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Summary. Estimations of  condensed tannin content are 
generally based on calibration standard curves from Que- 
bracho condensed tannins. We generated calibration stan- 
dard curves from eight Sonoran Desert species for compari- 
son with estimates of tannin concentrations derived from 
the Quebracho standard curve. Estimates of leaf tannin 
concentrations of each of the eight species using each spe- 
cies standard curve differed significantly with the estimates 
given by the Quebracho standard curve. Standard curves 
constructed from tannins from different individuals of three 
of the species varied significantly between, but not within, 
species. The efficiency of precipitation of protein bovine 
serum albumin (BSA) by each different tannin varied up 
to a factor of fifty for tannins of different species. Ordering 
species from highest to lowest based on tannin concentra- 
tions or binding efficiencies gave two different ranks. We 
argue that concentration or efficiency alone do not describe 
adequately tannin ecological activity. Instead, we suggest 
combining tannin concentrations and binding efficiencies 
to measure the protein precipitating potential of a leaf. Leaf 
protein precipitating potential is a more ecologically realis- 
tic parameter, we feel, for between-species comparisons 
than tannin content or binding efficiencies alone. 
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Tannins are a heterogeneous class of phenolic polymers 
in the 500 to 30000 molecular weight which are water solu- 
ble and are capable of precipitating soluble proteins from 
solution (Martin and Martin 1982; Swain 1979). These 
compounds have been proposed as an important compo- 
nent of plant chemical defenses against herbivorous ani- 
mals, fungi and microbes (Feeny 1976; Rhoades and Cates 
1976; Swain 1979; Zucker 1983). Studies of the ecological 
function of tannins have centered on the concentration of 
these compounds and their generalized ability to complex 
and precipitate proteins (Feeny 1968, 1970; Price etal.  
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1980; Fox and Macauley 1977; Cooper and Owen-Smith 
1985; Lindroth and Batzli 1984; Roehrig and Capinera 
1983). 

The determination of condensed tannin concentrations 
has relied on two main techniques, colorimetric analysis 
(with proanthocyanidin measurements) and protein binding 
assays (Swain 1979; Tempel 1982). The colorimetric, or 
proanthocyanidin assay, is used to determine the amount 
of condensed tannin present in a plant extract. The binding 
assays are used to determine the ability of tannin extracted 
from plant material to bind and precipitate protein from 
solution. 

In the determination of proanthocyanidin content, it 
is necessary to use a calibration curve. The result of the 
colorimetric analysis is a spectrophotometer value, which 
must then be converted to grams of tannin by the use of 
the calibration curve (called a standard curve). The value 
generated from such an analysis is completely dependent 
on the standard curve used. In general, tannins from two 
species have been settled on as representative standard 
curves for condensed tannin analysis: Quebracho (Sehinop- 
sis quebracho-colorado) (Martin and Martin 1982; Water- 
man and Janzen 1985) or Sorghum (Sorghum bieolor) (Price 
et al. 1980). Such single standard curve assays have been 
used for comparing tannin concentrations within and be- 
tween plant communities (McKey et al. 1978) and tannin 
concentrations with herbivory rates (Coley 1983). Similarly, 
protein binding assays have used a single protein type for 
measuring the ability of a plant extract to precipitate pro- 
tein from solution, either bovine serum albumin (BSA) 
(Martin and Martin 1982) or ribulose-l,5-bisphosphate car- 
boxylase (RuBPC) (Martin et al. 1985). Finally, many stu- 
dies that have assessed tannin antifeedant activity against 
different herbivores have also used quebracho tannin as 
a representative of the class of condensed tannin (Bernays 
et al. 1981; Lindroth and Batzli 1984). A common thread 
running through these studies is the assumption that con- 
densed tannins exhibit generalized activity from plant to 
plant (but see Martin and Martin 1982; Zucker 1983). 

However, when we constructed a standard curve from 
condensed tannins extracted from Prosopis glandulosa 
(Mesquite), it yielded different estimations of  tannin con- 
centrations in Mesquite leaves than those from a quebracho 
curve. This led us to question how close quebracho-based 
tannin estimations are to estimations generated from stan- 
dard curves from the condensed tannin produced by the 
species under study. Additionally, how similar are the bind- 
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ing efficiencies of tannins of these different species for the 
same protein? In this study, we have isolated condensed 
tannins from species of nine different genera for comparison 
of standard curve parameters between and within species 
and the efficiency of their binding to the same protein. 

Materials and methods 

Plant collection and preparation. Mature foliage of all spe- 
cies (Table 1), except quebracho and oak, were collected 
in 1985 at the Philip L. Boyd Deep Canyon Desert Research 
Center, Palm Desert, California. See Table 1 for species 
that included stems in the analysis. Quebracho and oak 
condensed tannins were provided by J. Smiley, University 

Table 1. Names and general distributions of species used in this 
study. Krameria, Phorandendron, Cercidium and Euphorbia in- 
cluded for analysis stems and leaves where present 

Species Common name Location 

Schinopis quebracho- Quebracho Europe 
colorado 

Acacia greggii Cat Claw Acacia Sonoran Desert 
Krameria parvifolia Krameria Sonoran Desert 
Phorandendron Mistletoe Sonoron Desert 

californicum 
Prosopis glandulosa Mesquite Sonoran Desert 
Cercidiumfloridum Palo Verde Sonoran Desert 
Quercus agrifolia Oak Coastal Oak 

Grassland 
Chilopsis linear& Desert Willow Sonoran Desert 
Fouquieria splendens Ocotilla Sonoran Desert 
Euphorbia micromera Sandmat Sonoran Desert 
Hyptis emoryi Desert Lavender Sonoran Desert 

of California, Irvine. Plant material was dried at 20 ~ C and 
ground to a fine powder in a Wiley mill. 

Tannin extraction. Dried and ground plant material was 
extracted according to Dement and Mooney (1974). Con- 
densed tannin powder was prepared from plant extracts 
in 70% acetone (containing 0.1 g ascorbic acid and 0.02 g 
potassium cyanide per 100 ml). After filtering, separation 
of the acetone/water layers was formed by the addition 
of solid sodium chloride. After removal, an equal volume 
of ethyl alcohol was added to the acetonic layer. Four vol- 
umes of ethel ether were added to the acetone/ethanol mix- 
ture, which was then washed three times with 100 ml of 
water. The water washes were combined and dialyzed 
against pure water for two days. The dialysate was then 
freeze-dried and stored as a powder at 4 ~ C. 

Standard curve preparation. Standard curves were con- 
structed by adding weighed amounts of each species' con- 
densed tannin powder to 2 ml of 50% methanol. Twenty 
ml of 95: 5 n-butanol: concentrated hydrochloric acid were 
added to each 2 ml sample and shaken. Half of each sample 
was then refluxed in marble capped test tubes in a boiling 
water bath for 40 min. After cooling for ten minutes, each 
heated sample was measured against its control, the un- 
heated portion of each sample, at 550 nm in a Beckman 
DU-7 spectrophotometer. 

Protein binding efficiencies. The binding efficiency of BSA 
by each species condensed tannin was measured by the tech- 
nique of Martin and Martin (1982) with the following modi- 
fications. Starting concentration of the protein, bovine se- 
rum albumin (Sigma Chemical Co.), was 0.3 mg/ml acetate 
buffer. After the 15 rain complexing period, the solution 
was centrifuged (12000 xg for 15 min, 5 ~ C) and then the 
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HC1 method. See Table 2 for curve 
parameters 



supernatant transferred to an empty test tube. One ml of 
10% trichloroacetic acid (TCA) was added to the superna- 
tant and allowed to sit at room temperature for 15 min. 
This solution was centrifuged under the same conditions, 
the supernatant discarded and the pellet redissolved in 1 ml 
of 0.36 N sodium hydroxide. The suspension was then mea- 
sured by the modified Lowry method (Hartree 1972). Con- 
trol tubes were 1 ml of buffer instead of the protein solu- 
tion. Values reported are the tannin precipitated by TCA 
in the controls subtracted from the experimental solutions 
of non-complexed protein plus TCA precipitated tannin. 

Results 

The standard curves generated for all ten species varied 
over a wide range (Fig. 1), none of them being identical 
to the curve for quebracho. Eight of the ten estimated 
curves had an r 2 of 0.98 or better (Table 2). Slopes of the 
standard curves varied from 0.12 for E. miromera to 26.00 
for A. greggii. 

As a measure of the error in estimations between the 
quebracho standard curve and each species standard curve, 
we used a typical spectrophotometric value of 0.2 absorb- 
ance units to compare the results generated by each species' 
standard curve to the values generated by the quebracho 
curve, calculating this comparison as a ratio (species esti- 
mate/quebracho estimate). Such ratios showed an under-/ 
overestimation of tannin concentrations from a factor of 
one fifth underestimate (A. greggii) to twenty one times 
overestimate (E. micromera). 

Tannins isolated from three individuals (two for P. glan- 
dulosa) of three different species produced standard curves 
that could be distinguished statistically between, but not 
within, species (Fig. 2). P. glandulosa individuals produced 
a wide range of curves, but the slopes are indistinguishable 
statistically. These results support the proposal that com- 
parisons of plant species to quebracho for tannin estima- 
tions, can result in an over-/underestimation of concentra- 
tions. 

Titration curves of a constant protein concentration 
with increasing tannin concentrations revealed distinct 
characteristics for the different species. Of the nine tannins 
titrated, Q. agrifolia and P. californicum showed some 
threshold prior to any significant protein binding and they 
had the highest saturation points (Fig. 3, Table 3). 

Those titration curves with showed no delay in protein 
binding can be divided into categories based on the linear 
region slope and the saturation points. Tannic acid and 
K. parvifolia both exhibit a high slope (efficient binding) 
and a low saturation point (low binding capacity) (Fig. 3). 
S. quebracho-colorado and F. splendens show a midrange 
saturation point and a low slope (Fig. 3). A. greggii tannins 
saturate at midrange values and show high linear range 
slopes (Fig. 3). Both H. emoryi and E. micromera saturate 
at high concentrations (high binding capacity), but H. e- 
moryi has a low slope while the slope of E. micromera is 
high (Fig. 3). 

Since the titration curves took the form of a sigmoidal 
relationship, we transformed each curve by inverting each 
variable with a double logarithmic transformation (Ta- 
ble 3). We have included the double logarithmic plots of 
high efficiency P. californicum and low efficiency E. greggii 
protein binding tannins as examples (Fig. 4). The slope of 
each plot is related to the efficiency of binding and ranges 
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Table 2. Parameters of the estimated standard curves generated 
by acid degradation of weighed condensed tannin material extract- 
ed from the different species. As quebracho tannins are frequently 
used as a general standard, we calculated the ratio of predicted 
tannin amount from each species to that predicted by quebracho, 
at a hypothetical absorbance of 0.200 absorbance units. This repre- 
sents the degree of over- or underestimation of actual tannin con- 
tent when only quebracho standards are used 

Species Slope Intercept r 2 ABS (0.200) 
Species/ 
Querbracho 

A. greggii 26.00 - 0.21 0.86 0.20 
K. parvifolia 14.21 - 0.19 0.80 0.35 
P. californicum 4.16 --0.02 0.99 0.67 
Quebracho 3.54 -0 .08  0.99 1.00 
P. glandulosa 2.67 -0 .02  0.99 1.05 
C.floridum 0.69 -0 .004  0.99 3.78 
Q. agrifolia 0.79 -0.001 0.99 3.24 
C. linearis 0.19 -0.0003 0.98 13.56 
F. splendens 1.60 0.03 0.98 0.33 
E. micromera 0.12 --0.001 0.99 21.58 
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Fig. 2. Standard calibration curves for condensed tannins extracted 
from different individual trees from three different species. The 
curves cannot be distinguished statistically between species, but 
do differ significantly between species 

from 0.40 for P. californicum (high binding efficiency) to 
0.28 E. micromera (low binding efficiency). 

Discussion 

Estimations of unknown concentrations of leaf tannins 
have until now been conducted using a standard calibration 
curve derived from a single tannin type, typically that of 
quebracho. However, tannin estimates generated from 
curves from the extracted tannins of different species yield 
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Fig. 3A-I. Titration curves for constant protein concentrations against increasing tannin concentrations. See Table 3 for curve parameters. 
A Tannic acid, B Quebracho, C H. emoryi, D A. greggii, E K. parvifolia, F Q. agrifolia, G F. splendens, H P. californicum, I E. micromera 

very different numbers. Asquith and Butler (1985) found 
large differences in standard curves from tannins isolated 
from sorghum and quebracho. A hypothetical absorbance 
of 0.2 absorbance units gives tannin estimates from the 
different species' curves a range of five times lower to up 
to twenty one times higher than those of quebracho. Ana- 
lyzing dried and ground leaf and stem material of six species 
gives both different concentrations and different rank 
orders, comparing quebracho estimates with those of each 
species' curve (Table 4). E. micromera tannin concentra- 
tions are estimated at 23.3% dry weight of the plant (rank- 
ing second in overall concentration) for the E. micromera 
curve versus 1.1% dry weight (ranking sixth in overall con- 
centration for the quebracho curve). Q. agrifolia moves 
from the highest tannin containing leaves for its own curve 
to fourth with the quebracho curve. K. parvifolia goes from 

9.9% dry weight tannins (K. parvifolia curve) to over 37% 
dry weight with a quebracho curve. 

Such radical over- and underestimates of tannin concen- 
trations and species ranking by use of a single standard 
curve appears to invalidate its use in both previous and 
future studies. Use of a quebracho curve when measuring 
tannin concentrations within leaves of one species will re- 
tain a proper ordering of highest to lowest while not report- 
ing an accurate estimate of tannin amounts. However, rela- 
tionships between the condensed tannin concentrations of 
different species can never be correctly estimated by the 
use of any one standard curve. 

Protein precipitating ability is an alternative characteris- 
tic of condensed tannins, which has been proposed as a 
measure of tannin activity (Goldstein and Swain 1965; 
Bate-Smith 1973; Hagerman and Butler 1978). Most re- 
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Table 3. Parameters of the protein binding titration curves and 
the double logarithmic transformation of each curve. The satura- 
tion point is the tannin concentration beyond which no further 
precipitation occurs. The slope of the double logarithmic line is 
a direct measure of the binding efficiency of a tannin for Bovine 
Serum Albumin. The greater the slope the less tannin required 
to bind an equivalent amount of tannin, thus a more efficient 
tannin 

Titration 
plot 
saturation 
point 

Double logarithmic plot 

Slope Intercept r 

E. micromera 1.2 0.28 0.29 0.87 
Tannic acid 0.3 0.30 0.31 0.81 
A. greggii 1.0 0.31 0.33 0.81 
K. parvifolia 0.6 0.37 0.24 0.91 
H. emoryi 1.2 0.54 0.05 0.99 
Quebracho 0.8 0.47 -0.09 0.97 
F. splendens 0.6 0.38 -0.05 0.93 
P. californicum 1.6 0 . 4 0  -0.026 0.89 
Q. agrifolia 1.5 0.33 -0.15 0.93 

cently, Mart in  and Mart in  (1982) showed that estimates 
of proanthocyanidin concentrations by a quebracho stan- 
dard curve showed no correlation with BSA precipitating 
ability of extracts of six different oak species. They propose 
also that measuring tannin  protein precipitating ability is 
a more appropriate criterion of t annin  presence. 

An  additional component  of tannins as measured by 
the Mart in  and Mart in  method is the efficiency of protein 
precipitation by that tannin.  Differential binding affinity 
of sorghum tannin  has been demonstrated for three differ- 
ent proteins (Hagerman and Butler 1981). Additionally, dif- 
ferent tannins can have different binding affinities for the 
same protein (Asquith and Butler 1985). Using extracted 
tannin  powder, we determined that the nine different tan- 
nins of this study have very different efficiencies for binding 
a single protein type, BSA (Table 4). Ranking species from 
high to low based on their BSA binding efficiency yields 
a very different rank than either proanthocyanidin assay. 
Additionally, no correlation exists between the slopes of 
the species standard curves and the BSA binding efficien- 
cies. 

In  a tannin-containing plant, we consider that the key 
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Fig. 4A, B. Double logarithmic plots of the titration curves shown in Fig. 3. Examples of high and low protein efficiencies have been 
chosen for plotting. Transformations are ln(x+ 1) to adjust zero values. See text for details. A P. californicum, B E. micromera 

Table 4. Rank order relationships of six species for tannins from dried and ground leaves based on different measures. Estimations 
of leaf tannin concentrations have been calculated using the calibration curves generated from both the Quebracho standard curve 
and from each individual species standard curve from Table 2. Ranks based on these concentrations differ greatly between the two 
calibration curves (highest - l/lowest - 6). BSA binding efficiencies are the slopes of the transformed titration curves (double logarithmic 
plots) and are a direct indicator of ability to bind BSA protein (data from Table 3). Ranking the six proteins based on binding efficiency 
yields a different order from each of the tannin estimations using the standard curves. Protein precipitating potential values are the 
product of multiplying the tannin concentrations (species curves) and the binding efficiencies 

Protein precipitating BSA binding Species Quebracho 
potential (BSA) efficiency std. curve std. curve 

PPP Rank In (g protein) Rank g tannin Rank g tannin Rank 
In (g tannin) g leaf g leaf 

Q. agrifolia 0.081 1 0.33 4 0.244 1 0.057 4 
E. micromera 0.065 2 0.28 6 0.233 2 0.01 t 6 
K. parvifolia 0.037 3 0.37 3 0.099 3 0.378 1 
P. californicum 0.032 4 0.40 1 0.081 4 0.095 3 
A. greggii 0.015 5 0.31 5 0.047 5 0.317 2 
F. splendens 0.008 6 0.38 2 0.020 6 0.028 5 
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ecological factors are both tannin levels and biochemical 
efficiency. This is because plants can compensate for low 
protein affinity by high concentrations of  tannins. The ef- 
fective amount  o f  protein bound is a combination of  both 
affinity and concentration (Zucker 1983). We have dis- 
cussed above the importance of  accurate estimations of  tan- 
nin content based on species-specific standard curves and 
the differential protein binding abilities of  different tannins. 
We now want to introduce the "protein precipitating poten- 
tial" of  a plant, an ecological parameter that combines both 
tannin concentrations and binding efficiency. Presuming 
that binding efficiency for a specific protein does not  vary 
between individuals within a species (Martin and Martin 
1982), then the amount  of  protein precipitable by the ex- 
tractable contents of  a leaf can be generated by multiplying 
the protein binding efficiency (i.e. the slope of  the trans- 
formed binding curve) by the leaf proanthocyanidin con- 
tent. This measure of  tannins will require the extraction 
of  leaf tannin powder for the establishment of  a protein 
binding efficiency and a species standard curve for every 
species of  interest. This measure is equivalent to directly 
measuring protein binding of  each leaf extract, but only 
requires a spectrophotometric analysis of  the extract once 
the potential equation is established. 

We propose that combining tannin concentration and 
protein binding affinity into a single measure will allow 
a more representative comparison of  effective tannin pres- 
ence between species. Measurements of  protein precipitat- 
ing potential of  leaves from different species most  closely 
models the biochemical barriers faced by a herbivore. Her- 
bivores consuming tanniferous leaves must deal with both 
tannin content and the protein binding ability of  that tan- 
nin. Consequently, studies of  plant communities that com- 
pare tannin content between species need to measure both 
aspects of  tannin presence. 

This measure of  the ecological potential of  tannin pres- 
ence in a leaf comes closest to the role of  tannins, we feel. 
The protein precipitating measure proposed by Martin and 
Martin (1982) is the slope of  the linear portion of  the un- 
transformed titration curve. By using the transformed bind- 
ing efficiency measure we propose here, a more complete 
description of  the titration curve (protein binding) is in- 
cluded, such as thresholds and saturation levels in addition 
to the linear region slope. 

P. californicum exhibits a threshold or binding, but has 
a high slope and a high saturation level ranking first in 
the transformed binding efficiencies. Q. agrifolia exhibits 
a similar threshold, but saturates quickly and ranks fourth 
in binding efficiencies. However, the measured Q. agrifolia 
samples contained high levels of  condensed tannins, com- 
pensating for low binding affinities and ranking first in 
protein precipitating potential. 

Due to the differential binding efficiencies of  different 
tannins for different proteins (Hagerman and Buffer 1981 ; 
Asquith and Butler 1985), it is important  to use a standard 
protein for protein precipitating determinations. We agree 
with Martin and Martin (1983) that use of  ribulose-l,5- 
bisphosphate carboxylase/oxygenase (RuBPCo) is the most  
ecologically significant standard protein to use for establish- 
ing relevant efficiencies since this is the most  common plant 
protein constituent. Use o f  a plant protein conforms to 
the action o f  condensed tannins being at the "host-sub- 
strate level" - binding to plant substances to prevent diges- 
tion by herbivores and microbes (Zucker 1983). 

The introduction o f  the concept of  protein precipitating 
potential yields two advantages. First, population and com- 
munity surveys will be based on a n  ecological property of  
tannins for determining the degree of  defense elaborated 
by plants. Secondly, the establishment of  the protein preci- 
pitating potential equation for a species will allow the rein- 
terpretation of  quebracho based tannin concentrations 
called into question by our findings. 
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