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Abstract Tannins, a diverse group of water-soluble phenolics with high affinity to
proteins, are widely distributed in various parts of plants, and have negative effects
in herbivores after ingestion. Some mammalian species are thought to counteract
tannins by secreting tannin-binding salivary proteins (TBSPs). Several types of
TBSPs are found in the saliva of laboratory animals, livestock, and wildlife. Among
them, proline-rich proteins (PRPs) and histatins are effective precipitators of
tannins. It is widely accepted that, at the least, PRPs act as a first line of defense
against tannins. Many observations support this idea: in vitro affinity of PRPs to
tannins is far higher than that of other proteins such as bovine serum albumin;
complexes formed between PRPs and tannins are stable even under the conditions
in the stomach and intestine; and PRP production is induced by ingesting tannins. It
is believed that species that usually ingest tannins as part of their natural diets
produce high levels of PRPs, whereas species not exposed to tannins produce little
or no PRPs. This hypothesis is generally supported, although studies on TBSPs in
wildlife are limited. This work stresses the importance of gathering basic
information on such items as the characteristics of unidentified TBSPs, and seasonal
and geographical variations in PRP production.

Keywords Affinity to tannins . Defense mechanisms against tannins . Feeding niche .

Histatins . Nitrogen costs . Proline-rich proteins (PRPs)

Introduction: Tannins and Mammalian Countermeasures

Tannins, which are among the most widespread plant secondary metabolites
(PSMs), are a diverse group of water-soluble phenolic compounds with high affinity
for proteins. They are broadly distributed in various parts of plants (Blytt et al.,
1988; Bernays et al., 1989; Waterman and Mole, 1994). On the basis of their
chemical structures, tannins can be divided into two major groups: condensed and
hydrolyzable (Zucker, 1983). Condensed tannins are oligomers and polymers of
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flavan-3-ols that are linked by C–C bonds and thereby difficult to hydrolyze. In
contrast, hydrolyzable tannins are esters of polyols (usually glucose) with simple
phenolic acids, such as gallic acid or hexahydroxydiphenic acid, and are readily
hydrolyzed by acidic or basic conditions as well as by esterase enzymes.

Ingestion of tannins is known to cause various types of negative effects in
mammalian herbivores, such as reduction in digestibility (Robbins et al., 1987;
Chung-MacCoubrey et al., 1997; Shimada and Saitoh, 2003), damage to the
gastrointestinal mucosa and epithelium (Blytt et al., 1988), kidney or liver failure
(Fowler and Richards, 1965), and endogenous nitrogen loss (Blytt et al., 1988;
Shimada and Saitoh, 2003). It has long been believed that tannins primarily act as
protein digestion inhibitors by binding dietary proteins and digestive enzymes (see
review by Zucker, 1983). However, recent studies have revealed that tannins do not
bind to digestive enzymes in in vivo situations, because digestive enzymes are
usually protected from tannins by occurring in a particulate membrane-bound form
(Blytt et al., 1988; Bernays et al., 1989; Skopec et al., 2004). Instead, ingested tannins
probably bind salivary proteins and the mucosa and epithelium of the gut. This may
cause endogenous nitrogen loss, thereby reducing protein digestibility. Moreover,
phenolic acid released by hydrolysis of tannins can be absorbed from the intestine
and cause acute toxicity, such as necrosis and kidney and liver failure (Fowler and
Richards, 1965; Niho et al., 2001). For these reasons, tannins should now be
regarded not as digestion inhibitors that act relatively mildly, but as toxins that have
acute negative effects on herbivores.

Animals can use both preingestive and postingestive countermeasures against
dietary tannins. Avoiding highly tanniferous species or parts of plants is the simplest
preingestive countermeasure. This behavior has been frequently reported in various
taxa, such as ungulates (Cooper and Owen-Smith, 1985), rodents (Shimada and
Saitoh, 2003), lagomorphs (Clausen et al., 1990; Dearing, 1997), and primates
(Takemoto, 2003). Some herbivores have been shown to regulate their rates of
intakes of tannins or other PSMs in order to circumvent overloading of one
detoxification pathway (Dearing and Cork, 1999; Burritt and Provenza, 2000; Foley
and Moore, 2005). Furthermore, reduction of tannin levels in plants through
leaching during the hoarding period can be considered as a preingestive
countermeasure (Dearing, 1997). Postingestive countermeasures, which mammalian
herbivores are known to use, include the secretion of tannin-binding proteins in
saliva, increased gastrointestinal mucus production, degradation of tannins by
microorganisms in the gut, activation of detoxifying enzymes, and increased capacity
of intestinal permeability glycoprotein (see reviews by McArthur et al., 1991;
Dearing et al., 2005). These are thought to be key elements in overcoming, or at
least mitigating, the negative effects caused by tannins.

This review concerns tannin-binding salivary proteins (TBSPs) as a defense
against dietary tannins. TBSPs, which are defined as proteins secreted in saliva that
have high affinity for tannins, can bind readily to dietary tannins in the oral cavity
and are thought to prevent the tannins from interacting with other proteins
(McArthur et al., 1995; Bennick, 2002). TBSPs interact with ingested tannins in the
first stage of digestion. This feature stresses the importance of TBSPs in counter-
acting tannins, because the behavior of ingested tannins in the gastrointestinal tract
may be inevitably regulated by these early encounters with TBSPs. In the last two
decades, a considerable number of studies have been undertaken on TBSPs (Ann
and Carlson, 1985; Asquith et al., 1985; Austin et al., 1989; Robbins et al., 1991;
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Glendinning, 1992; Carlson, 1993; Hagerman and Robbins, 1993; Bacon and
Rhodes, 2000; Gehrke, 2001; Isemura, 2003). However, most have been conducted
on humans and laboratory animals. This is partly because TBSPs originally attracted
attention in the field of dental science and nutrition. As a consequence, information
on TBSPs in wildlife is still limited and scattered. In addition, studies on TBSPs have
been relatively biased toward in vitro data, such as genetics, amino acid compositions,
protein structures, and in vitro affinity to tannins. Thus, the straightforward
question—to what extent TBSPs would be effective in overcoming the potential
negative effects of tannins in herbivores—is still open, even in laboratory animals.

The aims of this review are to summarize the information on TBSPs (obtained
mostly in laboratory animals) and to discuss the significance to wildlife of producing
TBSPs.

General Characteristics of Tannin-Binding Salivary Proteins

Two families of salivary proteins, proline-rich proteins (PRPs) and histatins, are
generally recognized as TBSPs. However, there is evidence for the presence of
other, different types of proteins. These are characterized by their high affinity to
tannins, but they differ greatly in terms of molecular size, amino acid composition,
structure, and taxonomic distribution in mammals.

Proline-Rich Proteins

PRPs were first detected in human saliva (Mandel et al., 1965). They have also been
found in the saliva or salivary glands of several laboratory animals and wildlife
(Table 1). In these mammals, PRPs are thought to be the most prevalent group of
proteins in the saliva; PRPs account for 70% of all salivary proteins in humans
(Mehansho et al., 1987b) and 74% of those in the Japanese wood mouse Apodemus
speciosus (T. Shimada, unpublished data).

The molecular weights of PRPs are estimated to range from a low of 5000 to over
25,000 (McArthur et al., 1995; Bennick, 2002). As their name suggests, the amino
acid composition of PRPs is unique in that the content of proline is markedly high.
Proline comprises at least 20% of total amino acid content of PRPs (Kauffman and
Keller, 1979; Mole et al., 1990). Some species, such as humans, rats, and mice,
produce PRPs containing about 40% proline (Mehansho et al., 1983, 1985; Mole et
al., 1990). In light of the fact that most types of proteins contain, at most, 5% proline
(Schulz and Schirmer, 1979), PRPs have a markedly characteristic amino acid
composition. They are also rich in glycine, glutamine, and glutamic acid. Mole et al.
(1990) compared the amino acid compositions of PRPs from several species and
found that in all cases the sum of the quantities of these four amino acids accounted
for 70–90% of the total protein. These four amino acids, especially proline, are the
so-called alpha-helix breakers, which prevent proteins from forming secondary
structures. As a consequence, PRPs do not have any recognizable conformational
structures, thereby existing in solution as extended random coils (Hagerman and
Butler, 1981; Murray and Williamson, 1994). This feature may enable PRPs to
universally bind various types of tannins that have a variety of shapes and sizes.

PRPs are encoded by tissue-specific multigene families. The nucleotide sequences
of PRP cDNAs from mouse (Clements et al., 1985), rat (Ziemer et al., 1984), human
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(Maeda et al., 1985), and crab-eating macaque (Oppenheim et al., 1987), and PRP
genes from mouse (Ann and Carlson, 1985), hamster (Ann et al., 1987), and human
(Kim and Maeda, 1986) have been reported. All proteins encoded by cDNAs and
genes share a common structure consisting of a signal peptide, a transition region, a
repeat region, and a carboxyl terminal region. The single peptides and repeated
regions exhibit marked homologies among these species, whereas the transition
regions and carboxyl terminal regions vary largely (Ann and Carlson, 1985;
Clements et al., 1985; Ann et al., 1987). In mice, the PRP gene family is located
on chromosome 8 (Azen et al., 1984). In humans, the PRP family is encoded by only
six genes located on chromosome 12 (Maeda, 1985; Maeda et al., 1985); two
encoding acidic PRPs, and four encoding basic and glycosylated PRPs (Kim and
Maeda, 1986). Many of the proproteins encoded by these genes are subsequently
cleaved before secretion, giving rise to a large number of secreted PRPs (Lyons et
al., 1988). Consequently, more than 20 PRPs are present in human saliva (Bennick,
2002).

PRPs are generally classified as basic (BPRPs) or acidic (APRPs) (McArthur et
al., 1995; Bennick, 2002). APRPs are composed of two major regions: the core C-
terminal region, comprising 70–80% of the molecule, and the highly acidic N-
terminal region. BPRPs are structurally equivalent to the C-terminal region of
APRPs. The N-terminal region of APRPs contains little proline, and thereby the
proline level of the whole molecule is higher in BPRPs than in APRPs. In humans,
BPRPs are secreted only from the parotid glands, whereas APRPs are secreted from
all salivary glands, including the parotid, submandibular, and sublingual glands
(Kauffman and Keller, 1979). A similar observation has been made in rabbits
(Ferreira et al., 1992). This phenomenon may, therefore, be common in mammals that
produce salivary PRPs.

BPRPs, in general, have a much higher affinity to tannins than APRPs (Lu and
Bennick, 1998), and the main function of BPRPs is regarded as counteracting dietary
tannins (Bacon and Rhodes, 2000; Chan and Bennick, 2001). In contrast, APRPs act
primarily in maintaining oral homeostasis. An extensive argument for the evolution
of the different types of PRPs can be found in the review by McArthur et al. (1995);
they hypothesized that the ancestral type is APRPs whose main function is
maintaining oral homeostasis, and that BPRPs evolved later when mammals began
to consume a diet with a high content of tannins. Interestingly, it has been proved
that variation in the molecular structures within BPRPs and APRPs does not largely
influence the affinity of PRPs to tannins (Lu and Bennick, 1998).

The affinity of PRPs to tannins differs among mammalian species. It is estimated
as 5–80 times higher than that of bovine serum albumin (BSA) and 1000 times
higher than that of lysozyme (Asquith et al., 1987; Austin et al., 1989; Mole et al.,
1990). This high affinity enables PRPs to act as a first line of defense. Because
tannins bind preferentially to PRPs, even in the presence of excessive amounts of
other proteins of lower affinity (Asquith and Butler, 1985), PRPs can form stable
complexes with tannins in the oral cavity. They thereby prevent tannins from inter-
acting with other proteins, such as enzymes or those in the mucous membranes and
epithelia, and then degrading into noxious phenolic compounds (Robbins et al., 1991;
Hagerman and Robbins, 1993). The tannin–PRP complexes are also stable in the
gastrointestinal tract, and most of the complexes formed are excreted in the feces
(Mitaru et al., 1984; Skopec et al., 2004). These reactions of PRPs may present both
quantitative and qualitative nitrogen savings to animals. The amount of protein

1154 J Chem Ecol (2006) 32: 1149–1163

francis
Texte surligné 

francis
Texte surligné 

francis
Texte surligné 

francis
Texte surligné 

francis
Texte surligné 

francis
Texte surligné 

francis
Texte surligné 

francis
Texte surligné 

francis
Texte surligné 



needed to bind all the tannins can be reduced. In addition, the four major amino acids
of PRPs are all nonessential in mammals. This means that nonessential amino
acids from PRPs are excreted instead of the dietary or endogenous essential amino
acids (McArthur et al., 1995).

Interestingly, some species produce salivary proteins, which are rich in proline,
but do not show the high affinity to tannins (Mole et al., 1990). For instance, salivary
proteins in some marsupials, such as koalas and common ringtail possums, contain
about 30% of proline, but their affinity to tannins is a tenth of that of BSA. Similar
observations were also obtained in cattle and pigs (Mole et al., 1990). Some
modifications in these proteins, such as extensive glycosylation, might reduce the
affinity to tannins. If so, these nontannin-binding proline-rich proteins might include
an important clue for studies on the evolutionary process of tannin-binding PRPs.
These nontannin-binding proline-rich proteins cannot be regarded as TBSPs
because of the lack of high affinity to tannins. Thus, in this review, this type of
Bproline-rich proteins^ is not regarded as PRPs in the following discussion.

Another notable feature of PRPs is that their synthesis is induced by the presence
of b-agonists and tannins, but this response varies among species (Table 1). PRPs
are constitutively produced at high levels in humans and mule deer (Oppenheim et
al., 1971; Austin et al., 1989). In contrast, in rats, mice, and hamsters, synthesis of
PRPs is induced by injection of the b-agonist isoproterenol (Mehansho and Carlson,
1983; Mehansho et al., 1985, 1987a). This reaction is also found in the Japanese
wood mouse (T. Shimada, unpublished data). PRP synthesis can also be induced by
ingesting tannins. This response has so far been confirmed exclusively in rodent
species, such as rats (Mehansho et al., 1983), mice (Mehansho et al., 1985), root
voles (Juntheikki et al., 1996), and Japanese wood mice (Shimada et al., 2004). In
black rhinos, the induction of TBSP synthesis by tannins has also been demonstrated
(Clauss et al., 2005). Their TBSPs may also be PRPs, although this has not yet been
examined. Interestingly, in hamsters, PRP synthesis is induced by b-agonist
injection, but not by ingestion of tannins (Mehansho et al., 1987a). This induction
mechanism supports the importance of PRPs as a defense against dietary tannins.

Histatins

Histatins are a group of relatively small proteins with high affinity to tannins; their
molecular weight is, in general, less than 5000 (Yan and Bennick, 1995). Histatins
are found only in the saliva of humans and some primates (Sabatini et al., 1989;
Bennick, 2002). Histatins are characterized by a high content of histidine, which
accounts for about 25% of all amino acids present (Yan and Bennick, 1995).

Unexpectedly, histatins in human saliva account for only 2.6% of all salivary
proteins (Sugiyama and Ogata, 1993). They readily bind both hydrolyzable and
condensed tannins (Yan and Bennick, 1995). The affinity of histatins to tannic acid
is estimated to be twice that of gelatin, which is an effective binder of tannic acid.
Furthermore, the complexes with tannins are stable in the gut. These findings
indicate that histatins may act as defenses against dietary tannins, as do PRPs.
However, PRPs are likely to be more important than histatins in defense against
tannins if both of them are secreted coincidentally in an animal, because their levels
of secretion in saliva are very different.

Histidine is regarded as an essential amino acid for most mammals, but its
essentiality in adult humans is supposed to be relatively low (Schmidt-Nielsen,
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1997), and it is regarded as semiessential. Assuming that other primates have similar
requirements for histidines, this low essentiality of histidine might have enabled the
evolution of histatin production in primates, although there is a possibility that
histatins may be found in other taxonomic groups.

Other Types of TBSPs

PRPs and histatins are two major groups of TBSPs, but some researchers have
found other types of salivary proteins with high affinity to tannins. First, Mole et al.
(1990) investigated the presence of TBSPs in several mammals, including laboratory
animals, livestock, and wildlife. In the saliva of white-tailed deer, they found TBSPs
whose affinity to tannins was six times that of BSA. These salivary proteins
contained only 7% proline, and the sum of the four amino acids (proline, glycine,
glutamine, and glutamic acid) accounted for only 29% of the total. The molecular
weight of these proteins was estimated to be over 10,000. These findings suggest that
the salivary proteins from white-tailed deer are neither PRPs nor histatins.

In cattle saliva, Makkar and Becker (1998) found salivary proteins with high
affinity to tannins: about six times that of BSA. Their proline content was only 6.5%,
and the sum of the four amino acids accounted for about 31% of the total. Ingesting
tannins did not alter the amino acid compositions or the affinity of these TBSPs to
tannins. These authors speculated that the primary role of these proteins might not
be to defend the animals against dietary tannins. Interestingly, Austin et al. (1989)
and Mole et al. (1990) did not detect TBSPs in cattle saliva, even with the same
isolation methods used by Makkar and Becker (1998).

Gehrke (2001) found TBSPs in the saliva of the fallow deer whose affinities to
tannic acid and quebracho tannins (condensed tannins) were almost twice those of
cattle saliva. These proteins contained 13% of proline, and the sum of the four
amino acids accounted for 35.3% of the total. This proline content is lower than
typical PRPs but relatively high as a usual protein. The author concluded that these
TBSPs were not PRPs.

It is unknown whether such salivary proteins possess any evolutionary relation-
ship to PRPs or histatins. However, the presence of several types of TBSPs suggests
that parallel evolution may have occurred at least several times in herbivorous
mammals, that some salivary proteins that originally had other functions may have
incidentally acquired a high affinity to tannins and thus consequently have come to
act as a defense mechanism against dietary tannins.

TBSPs in Relation to Feeding Niches

The possibility that TBSPs act as defense products against dietary tannins has
promoted surveys of the presence of these proteins in various species of mammals.
Some of these have tried to link the presence or affinity of TBSPs to the feeding
niches of those animals. Table 1 shows the summary of previous studies that
examined the presence of TBSPs in various mammalian species. Among 33 species
examined, TBSPs are found in 26 species, including two controversial ones—cattle
and sheep. The wide prevalence of TBSPs in various taxa implies a staple role in
counteracting dietary tannins. Characterizations of TBSPs have been carried in 16
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species, but include only 8 species of wild mammals. Thus, our knowledge of TBSPs
is quite limited for wildlife.

It is hypothesized that animals with high tannin contents in their natural diets
have developed high levels of TBSPs, but that those with low tannin contents
produce little or no TBSPs (McArthur et al., 1995; Fickel et al., 1998; Clauss et al.,
2005). In general, the leaves of monocots and forbs contain less tannin compared to
fruits, seeds, and the leaves of shrubs and trees (Waterman and Mole, 1994). Thus,
the above hypothesis implies that browsers, frugivores, and omnivores produce
TBSPs at high levels, but grazers should have only small amounts.

Among rodents, rats, mice, and hamsters, which are all omnivores, are confirmed
as secreting PRPs (Table 1). Furthermore, Shimada et al. (2004) found PRPs in the
saliva of the Japanese wood mouse (an omnivore that is close to being frugivorous).
Root voles, which are supposed to be intermediate between grazers and browsers,
also produce PRPs in their saliva (Juntheikki et al., 1996). In contrast, meadow voles
(grazers) have neither PRPs nor other types of TBSPs (Dietz et al., 1994).

Among ungulates, Austin et al. (1989) found TBSPs in the saliva of mule deer
(intermediate), but not in cattle (grazers) or sheep (grazers). Mole et al. (1990) also
reported similar results: white-tailed deer (intermediate) produce TBSPs, but sheep
and cattle do not. Furthermore, Gehrke (2001) examined the affinity of TBSPs in six
species of ungulates and found that a browser (roe deer) and intermediates
(reindeer, fallow deer, and musk ox) produce TBSPs with higher affinity to tannins
than grazers (cattle and mufflon). Similarly, the recent study by Clauss et al. (2005)
also supports this hypothesis by comparing the affinity of TBSPs in three species of
rhinos with different feeding niches: Indian rhinos (intermediate) and black rhinos
(browsers) produce TBSPs with higher affinity than do white rhinos (grazers).

Hagerman and Robbins (1993) examined the affinity between various types of
tannins and crude saliva from the moose, beaver, mule deer, and American black
bear by using an electrophoretic tannin-binding assay. Interestingly, the black bear
(omnivore) produced the most effective TBSPs, which showed high affinity to all
types of tannins: linear and branched condensed tannins and two types of
hydrolyzable tannins (gallotannin and ellagitannin). TBSPs from the mule deer
(intermediate) were more specific than those from the black bear; they could bind to
all types of tannins other than ellagitannin. The moose (intermediate) produced
TBSPs that bound only to linear condensed tannins. They also found that TBSPs
from the beaver also bound only to linear condensed tannins, but their affinity was
much lower than those from the mule deer. The main food of beavers is the bark
and sapwood of the aspen, birch, willow, and alder, which are tannin-free or contain
relatively low levels of condensed tannins.

In this regard, the above hypothesis is mostly supported. However, as already
noted, some contradictory studies have found unclassified TBSPs in the saliva of
cattle and sheep, which are typical grazers (cattle, Makkar and Becker, 1998;
Gehrke, 2001; sheep, Vaithiyanathan et al., 2001).

We note, however, that there are some obstacles that may complicate such
comparative studies. The first of such barriers are methodological differences found
in various studies—methods for extracting salivary proteins, examining the presence
of TBSPs, and quantifying the affinity. Each method likely has a different sensitivity
and applicability. Thus, comparisons between different studies require care. Second,
these previous comparative studies did not necessarily deal with the same types of
TBSPs. In other words, the presence or affinity of TBSPs that may have originated
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from different evolutionary processes may complicate the examination of the
hypothesis. For instance, among the four species examined in the study of
Hagerman and Robbins (1993), the characteristics of TBSPs were determined only
in the mule deer and moose, which have been confirmed to have PRPs (mule deer,
Austin et al., 1989; moose, Gehrke, 2001). It is possible that TBSPs from the other
two species may not have been PRPs. To investigate the evolutionary relationships
among feeding niches and salivary proteins as defenses against dietary tannins, we
need to characterize the TBSPs in each species.

In Vivo Effectiveness of TBSPs

There are sufficient data to show that TBSPs, and especially PRPs, bind effectively
to both condensed and hydrolyzable tannins in vitro (Mehansho et al., 1987b;
Bennick, 2002). In vitro evidence cannot always be applied in vivo, because some
factors that differ between in vitro and in vivo situations—such as the state of
tannins in the diet and the presence of other dietary chemicals—may interfere with
the in vivo reaction between tannins and TBSPs. Furthermore, the production of
TBSPs may inevitably involve costs in vivo that are not considered in in vitro
conditions (McArthur et al., 1995; Clauss et al., 2003). Thus, to evaluate the
significance of TBSPs in counteracting dietary tannins, we need to examine their in
vivo effects. However, the evidence that TBSPs are effective in vivo is limited,
partly because it is difficult to measure levels of TBSPs nondestructively. Hereafter,
I focused on PRPs, because data on this topic are lacking in other TBSPs.

Glendinning (1992) first demonstrated the significance of PRPs in dealing with
tannins in vivo by using mice injected with isoproterenol (a b-agonist) to enhance
PRP secretion. The isoproterenol-injected mice exhibited a greater preference for a
tannin-rich diet compared to controls. Mole et al. (1993) found that injection of a b-
antagonist (propranolol), which prevents PRP synthesis, amplified the negative
effects of tannins in rats. Recently, Skopec et al. (2004), using fecal proline level as
an index of secreted PRPs, demonstrated clearly that induction of PRP synthesis in
rats reduces the negative effects of dietary tannins by preventing tannins from
breaking up into small phenolics and being absorbed. In a similar way, Jansman et
al. (1994), also using rats and fecal proline level as an index, revealed that PRPs are
effective as defenses against tannins, but that this defense is incomplete when
dietary tannins are not readily extracted from the diet during chewing. In addition,
Shimada and coworkers (2004, 2006) suggested the significance of PRPs in
counteracting tannins in terms of interindividual differences in secretion levels of
PRPs in the Japanese wood mouse: individuals with high levels of PRPs were less
sensitive to tannins in acorns.

Until now, in vivo evidence noted above has been obtained only from rodents. It
is noteworthy that all of these rodents can induce PRP synthesis by ingesting
tannins. This inducibility is presumably an adaptive mechanism that reduces the
costs arising from PRP production in animals whose natural diet varies in tannin
content. In other words, the in vivo effectiveness of PRPs as defenses against
tannins is mostly untested in animals that, unlike rats and mice, do not have this
feedback mechanism to reduce the costs involved in PRP synthesis. This topic is
further discussed in the next section.
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Cost and Inducibility of PRP Synthesis

In this section, strategies for producing PRPs are argued in the light of the costs and
inducibility of PRP synthesis. Production of PRPs may involve some costs in terms
of metabolism and nitrogen balance. PRPs are poorly digested, because many
peptide bonds involving proline are difficult to cleave (Muenzer et al., 1979;
McArthur et al., 1995). Thus, production of excess PRPs may have a nitrogen cost,
even if they consist mostly of nonessential amino acids.

There is some evidence for costs arising from PRP production. In rats, Haghighat
et al. (1996) found that injection of a b-agonist induced PRP synthesis, but by 15 d
after the end of injections the production of PRPs had ceased. My colleagues and I
have obtained similar results in the Japanese wood mouse (Shimada et al.,
unpublished data). The rapid termination of PRP synthesis observed in these
studies implies that it is costly to keep producing them. Furthermore, Skopec et al.
(2004) have demonstrated nitrogen costs involved in producing PRPs: the apparent
nitrogen digestibility of a diet containing 3% pentagalloyl glucose (a hydrolyzable
tannin) in PRP synthesis-induced rats was over 20% lower than in control rats. This
reduction in nitrogen digestibility may be mostly attributable to excretion of the
PRP–tannin complexes.

The costs of producing PRPs may be overcome by the benefits of PRPs when
animals consume diets containing tannins. However, if the diet is tannin-free or
includes little tannin, animals may still incur the costs involved in PRP production.
Induction of PRP synthesis in response to tannin injection may reduce the costs of
production. Animals whose natural diets vary in tannin content may benefit from
such a feedback mechanism (McArthur et al., 1995; Bennick, 2002). The inducibility
of PRP synthesis by tannins seems to have been reported only in rats, mice, root
voles, and Japanese wood mice. As expected, the natural diet of the two wild
rodents (excluding rats and mice) varies seasonally (Juntheikki et al., 1996). For
instance, the Japanese wood mouse varies its primary food items seasonally; in
summer these are soft plant parts or small invertebrates, and in autumn and winter
these are seeds or acorns, which generally contain considerable amounts of tannins
(Tatsukawa and Murakami, 1976; Shimada, 2001).

In contrast, some mammalian species lack this feedback mechanism, thereby
secreting PRPs constitutively at relatively high levels (Austin et al., 1989). It has
been hypothesized that the feedback mechanism may not have evolved or may have
become lost in those animals whose diets constantly contain high tannin contents
(Bennick, 2002; Clauss et al., 2005). Unfortunately, only two species have been
reported to use this latter strategy—humans and mule deer—and there is, therefore,
much to examine in regard to the above hypothesis. The tannin content of the
natural diet of mule deer is likely to vary among seasons, because their diet varies
seasonally (Sowell et al., 1985). If mule deer cannot adjust their levels of secretion of
PRPs in accordance with their intake levels of tannins, they may suffer the costs of
unnecessary PRP synthesis. Nonetheless, do they keep producing PRPs at a high
level in any season? The inducibility of PRP synthesis in mule deer has been
examined in captive animals by the semiquantitative method (Austin et al., 1989).
Thus, the above question is still open, and it may be too early to conclude that such
a wasteful strategy is adaptive for animals.

To understand the strategies of PRP production in accordance with tannin intake,
it should be helpful to examine the variations in PRP production among populations
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as well as among seasons, because levels of tannins in the natural diets will vary
among populations even within a species. However, only a few researchers have
addressed this topic; Juntheikki (1996) found that the binding affinity of TBSPs to
tannins of Scandinavian moose was higher than that of North American moose.

Conclusions

TBSPs, and especially PRPs, probably act as a first line of defense against dietary
tannins in far more mammalian species than have already been reported. However,
our knowledge of TBSPs in wild animals is limited and is also biased toward in vitro
data. Detailed characterizations of TBSPs in each species and further comparative
studies among species, populations, or seasons will reveal the relationships between
feeding niches and production of TBSPs and shed insight on the process of evolution
of different types of TBSPs.
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