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Summary. A series of seventeen taxonomically diverse plant 
extracts rich in phenolic materials, including condensed and 
hydrolysable tannins, have been subjected to a series of 
biochemical analyses in an attempt to gather ecologically 
significant information about their interaction with proteins 
and amino acids. Methods employed were (i) protein-pre- 
cipitation, using bovine serum albumin as substrate, fol- 
lowed by computation of specific activities of the tannins 
present in the extracts, and (ii) the inhibition of cellulase 
activity by tannin extracts bound to the cellulose substrate 
and free in solution. Both techniques revealed that all ex- 
tracts contained tannin material. However, attempts to re- 
late the results of the two procedures and in turn to relate 
them to information reported previously on the chemical 
properties of  these extracts revealed that there was little 
correlation between any of the chemical or biochemical 
properties examined. From this analysis it would seem that 
whilst the analytical procedures available for studying tan- 
nins may generate ecologically useful information it is at 
present impossible, at least where plant material that is tax- 
onomically diverse is being examined, to extrapolate from 
one type of measure to anticipate what would be observed 
from another type of measure. In addition to the above 
three other observations arose from this study. First, it ap- 
pears to be generally true that there is not an absolute 
positive correlation between the level of protein precipita- 
tion and the incorporation of tannin in the tannin-protein 
precipitate. As relative protein concentration increases the 
proportion of tannin bound in the precipitate decreases, 
leading to less stable precipitates. Second, it is confirmed 
that some basic amino acids will precipitate with tannins, 
a phenomenon that could potentially influence amino acid 
balance in the diet. Third, complexation between tannin 
and protein absorbed on a cellulose substrate is able to 
interfere with the digestion of that cellulose by cellulase 
enzymes. Cellulose masking of this type may potentially 
effect the efficiency of cellulolytic activity in the rumen and 
if so suggests another subtle variation in the potential anti- 
feedant properties of tannins. 

Key words: Tannin Protein precipitation phenolics-  Feed- 
ing-deterrents 

* Present address and address for  offprint requests." Department 
of Biochemistry, Purdue University, West Lafayette, IN 47907, 
USA 

The biologically and ecologically important properties of 
tannins are thought to depend on their complexation with 
proteins and other components in herbivore diets (Feeny 
1976; Rhoades 1977; Zucker 1983). The use of techniques 
to measure tannins that are dependent upon their opera- 
tional properties, in contrast to their chemical ones, is long 
standing. For example, in the leather tanning industry hide 
powder precipitation has been used extensively to define 
and assay tannins, although it is recognised that good hide 
powder precipitants are not necessarily good tannins for 
leather (Gustavson 1956). A similar lack of correlation may 
be encountered in ecological studies (Martin and Martin 
1982); chemical measures of tannins may not correlate well 
with the properties of tannins as measured through their 
interactions with proteins or other biochemicals (e.g. amino 
acids, cellulose). Similarly, the measure of operational tan- 
nin, as exemplified by protein precipitation, may not pro- 
vide valid information on the effects of dietary tannin in 
vivo (Martin et al. 1984; Mehansho et al. 1985; Mole and 
Waterman 1985). 

In this paper we examine the operational analysis of 
tannins using the following methods; (i) tannin precipita- 
tion with proteins and amino acids, and (ii) the adsorption 
of tannins into solid cellulose matrices and their consequent 
effects on the activity of cellulases. The objective of this 
work is to assess variation in these "biochemical" charac- 
teristics of tannins in relation to each other and as a func- 
tion of their chemical variation using the series of seventeen 
tannin extracts whose chemical analyses were reported upon 
in the previous paper (Mole and Waterman 1987a). This 
study has been undertaken to try and determine to what 
degree there is biochemical variation of potential ecological 
interest between compounds classed as tannins, to what 
extent measurement of  variability is technique dependent, 
and whether or not simple chemical analyses correlate with 
variation in activity. 

The first technique examined was the measurement of 
protein precipitating ability. By definition, the precipitation 
of protein by tannins is the most dependable way of detect- 
ing them. However, as will be shown, quantifying tannins 
by this property has proved difficult. Furthermore, precipi- 
tate formation is not in itself a biologically or ecologically 
useful measurement, it is only the effects of nullifying the 
function of proteins that are of significance. For instance 
in digestive systems precipitation is normally assumed to 
lead to enzyme inhibition which is then taken to be a dele- 
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terious effect. Yet the gastric enzyme, rennin, is well estab- 
lished as the agent responsible for precipitating and slowing 
the digestion of milk proteins in young mammals (Orskov 
1982), presumably a beneficial process for the animal! In 
insects the interaction of tannin and protein can be inter- 
rupted by surfactants (Martin et al. 1984) and the same 
appears to hold true for vertebrates (Freeland et al. 1985; 
Mole and Waterman 1985). In short care has to be taken 
in interpreting in vitro measures of the effects of protein 
precipitation by tannins. 

Secondly, we examine an alternate assessment of tannin 
activity by studying their impact on the enzymic degrada- 
tion of cellulose using a system (Jones and Hayward 1975) 
which many investigators believe to be a useful one for 
modelling the in vivo process of digestion in the rumen. 

Materials and methods 

The sources and method of production of the extracts em- 
ployed in this study have been reported in the previous 
paper (Mole and Waterman 1987 a). 

Protein precipitation analysis 

Following Hagerman and Butler (1980) BSA (Sigma frac- 
tion V) was prepared as a 5 mg/ml stock solution in a buffer 
o f p H  4.9, which is the protein's isoelectric point. The buffer 
(170 mM NaC1 and 200 mM acetic acid brought to pH 
4.9 with NaOH) contained sufficient salt to ensure that 
ionic strength did not limit precipitation. For each assay, 
two sets of eleven test tubes containing 0, 0.5, 1.0, 1.5, 
...5.0 ml of BSA stock solution were prepared, the tubes 
being made up to 5.0 ml by the addition of buffer solution. 
A sample of the tannin extract to be assayed was then 
dissolved in more buffer solution and any insoluble material 
was removed by decanting or centrifugation. 0.5 ml of the 
clear tannin solution was added to each of the twenty-two 
tubes containing BSA/buffer solution and 15 rain allowed 
for complete precipitate formation, after which the tubes 
were centrifuged for 5 mins at the top speed of a bench 
centrifuge to pellet the precipitates. The supernatants were 
then assayed for phenolics by the method of Hagerman 
and Butler (1978). The pelleted material was re-dissolved 
in 4 ml of 4 M NaOH and heated for 4 h in a boiling water- 
bath. At the end of this period the hydrolysate was neutral- 
ised with 4 M HC1 and assayed for amino nitrogen by the 
method of Moore and Stein (1954, 1968). None of the ex- 
tracts themselves (hydrolysed or unhydrolysed) gave detect- 
able reactions for amino nitrogen when tested at the concen- 
trations employed in the experiments. 

Where previously either no precipitation occurred or 
there was no levelling off in the amount of protein precipi- 
tated at the higher BSA concentrations experiments were 
repeated with tannin solutions of an appropriately altered 
strength. The 0-5 mg/ml concentration range for BSA em- 
ployed in the experiments was thus used as a "window" 
through which maximal levels of precipitation were found 
by adjusting the concentration of tannin added to the as- 
says. This resulted in a considerable amount of trial and 
error experimentation in order to obtain the results re- 
ported. 

Method for amino-acid precipitation by tannin extracts 

Amino-acid solutions were made up in water. Following 
Handley (1954), these were of 20 mg/ml or saturated solu- 

tions if the amino acid was less soluble than this. The amino 
acids tested were lysine, arginine, histidine, leucine, isoleu- 
cine, valine, glycine, proline, and alanine. Buffers used were 
all approximately 50raM; pH 2=HC1/KC1, pH 2.5 to 
7 = citric acid/disodium phosphate, pH 7.5 to 9 = boric acid/ 
borax, pEI 9.5-10 = carbonate/bicarbonate. 

Approximately 200 mg of freeze-dried extract was dis- 
solved in 20 ml water, 2 ml of this solution then being com- 
bined with 2 ml of each buffer. Amino acid solutions were 
added dropwise to these solutions and the occurrence of 
precipitation or cloudiness noted. 

Cellulase digestibility assay 

A cellulase solution was prepared by dissolving 1.875 g Tri- 
choderma viride cellulase (BDH) in 600 ml of a citrate/phos- 
phate buffer (pH 4.6). Pieces of substrate (Whatman 3M 
chromatography paper) were cut into 15 x 15 cm squares 
and placed in a shallow tray containing 150 ml of distilled 
water in which sufficient of the tannin extract had been 
dissolved to give an assay for phenolics equivalent to 0.1% 
tannic acid. The paper was exposed to the tannin solution 
for 10 rain with constant agitation from an orbital mixer. 
For tannin-free controls papers were soaked, in distilled 
water only. Papers were then drained of excess fluid and 
placed in an oven to dry at 80 ~ C. Those papers receiving 
a pretreatment with protein were placed in a 1% BSA solu- 
tion for 10 rain prior to the treatment with tannin. 

The substrates were cut into strips weighing approxi- 
mately 1 g and then subjected to a cellulase digestion for 
48 h using the procedure of  Choo et al. (1981) but omitting 
the pepsin pretreatment. After the digestion residues of sub- 
strate were collected by filtration, oven-dried and weighed 
to calculate percentage digested. 

Results and discussion 

Quantification of tannins by protein precipitation 

A considerable effort has been made in recent years to 
quantify tannins by their interaction with proteins. Modern 
methods have primarily employed either haemoglobin or 
bovine serum album (BSA) as the protein. Variants on this 
theme have been attempts to employ leaf protein (Martin 
and Martin 1983), and fl-glucosidase (Becker and Martin 
1982). Hoff  and Singleton (1977) measured the adsorption 
of tannin onto BSA immobilised on a solid support. Most 
recently Hagerman (1987) has developed a method that em- 
ploys the formation of precipitin lines in protein impreg- 
nated agarose gels by diffusion of tannin solutions. 

The earliest attempt to use a protein precipitation tech- 
nique for the routine measurement of tannins in samples 
collected for ecological or taxonomic purposes was made 
by Bate-Smith (1973). Haemoglobin from freshly haemo- 
lysed blood cells was precipitated by tannin and the loss 
of haemoglobin from solution, measured spectrophotomet- 
rically at 578 nm, was used to gauge the "astringency" 
of the sample. Schultz et al. (1981) attempted to make this 
assay more convenient by using other sources of haemoglo- 
bin but found the assay to be absolutely dependent on a 
fresh supply of blood. Furthermore, the threshold level of  
tannin needed in the assay to initiate the precipitation of 
haemoglobin was found to be undesirably high (Schultz 
et al. 1981). It has been observed (Asquith and Butler 1985) 
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Fig. l ad .  Plots of results for protein precipitation experiments using (a) quebracho tannin, (b) tannic acid, (e) Pinus radiata tannin 
and, (d) Quercus sp. tannin. The x axis indicates the strength of the BSA solution (mg/ml) titrated against the standard strength 
tannin. The quantity of protein in the precipitate is indicated by the NIN absorbance scale (points depicted as o) and the levels 
of phenolics remaining in the supernatant by the HB absorbance scale (points depicted as o). Horizontal bars indicate the range 
of data points used for calculation of values presented in Tables 1 and 2 

that many non-tannin plant constituents absorb at 578 nm 
and so interfere with this assay. 

Both Martin and Martin (1983) and Hagerman and 
Butler (1978, 1980) report that BSA is a suitable protein 
for quantifying the activity of tannins. Hagerman and 
Butler (1978) initially measured the loss of tannin by precip- 
itation from solution, but whilst of potential value in indi- 
cating the amount of tannin present this measure alone 
does not quantify the ability of that tannin to precipitate 
protein. They then developed a radiochemical method for 
detecting the precipitation of 14C labelled BSA by tannins 
(Hagerman and Butler 1980). By a combination of these 
two techniques they were able to measure what they termed 
the specific activity of a tannin in terms of protein precipita- 
tion on a "per total phenolics" basis (Hagerman and Butler 
1980). Unfortunately their radiochemical techniques require 
sophisticated instrumentation and as a consequence have 
not been adopted in ecological surveys. 

In the work described here the method of Hagerman 
and Butler (1980) is employed to the stage where a tannin- 

protein precipitate is generated for analysis. Thereafter the 
protein in the precipitate is analysed by its alkaline hydroly- 
sis followed by a ninhydrin assay for the amino acids gener- 
ated in the hydrolysate. It is of note that both Martin et at. 
(1985) and Butler (Asquith and Butler 1985) have now 
changed their techniques for measurement of protein in the 
presence of tannins to what they consider to be more satis- 
factory methods. Although neither use a ninhydrin tech- 
nique, Marks et al. (1985) have reported the suitability of 
this method for measuring proteins in the presence of tan- 
nins. The use of an alkaline hydrolysis in 4 M NaOH fol- 
lowed the recommended procedure for hydrolysing proteins 
(Mahler and Cordes 1971). Alkali, not acid, was chosen 
for the hydrolysis because only alkali dissolved the tannin 
protein precipitate to give a clear solution at the start of 
the hydrolysis stage. 

Of the seventeen tannin extracts studied, the data for 
four are plotted in Fig. la to d. Each shows the level of 
protein precipitated by the tannin when a tannin solution 
of constant strength is titrated with the protein solution, 
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the concentration of the latter varying from zero to 5 mg/ml 
in 0.5 mg increments. Also shown is the concomitant chan- 
ge in the level of phenolics which remain in the supernatant 
solution. The anticipated outcome to the experiments is 
seen in the results obtained for quebracho tannin (Fig. la). 
Here there is a rise in the precipitation of protein in the 
experiment up to a plateau beyond which there is no more 
precipitation as the concentration of protein in the reaction 
increases. This is exactly the situation reported by Hager- 
man and Butler (1980). The fall in supernatant phenolics, 
which they did not record, does not exactly reciprocate 
the pattern seen in the curve for protein precipitation. There 
is no flat minimum, but rather a curve which begins to 
rise again at the higher concentrations of  protein. This ten- 
dency indicates that at the higher protein concentrations, 
protein which is in the precipitate is associated with relative- 
ly less and less tannin whilst phenolics which were demon- 
strably tannins by virtue of their inclusion in a precipitate 
are tending to occur in solution with protein. Such a scen- 
ario is in keeping with the results of Van Buren and Robin- 
son (1969) who reported redissolution of tannin-protein 
complexes in the presence of an excess of either component. 
As a final observation, it should be noted that the level 
of maximum protein precipitation occurs at a lower concen- 
tration of protein than does maximum phenolic precipita- 
tion. 

The plots for tannic acid (TA, Fig. l b) are similar in 
that there is a rapid rise in protein precipitation followed 
by a "levelling off",  but not to a flat plateau. The curve 
for supernatant phenolics shows a clear minimum attained 
after an initial and steep fall. Thereafter there is a rise, 
again indicating that with increasing protein concentration 
more protein is associated with less tannin in the precipitate. 
For this and several other extracts it proved impossible 
to manipulate experimental conditions so as to obtain a 
flat plateau maximum for protein precipitation. One possi- 
ble explanation for this could be the entrapment of protein 
solution within the precipitate, which was often quite bulky. 
Unlike quebracho tannin, the minimum for supernatant 
phenolics with TA occurs prior to the levelling off of protein 
precipitation. 

Figures lc and ld show results for extracts Pr and Qs 
and illustrate the range of results obtained in the survey. 
For Pr a plateau for protein precipitation is seen but there 
is a clear fall from this at high protein concentrations. Fig- 
ure ld shows a further and extreme case of  this for Qs, 
where there is a clearly peaked response in the curve for 
protein precipitation. This illustrates the same type of curve 
reported by Van Buren and Robinson (1969 - their Fig. 2). 
In both Fig. lc and d the minimum in supernatant phenolics 
occurs before the maximum level of protein precipitation 
is reached. The decision as to where these maxima and 
minima occur is somewhat subjective. However, consider- 
ing data for all the extracts it is interesting that there is 
a clear distinction to be seen with quebracho the only tannin 
where maximal protein precipitation is attained prior to 
maximum phenolic precipitation (Fig. 2). This suggests that 
the observation that there is a declining proportion of tan- 
nin relative to protein in precipitates may be generally true, 
the consequence of this being an ultimate decline in levels 
of precipitation as the condition is reached where precipi- 
tates become less stable due to the smaller percentage of 
tannin incorporated within them (Van Buren and Robinson 
1969). From a methodological viewpoint, the combination 
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Fig. 2. A plot indicating the lower concentration limit of BSA at 
which maximum precipitation of the BSA and the tannin extract 
occurs in the protein-precipitation experiments (see Fig. 1 a-d - 
ranges of maximum precipitation depicted by horizontal bars and 
values given in Table 1). Both axes are calibrated in ml of BSA 
solution (concentration 5 mg/ml). Codes for extracts are given in 
Table 1 

of threshold precipitation effects (van Buren and Robertson 
1969; Hagerman and Butler 1978 ; Schultz et al. 198 J) and 
precipitates redissolving in excess protein make this protein 
precipitation assay difficult to manage when working with 
a range of tannins. For example, it proved impossible to 
conduct these experiments with our seventeen different ex- 
tracts using a concentration of tannin set by a given mea- 
sure of total phenolics and to obtain precipitation maxima 
within the range of protein concentrations used. The results 
of this can clearly be seen in Table 1 where the concentra- 
tions of phenolics employed with each extract tested are 
recorded. 

The objective of these experiments was to calculate the 
specific activity (sensu Hagerman and Butler 1980) of the 
tannin extracts, with tannin concentrations being assessed 
on the basis of total phenolics in the extracts. In attempting 
this two estimates of specific activity (SA) were calculated. 
The first followed Hagerman and Butler (198,0) and calcu- 
lated SA1 as the maximum amount of protein precipitated 
in the assay divided by the total phenolic content (TPS) 
of the extract in the system (i.e. supernatant and precipi- 
tate), TPS (Table 2) being obtained using the method of 
Hagerman and Butler (1978) for total phenols. The value 
used for the protein precipitated was obtained from the 
ninhydrin assay for hydrolysed protein averaged over the 
values surrounding the highest level attained (as indicated 
in Fig. 1) and converted into mg BSA by reference to a 
calibration curve. Table 1 provides the data used to calcu- 
late specific activities for all the extracts, as derived from 
plots of experimental data such as that displayed in Fig. 1 a -  
d. 

As has already been observed the phenolics present in 
a precipitate with protein may not necessarily constitute 
all the phenolics capable of acting as tannins in the extract. 
Nevertheless, given that some non-tannin phenolics are cer- 
tainly present in the extracts, a second specific activity mea- 
sure (SA2) was calculated. SA2 used a value calculated for 
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Table 1. Maximum levels of protein precipitation ("protein") and lowest levels of phenolics remaining in solution after precipitation 
("phenolics") based on the protein precipitation assays. The mean values (x) and standard deviation (sd) for the "protein" are based 
on absorbance values for the ninhydrin assay and are calculated over the range (mg/mt of BSA) of maximum precipitation (as indicated 
by the horizontal bar in Fig. la-d). Data for phenolics in solution was obtained in the same manner using absorbance values from 
the Hagerman and Butler (1980) assay. The absorbance value for total phenolics for each extract in the experiment are given as 
TPS in Table 2. 

Tannin source Code "Protein . . . .  Phenolics" 

range x sd n range x sd n 

Aesculus hippocastanum Ah 2.5 5.0 0.17 0.000 5 0.5-2.5 0.t7 0.008 5 
Callistemon citrinus Cc 3.0-5.0 1.20 0.067 5 2.5-4.0 0.89 0.000 4 
Diospyros ebenum De 3.0 5.0 1.13 0.019 5 1.0-2.5 0.23 0.028 4 
Loropetalum chinense Lc 1.5-2.5 1.16 0.018 3 1.0-2.0 0.24 0.031 3 
Myrtus obcordata Mo i .5-4.0 1.03 0.069 6 1.0-2.0 0.60 0.004 3 
Pomaderris phylloides Pp 2.0-5.0 0.80 0.036 7 i .0-2.0 0.26 0.009 3 
Pteridium aquilinum B1 3.0 5.0 1.43 0.040 5 1.5-5.0 0.34 0.008 8 
Pteridium aquilinum 132 3.0-4.0 0.28 0.046 3 1.0.5.0 0.77 0.018 9 
Pteridium aquilinum B3 4.0-5.0 0.83 0.013 3 1.0-5.0 0.25 0.016 9 
Pteridium aquilinum B4 4.0-5.0 1.17 0.014 3 1.5-3.0 0.29 0.004 4 
Quercus sp. Qs 1.0.2.0 0.53 0.025 3 0.5-1.5 0.22 0.010 3 
Taxus baccata Tb 2.0-5.0 0.80 0.045 7 2.0-5.0 0.70 0.180 7 
Vaecinium myrtilis Vm 2.5 5.0 1.13 0.015 6 1.5-5.0 1.00 0.010 8 
Tannic acid TA 2.0-5.0 2.00 0.060 7 i .0-2.0 0.56 0.030 3 
Quebracho tannin Qb 2.5-5.0 2.15 0.010 6 3.0-4.0 1.22 0.010 3 
Terminalia chebuIa Tc 4.0-5.0 1.98 0.060 3 3.0-5.0 1.89 0.040 5 
Pinus radiata Pr 2.04.0 0.87 0.000 5 1.0-2.0 0.29 0.004 3 

Table 2. Specific activity calculations for phenolic extracts. TPS = 
total phenolics in the system, as estimated by the Hagerman and 
Butler (1980) method; %T = the maximum percentage of TPS par- 
ticipating in the precipitation reaction (calculation from TPS and 
the minimum absorbance value for phenohcs remaining in solution 

- see Table 1); SAt = maximum protein precipitated/TPS, the value 
for protein precipitated (PROT) being obtained from the absorb- 
ance values for the ninhydrin assay (Table 1) and reference to a 
calibration curve for this assay against BSA; SA2=(SA1/%T)x 
100 

Extract PROT TPS %T SA1 SA2 
code 

Ah 0.40 0.25 31 1.61 5.20 
Cc 2.85 1.79 50 1.59 3.18 
De 2.69 0.79 71 3.36 4.73 
Lc 2.75 0.80 70 3.42 4.89 
Mo 2.44 1.10 45 2.22 4.92 
Pp 1.90 0.54 52 3.49 6.72 
B1 3.39 0.64 47 5.27 11.20 
B2 0.66 1.30 40 0.51 1.27 
B3 1.97 0.37 32 5.30 16.60 
B4 2.77 0.70 59 3.94 6.68 
Qs 1.26 1.51 63 0.83 1.32 
Tb 1.90 0.96 27 1.96 7.25 
Vm 2.68 1.29 22 2.66 12.10 
TA 4.74 1.74 68 2.71 3.99 
Qb 5.10 4.30 72 1.18 1.64 
Tc 4.69 3.72 49 1.25 2.56 
Pr 2.06 0.63 54 3.26 6.04 

the min imum amount  of soluble phenolics found in the 
supernatant  (Table i ) ;  this being used to express the maxi- 
mum proport ion of the total phenolics present in the extract 
(%T) which entered into precipitates, thus achieving a best 
estimate of functional tannins. The estimate SA2 expresses 

the activity of the extract in terms of these phenolics alone 
and is calculated as (SA1/%T) x 100. The results for all 
these variables (SA1, SA2, %T, TPS) are presented in Ta- 
ble 2. 

The value obtained for the SA1 of TA is very close 
to that reported by Hagerman and Butler (1980). The values 
for SA1 of other tannins ranged from about  twice to less 
than 20% of the value of TA. There is thus a clear spread 
of values for the variable SA1 and inspection of Table 2 
shows a similar range for SA2. Values of SA2 are all higher 
than those for SA1 as values of %T are less than 100% 
(range 22% to 72%). There is no correlation between SA1 
and %T evident in the data, thus indicating that a tannin  
or extract may be active as a precipitant whilst not  necessar- 
ily being subject to precipitation in proport ion to that activ- 
ity. Indeed, such a relationship would not  have been ex- 
pected. Comparing the data in Table 2 to that for chemical 
analyses (Mole and Waterman 1987a) shows that not  a 
single chemical variable correlates well with the measures 
of SA. Of particular note is the absence of a relationship 
with either estimates of polymer length or of the percentage 
of condensed tannin  in the extracts. As it was found that 
procyanidin-rich condensed tannins were the predominant  
feature in the phenolic components  of most of these extracts 
the absence of any correlation was disappointing. 

However, considering data from individual extracts 
does provide some useful results. The De extract was sus- 
pected of containing hydrolysable tannins  and so the low 
%CT1 value ( = 2 3 %  - see Table 2 in Mole and Waterman 
1987a) should not  have indicated low astringency and in- 
deed both SAI (3.36) and %T (71) indicate a substantial 
amount  of t annin  material present in the extract. In  con- 
trast, Tc, with a (suspected) low concentrat ion of hydrolys- 
able tannin  and no condensed tannin,  has lower specific 
activities than TA and De. The data is also clearly indicative 
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of the presence of other precipitable phenolics in some ex- 
tracts though these do not necessarily add to SA values. For 
example, consider the data for BI (%CTI = 6%, %T = 47%, 
SA1 =5.27) and B2 (%CT1 =6%,  %T=40%,  SAI =0.51), 
suggesting that other phenolics contribute to precipitation 
in BI but not B2. Conversely, extracts with %CT1 and 
%CT2 values of around 100% (Ah, Pp, Tb, Pr) can have 
comparatively low proportions of precipitable phenolics. 

The results outlined above confound the belief that sat- 
isfactory interspecific comparisons of plant tannins can be 
made by the use of chemical analysis if the ultimate objec- 
tive is to make inferences concerning tannin-protein interac- 
tions. The range in SA values found for extracts of equal 
phenolic concentrations, and lack of correlation between 
these activities and chemical variables illustrate the enor- 
mous diversity of this property in different phenolic ex- 
tracts. Thus, these results reinforce points previously made 
by Martin and Martin (1983) in recommending the use of 
protein precipitation assays to measure tannins. This is not 
to say that intraspecific measurements cannot be based on 
chemical measurement techniques, but here errors will still 
occur if the components making up the plant phenolics 
change between samples (as between B1 and B2). 

It could be argued that if chemically pure and defined 
sources of tannin had been used in this work, then some 
correspondence between (say) condensed tannin polymer 
length and specific activity might have been obtained. This 
does indeed seem plausible (Haslam 1974) but misses the 
point that herbivores do not consume pure chemicals but 
crude extracts. An important outcome of this study has 
been to determine that these ecologically significant rela- 
tionships can not be distinguished against the background 
of the other phenolics present in the plant. Having estab- 
lished this, then there appears to be no justification from 
an ecological point of view in examining the specific activi- 
ties of the component phenolics of an extract individually 
unless the commitment is made to do this exhaustively for 
the whole extract and then to further consider the effects 
of synergism between components. 

On the positive side the results indicate a successful 
method for measuring the activities of tannin-containing 
extracts and several important sources of tannin-tannin 
variation have come to light. The existence of peaked re- 
sponses seen in the curves for protein precipitation suggests 
that for some tannins the conditions where precipitates 
form are quite narrow. Given that the assay conditions 
are designed to be very favourable to precipitate formation 
then perhaps values for SAI and SA2 are not the only 
biologically important variables, and parameters such as 
%T and threshold precipitation levels (very approximately 
indicated by TPS) should be included when assessing the 
potential effect of a tannin in a biological environment. 
The significance of these criteria would eventually require 
in vivo testing, but it should be noted that their utility 
is crucially dependent on the notion that precipitation phe- 
nomena are central to understanding the role of tannins 
as anti-feedants, an assumption brought into question by 
both Martin et al. (1985) and Mole and Waterman (1985). 

The amino acid precipitating properties of  the extracts 

It is generally thought that tannins produce precipitation 
reactions with proteins, and not with their constituent free 
amino acids. Handley (1954) did, however, show that cer- 

Table 3. Formation of tannin - amino acid precipitates involving 
arginine (A) and histidine (H) over a range of pH values. + = pre- 
cipitate observed 

Ex- pH 
tract 
code 2 3 4 5 6 7 8 9 10 

AH AH AH AH AH AH AH AH AH 

TA + + + + + + 
Qs + + + + 
De + + + + + + 
Pp + + + 
B4 + +  + +  + +  + +  + +  + +  
Mo + + + + + + 
Lc + + + + + + + 
Qb a 

a None of the remaining extract showed precipitation with these 
or any other amino acids 

tain amino acids precipitated some tannins from solution, 
his observations being based upon the behaviour of fresh 
unbuffered plant extracts to which amino acid solutions 
were added dropwise. Generally these reactions involved 
basic amino acids and tannins from species whose litter 
tended to form mor humus. In the course of this investiga- 
tion an attempt has been made to confirm these findings 
and to examine the influence of pH on any reaction. Table 3 
presents the results for the precipitation of arginine and 
histidine, the two most reactive amino acids, with the ex- 
tracted phenolics at a range of pH values. 

Handley's observations are confirmed by these results 
in that the amino acids which do give precipitates are of 
the expected (basic) type. No conclusion could be drawn 
as to the type of tannin most likely to produce precipitation, 
whilst the absence of precipitation cannot be taken as evi- 
dence that no interaction has occurred between the tannin 
and amino acid. The absence of precipitation at high pH 
indicates that ionisation of the non-alpha amino group may 
be important to the precipitation reaction. All precipitates 
formed were fully pH reversible. 

The conclusion drawn from this experiment is that no 
simple relationship exists between the chemical structure 
of tannins and their interaction with single amino acids. 
Tannin-protein interactions can thus be expected to prove 
at least as complex, with the amino acid complement of 
the protein and its tertiary structure (Hagerman and 
Klucher 1986) likely to be as significant as the tannin. It 
is also of note from an ecological point of view that the 
interaction of single amino acids with tannins may act to 
inhibit the amino acid nutrition of herbivores by impairing 
specific amino acid absorption in the gut, thus extending 
the allelochemical action of tannins beyond that envisaged 
by Feeny (1976). 

Effect of  tannins on cellulase activity 

In contrast to the precipitation techniques which make the 
most accurate detection and determination of tannins in 
terms of their operational definition, this section is con- 
cerned with measurement of the impact of tannins on di- 
gestive systems. Whilst the notion that tannin-protein pre- 
cipitates are indigestible is long standing (Feeny 1969; 
Rhoades 1977) it is curious that measurements of the im- 
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Table 4. Cellulase digestion of substrate under various conditions. Mean values (x) are for average % weight loss of substrate; se = standard 
error. Conditions used were; "bound" = tannin impregnated substrate after leaching; "free" = tannin in solution, released from impreg- 
nated paper by leaching; "unmasked"=paper  impregnated with tannin extract only; "masked"=paper  impregnated with BSA and 
tannin extract 

Extract "Bound . . . .  Free . . . .  Unmasked . . . .  Masked" 
code 

X s e  x s e  X s e  X s e  

Ah 28.6 0.21 16.2 0.82 23.5 3.25 27.5 0.62 
Cc 21.1 0.11 20.5 0.23 18.3 3.72 19.9 4.32 
De 6.7 1.20 12.2 0.81 14.3 0.49 0.9 0.00 
Lc 15.9 0.98 16.6 1.95 18.0 0.50 13.7 5.01 
Mo 14.2 1.78 22.9 0.81 17.5 0.14 14.6 1.69 
Pp 15.5 0.35 20.2 0.81 17.6 1.41 21.1 2.76 
B1 20.5 4.30 23.6 0.97 18.9 3.53 19.2 3.51 
B2 23.0 0.17 18.9 2.12 23.4 1.37 19.9 0.56 
B3 21,9 1.14 18.0 0.98 18.4 0.96 1.1 0.25 
B4 1.7 0.57 15.4 1.39 15.3 2.79 13.5 0.05 
Qs 23.1 0.11 18.6 0.97 15.9 3.15 13.8 2.13 
Tb 20.1 1.20 22.1 0.74 19.4 5.22 17.1 0.43 
Vm 22.4 0.96 16.6 0.20 19.7 1.41 13.4 0.00 
TA 11.9 0.11 15.2 3.38 21.7 0.79 20.3 0.94 
Qb 19.5 0.74 17.8 0.84 21.6 2.87 11.5 1.57 
Tc 19.3 2.35 18.9 0.40 19.9 0.13 20.3 1.88 
Pr 18.1 0.62 20.1 0.22 20.9 0.44 14.1 2.19 
Catechin 20.1 2.23 21.5 0.56 19.5 2.04 15.4 1.94 
Gallic acid 17.3 2.23 19.6 0.46 20.9 0.13 18.2 0.44 

pact  of  tannins on proteolyt ic  or other digestive systems 
have been largely ignored in favour  of  prote in  precipi ta t ion 
techniques in ecological studies, even though they are wide- 
ly employed in the agricultural  sciences (see for example, 
Fai thful  1985). By returning to a digestive system, the divide 
between the in vitro and in vivo si tuations is nar rowed 
and inferences about  the lat ter  from the former may  be 
more  reasonably  made.  

Digestive systems do however represent fundamental ly  
different reactions to those of  the precipi ta t ion type. In 
a precipi ta t ion react ion the tannin is generally given a single 
substrate prote in  to interact  with whereas in a digestive 
system at least two components  are present  besides tannin 
(e.g. enzyme and substrate). The tannin may  interact  with 
either or both  of  these, depending on the specificity of  the 
interactions involved (Hagerman and Butler 1981; Mole  
and Wate rman  1987b). The obvious system to employ is 
one where the effect of  tannins on proteolysis  is observed. 
However,  the complexi ty  of  this reaction, which may  in- 
volve soluble and insoluble tannin-prote in  complexes,  chan- 
ges in substrate  structure and possibly interactions involv- 
ing the enzyme renders proteolysis  a difficult technique to 
employ for a meaningful  assay of  tannins, par t icular ly  as 
we do not  know to what  extent proteolyt ic  enhancement  
by tannins (Mole  and Wate rman  1985) may  occur in vivo. 
Here we have chosen to examine a cellulolytic system where 
to some extent the effects of  subs t ra te -bound and soluble 
fractions of  tannin can be separated.  

The set of  experiments repor ted  here investigates the 
abil i ty of  the phenolic  extracts character ised previously to 
inhibit  the action of  cellulase on substrates prepared  by 
impregnat ing cellulose (chromatography  paper)  with solu- 
tions of  these extracts. The solutions used were all made  
up to conta in  a total  phenolic  concentra t ion equivalent  to 
that  of  0.1% tannic acid. A further var ia t ion required mak-  
ing a second set o f  substrates using paper  previously ira- 

pregnated with BSA with the object  of  examining the influ- 
ence, if  any, of  protein  on the binding of  tannins onto the 
cellulase's substrate.  Extract  free samples of  paper  ( +  or 
- BSA) were employed as controls.  The digestion system 
employed was the cellulase technique of  Choo et al. (1981) 
a l though in the experiments described below the pepsin pre- 
t reatment  has been omitted.  

In all four series of  experiments were carried out  with 
this system. In the first, tannin impregnated  substrates were 
pretreated with 19 ml of  the cellulase buffer (pH 4.6). A t  
the end of  the pre t rea tment  this buffer was removed and 
added to a fresh sample of  untreated paper  in a replicate 
set of  vials. To each set of  vials cellulase solutions of  re- 
quired concentrat ions were then added to consti tute a stan- 
dard  cellulase digestion system. The second set of  vials will 
contain in the buffer the fraction of  the tannin leached 
out  of  that  substrate whilst the original " l e a c h e d "  sub- 
strates retained the tannin which was adsorbed  onto the 
solid substrate.  This system thus allowed for a dist inction 
to be made  between what  may be characterised as " d i r e c t "  
versus " subs t ra te  level" inhibi t ion of  cellulase. 

In  a further set of  experiments cellulase digests of  sub- 
strates prepared  with and without  BSA were performed 
to see if  masking o f  cellulose from cellulase through interac- 
t ion between tannin and protein  could be observed. All  
the digests were performed in duplicate and addi t ional ly  
a set of  tannin free controls  were made for comparison.  
All  the digests were performed simultaneously with the 
same batch of  cellulase and are therefore directly compara-  
ble. 

The results from the first experiments on the full range 
o f  extracts (Table 4) showed that  most  substrates were de- 
graded at  a rate close to that  of  the control  (20%). The 
weight loss from the leached extract  of  A h  is anomalous ly  
high, which is a lmost  certainly due to the elution of  non 
tannin mater ial  incorpora ted  into the substrate  from this 



phenol-deficient extract. Weight losses clearly less than con- 
trol were caused by three extracts (B4, De and TA) for 
systems where cellulase is inhibited both in solution and 
by cellulose-bound material. Indeed the precipitation of 
some cellulase could be seen as the enzyme was added to 
the buffer containing tannin in solution. It is notable that 
these three extracts do not have unusually high specific 
activities and that the cellulase inhibition by extracts that 
do is not distinguishable from the average. Inspection of 
the data thus reveals that protein precipitating ability is, 
on this evidence, not a good predictor of an extract's ability 
to inhibit cellulase activity. Differences in the relative effects 
of  substrate-bound and soluble tannins were noted in a 
number of cases, but with no clear pattern between the 
two forms of enzyme inhibition. 

Comparing the effects of the presence/absence of pro- 
tein in this cellulase inhibition system indicates that the 
presence of protein does increase the inhibitory effects of 
tannin (Table 4). Otherwise the results are similar to the 
previous set with De and B4 still the most inhibitory ex- 
tracts. 

Considering all four sets of data (Table 4) shows, not 
surprisingly, that the cellulase digestion of BSA-masked 
material produced the lowest weight losses. Also the corre- 
lation between these results and those for the digest inhib- 
ited by cellulose-bound tannin is very high (+0.92, P <  
0.001, n =  19). All four sets of results suggest that tannin 
structure must contribute significantly to the variation in 
the results, yet there is clearly additional variability intro- 
duced by the way tannin is combined in the cellulose sub- 
strate. None of the results correlate well with the chemical 
characteristics reported previously for these extractives 
(Mole and Waterman 1987 a). 

Once again the hope that results from a simple biochem- 
ical assay might correlate well with the chemical analyses 
of the tannins present is confounded. The two most inhibi- 
tory extracts span the range for angiosperm tannins, i.e. 
B4 contains procyanidin condensed tannin whilst De con- 
tains hydrolysable tannin and prodelphinidin condensed 
tannin. One positive gain from this work, however, has 
been to demonstrate cellulose masking s e n s u  Handley 
(1954) involving a range of tannin types as a potentially 
significant factor mediating the rate and degree of cellulose 
digestion. 

Discussion 

To the best of our knowledge the information brought to- 
gether in this and the preceeding paper (Mole and Water- 
man 1987a) represents the most comprehensive analysis of 
chemical and biochemical properties of tannins extracted 
from a taxonomically diverse range of plants (at the family 
level) so far attempted. The results of  this analysis indicate 
the severe problems relating to the interpretation of these 
data with regard to the impact of tannins as alMochemics. 

The only general conclusion that can be drawn from 
these analyses is that all of these tannin-containing extracts 
did to some extent precipitate protein, so it would appear 
that a positive result for a chemical assay procedure can 
be used with some confidence to predict an ability to precip- 
itate protein. This fact should be trivial but given the gener- 
al lack of correlation between chemical and operational 
measures on a numerical basis then perhaps it represents 
the limits of  our present predictive ability when considering 
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interspecific comparisons rather than intraspecific compari- 
sons. This unfortunate state of affairs is made more likely 
when it is considered that all of these in vitro experiments 
are one stage removed from the in vivo effects that tannins 
may or may not have. For example, the demonstrable ef- 
fects of gut surfactants on tannin-protein interactions (Mar- 
tin et al. 1985; Mole and Waterman 1985) and the variety 
of in vivo effects tannins are reported to exert (Mole and 
Waterman 1987c) serve to widen the divide between mea- 
sures such as protein precipitation and the real physiologi- 
cal effects of tannins on digestion which ecologists wish 
to infer. 

To illustrate the dangers of  interpreting proximate data 
we consider a case from the recent literature, the report 
by Cooper and Owen-Smith (1985) that condensed tannins 
deter feeding in browsing ruminants in a South African 
savanna. We do not dispute their contention, and indeed 
would strongly support the hypothesis that tannins can 
have a considerable negative impact of food sellection (Mole 
and Waterman 1987c). However, we do dispute the use of 
their data to advance a number of  other hypotheses which 
we regard as untenable. Cooper and Owen-Smith (1985) 
studied crude plant extracts as we did here. They measured 
condensed tannins by the proanthocyanin method and total 
phenolics by a reaction with a ferric reagent (Jerumanis 
1972) which from our own results and their ,observations, 
gives a comparable measure to the Folin-Denis method. 
By reference to the work of Deiber (1975), who found that 
sorghum polyphenols inhibited enzymic activity and that 
the Jerumanis method was the best to predict enzyme inhi- 
bition, they concluded that total phenol measurements gave 
an estimate of polyphenolic enzyme inhibition in their sam- 
ples. To assume such a correlation on an intraspecific level 
is defensible, if factors such as plant age, growing conditions 
and plant part are taken into consideration. To extend it 
to extracts from a taxonomic diversity comparable to that 
used in this study is unacceptable both in terms of the infor- 
mation that the assays yield on the type and structure of  
condensed tannins and on the enormous diversity in their 
ability to interact with proteins and other substrates. In 
short we would assert that their claim to have measured 
enzyme inhibiting phenolics as opposed to total phenolics 
is unfounded. We would further argue that from their mea- 
surements of total phenols and condensed tannins they can 
make no reliable prediction of protein precipitating ability 
of the crude extracts of the leaves that their study animals 
eat. 

We would also reject their argument that, because the 
correlation between condensed tannin and total phenolics 
contents in their data is low, then "the enzyme inhibiting 
polyphenols [present in their samples] include mainly hyd- 
rolysable tannins which have been found to have a stronger 
protein-precipitating action than condensed tannins". As 
they have no direct measure of the quantity of hydrolysable 
tannins or even qualitative evidence for them from chroma- 
tographic analysis we also have to dismiss their claims re- 
garding the presence and role of hydrolysable tannins. Our 
own results (%CT1, %CT2) clearly reveal that where there 
are measurements of total phenols and condensed tannins 
the latter cannot be reliably expressed as a percentage of 
the former. The presence of hydrolysable tannins (or any 
other specific type of phenolic) can thus in no way be in- 
ferred from their estimates of total phenolics and condensed 
tannins. 
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The purpose of this critique is to illustrate the numerous  
problems arising in any attempt to use this proximate chem- 
ical information in the analysis of feeding ecology. This 
is not  to say that such measures are never of value; for 
example their employment in investigations of resource al- 
location within species (Waterman et al. 1984) and within 
ecosystems (Gart lan et al. 1980; Coley 1983) can be highly 
informative. 
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