, 0.011; velutina, 0.016; alba, 0.002. Only the y-intercepts 
for bicolor and macrocarpa are significantly different from zero 
(e<0.01) 

b Values in a column followed by the same letter are not signifi- 
cantly different (P< 0.01) 

monomer ic  f lavonoids as well as condensed tannins. In any 
event, whatever it is that  this assay measures,  it is present  
in greatest quantit ies in swamp white oak  and bur  oak, 
and in lowest quantit ies in white oak.  There is no significant 
correlat ion between the proan thocyanid in  values obtained 
for the oak foliage extracts and Fol in-Denis  values ( r =  
- 0 . 1 3 0 ,  d f = 4 ,  P<0 .8 ) .  

We have also assayed the capaci ty  of  extracts of  all 
six oak species to precipi tate two different proteins,  bovine 
serum albumin (BSA) and the enzyme, fl-glucosidase 
(Table 3). In one procedure,  varying amounts  o f  foliage 
extract  were added  to an aqueous solution of  BSA, and 
the protein-precipi ta t ing capaci ty  of  the extract  was as- 

sessed both  by determining the amoun t  o f  BSA precipi tated 
(column 1) and the amount  of  phenolic mater ial  precipi- 
ta ted (column 2). In the second procedure,  foliage extract 
was added to a solution of  a commercial  p repara t ion  of  
~-glucosidase, and the reduction in enzymatic activity fol- 
lowing the removal  of  the precipi tated tannin-protein  com- 
plex was measured (column 3). The results obta ined from 
the/~-glucosidase precipi tat ion method correlate strongly 
with those from both  modificat ions of  the BSA precipita-  
t ion procedure  ( r=0.976,  d f = 4 ,  P<0 .001 ,  determinat ion 
of  BSA precipi ta ted;  r = 0.970, d f =  4, P < 0.01, determina- 
tion of  phenols precipitated).  Detai ls  of  these assay proce- 
dures will be discussed in later publications.  

The pa t te rn  of  tannin levels in the six oak  species which 
emerges from the prote in-precipi ta t ion assays is strikingly 
different from the ones derived from the Fol in-Denis  and 
proanthocyanid in  assays. The extracts exhibiting the high- 
est protein-precipi ta t ing capacity are from pin oak and bur  
oak. Pin oak is a species with an intermediate Fol in-Denis  
value and a low proanthocyanid in  value. White  oak,  the 
species with the highest Fol in-Denis  value, has very low 
protein precipi tat ing capacity. Apparen t ly  the abundant  
phenolic constituents of  white oak  foliage include only a 
small fraction of  tannic components .  Of  the two species 
with the highest proanthocyanid in  values, bur  oak has a 
comparat ively  high protein-precipi ta t ing capacity while 
swamp white oak has only an intermediate  value. F r o m  
this discussion it should be evident that  neither the Fol in-  
Denis assay nor  the proanthocyanid in  assay measures levels 
of  extractable protein-precipi tat ing phenolics in a foliage 
sample. In  fact, there is no significant correlat ion between 
protein-precipi ta t ing capacity,  by whatever assay it is mea-  
sured, and total  phenolics ( r=0.066,  d f = 4 ,  P < 0 . 9 ,  deter- 
minat ion  of  BSA precipitated) or proanthocyanidins  (r = 
0.402, d f = 4 ,  P <  0.4, determinat ion of  BSA precipitated).  
The lack o f  correlat ion between total  phenols or proantho-  
cyanidins and protein-precipi ta t ing capacity clearly pre- 
cludes the uncrit ical  use of  the Fol in-Denis  and proantho-  

Table 3. Protein-precipitating capacity of extracts of the mature foliage of six oak species. Entries in the first and second data columns 
are the regression coefficients (slopes) of mg BSA precipitated vs. mg (dry weight) leaf extracted and As10 (a measure of phenolics 
precipitated) vs. mg (dry weight) of leaf extracted + the standard error of the regression coefficient (df= 3), respectively. Measurements 
were conducted at five different concentrations on two separate extracts. Entries in the third data column are the regression coefficients 
(slopes) of units of ]?-glucosidase activity precipitated vs. mg (dry weight) leaf extracted +_ the standard error of the regression coefficient 
(df= n - 2 ,  where n = number of concentrations). The number of concentrations, the number of extracts, and the total number of measure- 
ments are indicated, in that order, in the parentheses 

Species BSA precipitation /~-Glucosidase precipitation 

mg BSA pptd/mg a A 51 o/mg b Units pptd/mg c 

Q. palustris (pin) 0.326_+0.014 d 0.249• d 0.062_+0.008 (6, 5, 19) d 
Q. macrocarpa (bur) 0.277+0.016 d 0.180_+0.004 e 0.049-+0.001 (5, 3, t3) d 
Q. bicolor (swamp white) 0.182+0.010 e 0A24_0.004 f 0.028_+0.004 (6, 3, 14) ~ 
Q. rubra (red) 0A44_+0.012 e' ~ 0.130+0.007 e' f 0.028_+0.002 (9, 3, 16) ~ 
Q. velutina(black) 0.113+0.006 e,f 0.036_+0.009 g 0.016_+0.002 (6, 3, 11) e 
Q. alba (white) 0.091_+0.013 f 0.089_+0.008 f 0.021_+0.002 (8, 3, 17) e 

a y-Intercepts: palustris, --0.13; macrocarpa, --0.26; bicolor, 0.02, rubra, 0.01; velutina, 0.06, alba, -0.07. None of the y-intercepts 
are significantly different from zero (P< 0.01) 

b y-Intercepts: palustris, -- 0.09; marerocarpa, -- O. 10; bieolor, - 0.04; rubra, - 0.07; veluntina, - 0.03 ; alba, - 0.08. Only the y-intercepts 
for palustris and macrocarpa are significantly different from zero (P < 0.01) 

c y-Intercepts: palustris, -0.019; macroearpa, -0.016; bicolor, -0.007; rubra, -0.013; velutina; -0.003; alba, -0.003. Only the 
y-intercepts for maerocarpa and rubra are significantly different from zero (P < 0.01) 

d Values in a column followed by the same letter are not significantly different (P<0.01) 
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cyanidin assays in determining tannin content. Given the 
severe limitations in the use of these two assays, we urge 
their replacement by assays based upon the measurement 
of protein-precipitation. 

The Folin-Denis and proanthocyanidin values reported 
in Tables 1 and 2 are as much as 25% lower than the values 
reported by Lawson et al. (1982), even though the assays 
were performed in the same laboratory on extracts prepared 
from the same foliage samples. The differences reflect 
changes which occurred during extended storage. Up to 
twelve months intervened between the performance of the 
assays reported by Lawson et al. and those described in 
this paper, during which time the freeze-dried, milled foliage 
samples were stored in a desiccator. In spite of the changes 
which occurred during storage, there was no alteration in 
the rank orders of the six species in either assay, suggesting 
that parallel and roughly comparable changes occurred in 
all of the samples. These results underscore the importance 
of performing assays on foliage samples as soon after collec- 
tion as possible in studies designed to characterize the actual 
levels of secondary metabolites present in live foliage. Since 
the objective of this investigation was not to probe the 
chemical defenses of oaks, but rather to determine whether 
the Folin-Denis, proanthocyanidin, and protein-precipita- 
tion assays provide comparable measures of tannin levels 
in foliage samples, the condition of the samples is not cru- 
cial to the validity of the conclusions. The results of the 
three types of assays do not correlate. If they do not corre- 
late in year-old samples, then there is no reason to believe 
that they will correlate in any samples, however fresh they 
might be. 

Evaluation of Protein-Precipitation Assays 

There are also limitations to the conclusions which can be 
drawn from protein-precipitation assays. The protein-bind- 
ing properties of tannins are a function of their molecular 
structures. Consequently, protein-precipitating capacity is 
a measure not simply of the quantity of tannins present, 
but rather of a property of the extract which depends upon 
both the quantity and quality of protein-precipitating 
agents present. Only if the tannins in two foliage samples 
had similar chemical structures would a protein-precipita- 
tion assay allow a determination of relative tannin contents 
in the two samples. However, since in most ecologically 
oriented studies of the role of tannins in plant-herbivore 
interactions, what is important is not so much the amount 
of tannins present but rather the possibility that digestive 
efficiency might be reduced through the precipitation of 
plant proteins or herbivore digestive enzymes, this aspect 
of protein-precipitation assays would seem to be an asset 
rather than a liability. 

Another approach to supplementing purely chemical 
functional group assays for foliage constituents with infor- 
mation of physiological importance is exemplified by the 
work of Waterman et al. (1980). These authors have evalu- 
ated the digestibility of a foliage sample by a rumen inocu- 
lure, and have found significant negative correlations be- 
tween digestibility and both proanthocyanidin and total 
phenol content. This approach provides information which 
is invaluable in an assessment of the role of phenolics in 
food selection and utilization by herbivores. However, in 
the absence of a measure of the protein-precipitating capaci- 
ty of the foliage extracts, it is not valid to attribute the 

reduced digestibility of the foliage to the presence of tan- 
nins. The effect could be due to non-tannic phenols with 
antibiotic action against rumen microorganisms. 

Another important question to be considered is whether 
a measure of the amount of hemoglobin,/~-glucosidase or 
BSA precipitated by a foliage extract provides a useful mea- 
sure of the potential of the tannins to precipitate the actual 
proteins they encounter in an herbivore's gut. On an abso- 
lute basis the answer is that it is not. Proteins differ in 
the extent to which they are precipitated by tannins (Man- 
dels and Reese 1963; van Sumere et al. 1975). A tannic 
extract which will precipitate 1 mg of BSA will not necessar- 
ily precipitate 1 mg of leaf protein or I mg of insect di- 
gestive enzyme. However, relative protein-precipitating ca- 
pacities of tannins derived from different sources appear 
to be the same when measured against different test pro- 
teins, as indicated by the highly significant correlation (r = 
0.976, dr=4,  p < 0.001) between the protein-precipitating 
capacity of oak foliage extracts when measured against BSA 
and when measured against/3-glucosidase. It would seem 
reasonable to suppose, therefore, that the same rank order 
of protein-precipitating capacity among the six oak species 
would be observed with other proteins. Studies using leaf 
proteins, such as ribulose-l,5-diphosphate carboxylase, 
would be useful, not only to provide a further test of this 
supposition, but also to test directly the degree to which 
tannins might precipitate proteins actually present in the 
diets of herbivores. 

At the present time investigators have three protein- 
binding assays to choose from: (1) hemoglobin-precipita- 
tion (the astringency assay), (2) fi-glucosidase-precipitation, 
and (3) BSA-precipitation. 

In the astringency assay, which has been used with great 
effectiveness in chemotaxonomic studies by Bate-Smith 
(1973, 1977, 1981), the amount of hemoglobin precipitated 
from a solution of freshly lysed blood following the addition 
of the tannin-containing extract is determined by noting 
the reduction of absorption at 578 nm. Unfortunately, tan- 
nin levels must exceed a rather high threshold value before 
any hemoglobin precipitates, possibly because other blood 
proteins precipitate first. In addition, many plant extracts 
absorb at 578 nm. These two complications reduce the sen- 
sitivity of the assay and make the results strongly dependent 
upon the ratio employed of extract to blood, especially for 
extracts low in tannins. Recent studies of Schultz et al. 
(1981) have enhanced the value of this method in assaying 
for tannins. 

The fi-glucosidase precipitation method, developed by 
Becker and Martin (1982) from procedures described by 
Goldstein and Swain (1965), circumvents some, but not 
all, of  the problems of the astringency test. This assay is 
also characterized by a threshold value of extract concentra- 
tion, albeit a lower one than in the case of the hemoglobin 
precipitation assay, below which no enzyme is precipitated. 
Absorbing compounds in the plant extract do not interfere. 
Unfortunately, this assay is time-consuming, and the proce- 
dure is somewhat cumbersome. Details of the method dis- 
cussed elsewhere (Becker and Martin 1982). 

The BSA-precipitation method was developed by Ha- 
german and Butler (1978) to compare tannin levels in differ- 
ent strains of sorghum. In their procedure, tannin content 
is determined by adding the extract to a solution of BSA, 
isolating the insoluble BSA-tannin precipitate, redissolving 
it in an alkaline-SDS solution, and measuring the amount 
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of  redissolved phenolics using ferric chloride. Since the tan- 
nin measurement  depends upon  a phenol  measurement ,  the 
value obta ined depends not  only upon the amount  of  tannin 
precipi ta ted and subsequently redissolved, but  upon  its 
structure as well. While  this approach  may  be admirably  
suited to comparisons of  tannin levels in different strains 
or  popula t ions  of  the same species, which differ only in 
the amount  and not  in the structures of  the tannins present, 
it is not  an appropr ia te  method  for compar ing  different 
species which have tannins with very different structures 
and different numbers  of  phenolic hydroxyl  groups. We 
have modif ied the Hagerman  and Butler procedure  so that  
it measures the amount  of  prote in  precipi ta ted from a solu- 
t ion by an extract  ra ther  than the amount  of  phenol  precipi- 
ta ted from an extract  by a protein.  Using Bradford ' s  pro-  
tein-dye binding procedure  (Bradford  1976), we determined 
the BSA concentrat ion in the original solution and the 
amount  remaining in the supernatant  after the addi t ion o f  
the tannin-containing extract  and removal  of  the BSA-tan-  
nin precipi tate  by centrifugation. Al though the original 
method  of  Hagerman  and Butler (Table 3, column 2) and 
our modif icat ion (Table 3, column 1) correlate fairly well 
( r =  0.924, d f =  4, P < 0.01) when applied to the six oak  spe- 
cies, some discrepancies are evident. F o r  example, the posi- 
tions of  swamp white oak  and red oak  in the rank orders 
are interchanged. We suspect that  this discrepancy reflects 
different structures and possibly different protein-binding 
propert ies  of  the tannins present in these two species. 

Conclusion 

Defining the status of  tannins as defensive chemicals in 
plants  is crucial to the development  of  a general theory 
of  p lant-herbivore  interactions.  I t  would be helpful if  inves- 
t igators in this area would use assay procedures  for tannins 
which are based upon  those propert ies  presumed to be func- 
t ionally impor tan t  in making tannins effective defensive 
chemicals. Since the physiological  activities of  tannins are 
a t t r ibuted largely to their capaci ty  to bind and precipi tate 
proteins,  prote in-precipi ta t ion assays would seem to be the 
assays of  choice in such studies. We have described a conve- 
nient and reliable procedure  for measuring the amount  of  
BSA precipi ta ted by the extractable consti tuents o f  a sam- 
ple of  p lant  tissue. We urge the rout ine adopt ion  of  this 
or  a comparab le  assay by investigators concerned with 
chemical aspects of  p lant-herbivore  interactions.  
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