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Abstract The effect of two plant secondary metabolites,
tannins and formylated phloroglucinol compounds
(FPCs), on the intake of Eucalyptus foliage by com-
mon ringtail (Pseudocheirus peregrinus) and common
brushtail possums (7richosurus vulpecula) was studied.
We manipulated the amount of tannin that was free to
bind with protein by coating foliage with polyethylene
glycol 4000 (PEG) and relied on natural intraspecific
variation in FPC concentrations. In contrast to ring-
tail possums, brushtail possums showed a greater
tolerance to FPCs and ate more foliage when it was
coated with PEG, suggesting that tannins limited their
food intake. Brushtails detected the effects of tannins
through immediate oral sensations rather than through
systemic effects. Ringtail possums appeared highly
tolerant of foliar tannins yet susceptible to low con-
centrations of FPCs. We could not detect any inter-
action between tannins and FPCs that affected the
intake of Eucalyptus foliage by either species of pos-
sum. Although ringtail and brushtail possums are
widely regarded as specialist and generalist folivores,
respectively, their differential susceptibility to co-oc-
curring secondary metabolites suggests greater com-
plexity. Each possum species appears to be a specialist
in its own right, which leads to a partitioning of
available foliage. Brushtails avoid tannins and ringtails
avoid FPCs.
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Introduction

Many researchers have investigated how individual
plant secondary metabolites (PSMs) influence feeding
by herbivores, but few have considered interactions
between different classes of PSMs. This is surprising
because plants rarely contain a single PSM and some
PSMs can interact in ways that reduce or enhance their
individual effects (Burritt and Provenza 2000). Eucalypt
foliage is renowned for its variety of PSMs that makes
for some potentially interesting interactions.

Common ringtail (Pseudocheirus peregrinus) and
common brushtail possums (Trichosurus vulpecula) are
marsupial folivores that feed heavily on Eucalyptus.
Research with captive animals shows that both species
closely regulate their intake of formylated phloroglu-
cinol compounds (FPCs) when these are isolated from
eucalypts and added to artificial diets (Lawler et al.
1998a, 2000; Stapley et al. 2000). However, when foliage
is offered to possums, particularly brushtails, variation
in food intake occurs that is not attributable to FPCs
(Lawler et al. 2000; Wallis et al. 2002). This implies that
other factors in eucalypt foliage also influence feeding.
One such factor may be the concentration of tannins.

Tannins are often implicated as feeding deterrents
and, indeed, Foley and Hume (1987) showed that
brushtail possums ate more Fucalyptus melliodora
foliage when their diet was supplemented with polyeth-
ylene glycol (PEG) 4000 to inactivate tannins. Ringtail
possums, however, did not eat more Eucalyptus ovata
foliage coated with PEG 20000 (McArthur and Sanson
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1991). These two studies were conducted before the
discovery of FPCs. Foley and Hume (1987) fed possums
foliage from a single E. melliodora tree that they will-
ingly ate. Our experience suggests that the foliage from
this tree almost certainly contained low concentrations
of FPCs. In contrast, McArthur and Sanson (1991) fed
foliage from several trees and subsequent analysis by
Lawler et al. (1998a) revealed variable concentrations of
the FPC, macrocarpal G, which may have confounded
results. It is possible that the ringtail possums used by
McArthur and Sanson (1991) were limited first by the
macrocarpal G content of their food and could not re-
spond to the inactivation of tannins by PEG. It follows
that tannin effects may be detected only when FPC
concentrations are low.

PEG precipitates tannins through hydrogen bonding
with the hydroxyl group of the tannin side-chain
(Fig. 1c; Jones and Mangan 1977). When fed to animals,
PEG is able to neutralise the negative effects of tannins,
such as the binding of protein, reduced digestibility and
the subsequent diminished appetite (Silanikove et al.
1996a). In this way it provides a direct method of mea-
suring the biological effects of tannins without needing
to classify them into hydrolysable or condensed tannins
and then into individual compounds. Furthermore,
measures of PEG-binding from in vitro assays with
dried, ground plant material provide excellent predic-
tions of the negative effects of tannins on digestibility
(Silanikove et al. 1996b).

Apart from binding tannins, PEG may also bind non-
tannin phenolics (Foley et al. 1999; A.E. Hagerman,
personal communication). Although tannins and FPCs
differ considerably in their chemical structure, they both
have phenolic groups. Thus, coating the leaves of an
FPC-containing eucalypt with PEG might allow an an-
imal to eat more due to inactivation of tannins, FPCs, or
both. To adequately test our hypotheses it was impor-
tant that we first describe the effects of PEG on FPC
intake in the absence of tannins.

This paper addresses three important issues in plant-
herbivore interactions. First, it examines how Euca-
lyptus tannins and the FPC, sideroxylonal, contribute
to defence against herbivory by ringtail and brushtail
possums. We hypothesised that sideroxylonals and
tannins both influenced feeding, but that sideroxylonals
were the dominant regulators. Thus, we predicted that
both brushtail and ringtail possums ingesting FEucalyp-
tus foliage containing low concentrations of sideroxyl-
onals would eat more PEG-coated than untreated
foliage. In contrast, inactivating the tannins with PEG
would not be expected to affect intake when possums
are fed foliage with high concentrations of sideroxylo-
nals (Fig. 2).

Second, by examining the degree to which PSMs in-
fluence feeding and digestibility, we address the wide-
spread assumption that the common brushtail possum, a
generalist feeder (Kerle 1984), is more susceptible to the
effects of PSMs than is the more specialised common
ringtail possum (Pahl 1984).

a) Jensenone

b) Sideroxylonal-A
TN

Ethylene glycol molecules j

Fig. 1a—c The structures of the formylated phloroglucinol com-
pounds (FPCs) jensenone (a) and sideroxylonal-A (b), and of a
condensed tannin (¢). FPCs show relatively strong intra-molecular
hydrogen bonding (O-H) that prevents bonding by polyethylene
glycol (PEG). Tannins have only weak potential for intra-
molecular hydrogen bonding, and inter-molecular hydrogen bond-
ing with PEG inactivates the tannin

Last, we try to distinguish the systemic and oral
effects of tannins in brushtail possums feeding on Eu-
calyptus foliage. It is believed that FPCs damage en-
terochromaffin cells in the gut, releasing serotonin that
is subsequently detected by the emetic system (Lawler
et al. 1998b). In contrast, there are many suggested
actions of tannins. These depend on the type of tannins
and adaptations possessed by the consumer, but in-
clude both oral and post-ingestive or systemic effects.
Oral effects include astringent taste (Landau et al.
2000). Post-ingestive effects include reduced digestibili-
ty, particularly of protein (Silanikove et al. 1996a), le-
sions in the gut (Steinly and Berenbaum 1985; Reed
1995), and toxicity from absorbed hydrolysable tannins
(Reed 1995). If post-ingestive effects govern the reac-
tion of possums to eucalypt tannins, they should show
the same feeding response when PEG is provided di-
rectly into the stomach or when it is eaten with foliage.
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Fig. 2 Postulated impact of PEG on the consumption of eucalypt
foliage by brushtail and ringtail possums. Tannins are expected to
limit feeding at low concentrations of sideroxylonals. Treating such
foliage with PEG should elicit an increase in food intake. As
sideroxylonal concentrations increase, feeding should be limited by
the amount of sideroxylonals that possums can ingest before
suffering toxic effects. Thus, PEG is expected to have a diminishing
effect on food intake with increasing concentrations of sideroxyl-
onals

Alternatively, if the oral effects of tannins are impor-
tant then possums should not respond to PEG that is
placed directly in their stomachs.

Materials and methods

Animal capture and housing

One female and five male common ringtail possums (mean body
mass 739+128 g SD) and twelve common brushtail possums
(mean body mass 2264 +491 g SD) were captured near Canberra.
The adaptation of the animals to captivity and all aspects of their
husbandry followed the procedures described by Lawler et al.
(2000) and Wallis et al. (2002). The brushtails lost ca. 5% and the
ringtails gained ca. 3% of their starting body mass during the
study.

Leaf collection, storage and feeding

Enough foliage for each experiment (normally six nights) was cut
from the appropriate trees at least 1 day before the beginning of
experiments and stored standing in water in a room maintained at
5°C.

Bunches of foliage were weighed each morning at 1000 h and,
when necessary, were dipped in a 20% (w/v) aqueous solution of
PEG (molecular weight 4000). After dipping, all bunches were
left with their stems in water until 1700 h. By this time the PEG
solution had dried, leaving an even coating of PEG on the
leaves. We reweighed each bunch and placed it in a container of
water in the possum cage. Control bunches were used to monitor
mass changes during the feeding period. These changes were
always minimal so they were ignored in calculations of food
intake.
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The measurement of food intake and the sampling and prepa-
ration of leaf for analysis followed the procedures described by
Wallis et al. (2002).

Laboratory analyses

All analytical results were expressed on a dry matter (DM) basis
determined by drying 1.00+0.01 g of freeze-dried, ground eucalypt
leaf to constant mass at 60 °C.

Sideroxylonals were extracted by refluxing the ground eucalypt
leaf with 4:1 light petroleum spirit: acetone in a soxhlet extractor
and then separated by high performance liquid chromatography
(HPLC). Wallis et al. (2003) described all aspects of the analysis.

The nitrogen content of freeze-dried, ground foliage was de-
termined on duplicate 250+ 10 mg samples using a semi-micro
Kjeldahl technique with a Tecator 2012 digester, selenium catalyst
and a Gerhardt Vapodest-5 distillation and titration apparatus.
The method was standardised using ammonium sulphate.

We used a modified version of the PEG-binding assay of Sila-
nikove et al. (1996b) to quantify the amount of material present in
foliage that binds to PEG. Briefly, 0.50+0.01 g of freeze-dried,
ground eucalypt leaf was weighed into a scintillation vial and in-
cubated with 7.5 ml reagent (4.6 kBq '*C-PEG and 83 mg PEG
4000) at 37 °C for 24 h with occasional mixing. Immediately fol-
lowing incubation, 2 ml fluid was centrifuged at 12,000 rpm for
15 min. Duplicate 40 ul samples of supernatant were decanted into
4 ml scintillant and counted to a precision of 1%. PEG-binding,
expressed as percentage of plant DM, was calculated using the
equation of Silanikove et al. (1996b).

Animal experiments

Before conducting the main experiments it was necessary to test the
suitability of short-term feeding and to test whether or not PEG
inactivates a typical FPC.

Long-term versus short-term feeding

We measured the efficacy of short-term treatments by comparing
the average intake for eight brushtail possums over one night with
their average intake over the subsequent week. This showed that
PEG provided on the first treatment day (dry matter intake,
DMI=58.8 g) had the same effect as on subsequent days (mean
DMI for 7 days=58.0; SED=4.4 g; P=0.864). Therefore, we used
experimental protocols in which individual treatments were offered
to possums for 1-2 days only.

The effect of PEG on the intake of a jensenone-rich diet
by common brushtail possums

Sideroxylonals are the main FPCs in E. melliodora and Eucalyptus
polyanthemos (Eschler et al. 2000) but it is difficult to isolate en-
ough of these compounds for feeding studies (Lawler et al. 2000).
Therefore, we measured whether PEG binds FPCs using jensenone,
a monomer of sideroxylonal (Fig. 1). Jensenone, which is easily
isolated from FEucalyptus jensenii, has the same antifeedant prop-
erties per mole as sideroxylonal (Lawler et al. 1999, 2000).

Four male brushtail possums were introduced to the artificial
diet described by Stapley et al. (2000). This diet consisted of (per-
centage wet matter): grated apple (55.5), grated banana and carrot
(15.0), sucrose (5.35), commercial breakfast cereal (5.0), and casein
(0.15), and contained, on average, 26% dry matter and 4.7% crude
protein. After about 2 weeks, when each animal’s intake of the diet
had stabilised, we added jensenone (0.4% DM) to the diet for
2 days to induce cautious feeding behaviour. We then conducted a
4x4 Latin square experiment with the treatments being: basal diet,
basal diet + 6% PEG, basal diet+ 0.4% jensenone, basal diet + 6%
PEG+0.4% jensenone, all on a DM basis. The concentration of
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Fig. 3 Food intake by brushtail possums offered Eucalyptus
polyanthemos with varying concentrations of sideroxylonals

PEG mimicked the amount of PEG that animals ate when feeding
on leaf dipped in a 20% PEG solution, while the concentration of
jensenone (0.4% DM) was previously shown to reduce DMI sig-
nificantly (Stapley et al. 2000). Diets were prepared as described by
Stapley et al. (2000) and each brushtail possum received each
treatment for two consecutive nights.

The effect of PEG on the intake of E. polyanthemos foliage
by common ringtail possums and of E. melliodora foliage
by common brushtail possums

It was not possible to feed the same eucalypt species to both ringtail
and brushtail possums, partly because ringtail possums do not
tolerate the high sideroxylonal concentrations (usually >20 mg.g™'
DM) found in E. melliodora. In contrast, preliminary work with a
different group of 6 brushtail possums fed 18 individual E. poly-
anthemos showed that they eat relatively little and do not alter their
intake significantly over the narrow range of sideroxylonal con-
centrations found in the species (Fig. 3). Thus, in three six by six
Latin squares, one female and five male ringtail possums were fed
E. polyanthemos foliage from nine trees known to differ in sider-
oxylonal concentration (1-20 mg.g”' DM). Likewise, six male
brushtail possums were fed foliage from nine E. melliodora trees
with sideroxylonal concentrations covering almost the full range
known for the species (0-60 mg.g™' DM). Each night, we measured
DMI by possums receiving untreated or PEG-coated foliage. To
ensure that possums remained well fed we interspersed experi-
mental nights with rest nights: the ringtail possums were fed
Eucalyptus rossii foliage while the brushtail possums received
foliage from a favoured E. melliodora with low concentrations of
sideroxylonals.

Dry matter and nitrogen digestibility of Eucalyptus foliage
for brushtail and ringtail possums in the presence
and absence of PEG

Eight male brushtail possums were used in a series of 2x2 crossover
experiments so that every possum received untreated and PEG-
coated foliage from two of the four E. melliodora. We measured the
digestibility of dry matter and nitrogen by collecting all faeces
produced over the final 5 nights of each 8-night period. Faeces were
dried to constant mass at 60 °C. PEG is not absorbed from the
digestive tract so the amount of PEG ingested was subtracted
from the mass of faeces produced when calculating dry matter
digestibility.

We were unable to maintain ringtail possums on E. polyanthe-
mos foliage long enough for digestibility studies. Instead, we mea-
sured the influence of PEG on digestibility using E. rossii foliage. Six
male ringtail possums were randomly allocated to two groups. One
group was fed E. rossii foliage coated with PEG for 10 days, while
the other received untreated foliage from the same tree. Treatments
were then crossed and measurements resumed after 5 days, by
which time the PEG reingested during caecotrophy would
have passed through the digestive tract. Faeces were collected
over the last 5 days of each period and treated as described above.

The responses of common brushtail possums
to PEG administered on the foliage or by gavage

On two occasions in the week preceding the experiment, we ga-
vaged all possums with water to familiarize them with the routine.
Then, six male brushtail possums were randomly allocated to two
groups: one group received E. melliodora foliage coated with PEG
and the other group received untreated foliage from the same tree.
The treatments were crossed after 3 nights. Additionally, at 1600 h
each day, all possums received a small amount (10-20 g DM) of
untreated E. melliodora foliage so that on treatment nights the PEG
and the water were gavaged into a stomach containing digesta. In
general, possums ate all of this foliage within 1 h, leaving just
stems, which were removed at 1700 h and replaced with the ap-
propriate foliage for the night. At about 1700 h on the second day
of each period, possums receiving foliage coated with PEG were
gavaged with 10 ml water while those receiving untreated foliage
were gavaged with 10 ml 30% PEG (w/v) solution. This ensured
that all possums received approximately 3 g PEG, whether by
gavage or through ingestion of PEG-coated leaf.

Statistical analysis

Experiments were designed either as crossovers or as digram bal-
anced Latin squares (Ratkowsky et al. 1993) so that all possums
received all treatments. These designs were appropriate because we
had few animals available and intake varied widely between ani-
mals, regardless of differences in body mass. Carryover effects were
never significant and were deleted from statistical models.

Experiments were analysed using the residual maximum likeli-
hood (REML) algorithm in Genstat 5 (4th edn). The fixed effects
were the identifiable sources of variation (e.g. treatments or indi-
vidual tree); the random effects were sources of variation such as
possums, where the animals used were a random sample of the
possum population.

Full models tested all possible combinations of effects, and non-
significant effects were sequentially deleted to obtain a reduced
model containing only the statistically significant effects. Any non-
significant terms reported in the results came from the full model,
while significant terms use values from the reduced model. In all
cases, this significance was measured using a sub-model, whereby
the term of interest is dropped from the full model so that deviance
can be measured between the full model and the sub-model. This
deviance is attributable to the term of interest and its significance is
calculated using a chi-squared test. A bar depicting the least sig-
nificant difference (Isd; P=0.05) is shown on graphs as a measure
of experimental variance.

Results

The effect of PEG on the intake of a jensenone-rich diet
by common brushtail possums

Possums ate similar amounts of the basal diet with and
without PEG (P=0.49) (Fig. 4). Regardless of the PEG
treatment, brushtail possums offered diets containing
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Fig. 4 Food intake by brushtail possums offered a synthetic basal
diet or the basal diet supplemented with PEG, jensenone or
jensenone plus PEG. The bar represents the 5% least significant
difference. P eatment < 0.001

0.4% jensenone ate about 60% less than did those of-
fered diets without jensenone (P <0.001; Fig. 4). This
indicates that PEG does not bind with jensenone in vivo
and is thus unlikely to inactivate other FPCs.

The effect of PEG on the intake of E. polyanthemos
foliage by common ringtail possums

Ringtail possums preferred the untreated foliage from
some E. polyanthemos trees to others; the average
amount eaten ranged from 15.6 g DM.day™' for the
least preferred foliage to 38.1 g DM.day™' for the most
preferred. This variation in DMI could be attributed to
two factors: increasing concentrations of sideroxylonal
depressed DMI (P <0.0001; Fig. 5b) while increasing
concentrations of material able to bind PEG increased
DMI (P<0.0001). This is largely explained by the
negative relationship, a confounding, between the side-
roxylonal concentration of the foliage and its PEG-
binding capacity. This, in turn, explains the interaction
between sideroxylonal concentration and in vitro PEG-
binding that reduced DMI (P <0.0001).

Treating the fresh foliage with PEG did not influence
DMI (P=0.90), which suggests that in vitro PEG-
binding is probably less important than sideroxylonal in
explaining DMI.

As the concentration of sideroxylonal in the foliage
increased, ringtail possums ingested more sideroxylonal
(Fig. 6) until their intake of sideroxylonal reached
almost 400 mg.kg™7°.day™".

The effect of PEG on the intake of E. melliodora foliage
by common brushtail possums

The amount of untreated foliage brushtail possums
ate varied enormously among the nine E. melliodora
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Fig. 5a-b Food intake by a brushtail possums and b ringtail
possums offered foliage from nine Eucalyptus melliodora or from
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tion of sideroxylonals. The foliage was fed untreated or dipped in a
solution of 20% PEG

samples, ranging from 29.1 g DM.day™! to 827 g
DM.day!. Like the ringtails, brushtail possums also ate
less as the sideroxylonal concentration of the foliage
increased (P <0.0001; Fig. 5a). However, this was partly
offset by dipping the leaves in PEG, which allowed
brushtails to eat more (P =0.0049). Despite hypothesis-
ing that possums should increase DMI in response to
PEG supplementation at low, but not at high, sider-
oxylonal concentrations and, although Fig. 5a suggests
a trend in this direction, there was no interaction be-
tween sideroxylonal concentration and PEG treatment
(P=0.15). In other words, brushtail possums increased
their intake of the sideroxylonal-rich E. melliodora fo-
liage just as much as they did the sideroxylonal-poor
foliage after tannins were inactivated with PEG.

By re-analysing the food intake data as two separate
groups (untreated and PEG-treated foliage) we found
that the amount of PEG-binding material in each sample
influenced the amount of untreated foliage that brush-
tails ate (P=0.005). Furthermore, coating the leaves
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Fig. 6 Sideroxylonal intake by brushtail and ringtail possums
offered foliage from nine E. melliodora or from nine E. polyanthe-
mos, respectively, that varied in their concentration of sideroxyl-
onals. The foliage was fed untreated or dipped in a solution of 20%
PEG

with PEG inactivated this fraction and it then ceased
being a determinant of feeding (P=0.16). In both sets of
data, sideroxylonal was the prime determinant of feed-
ing (P<0.0001), with no interaction between side-
roxylonal concentration and PEG-binding.

Figure 6 shows sideroxylonal intake by ringtail and
brushtail possums as a function of metabolic body
mass, plotted against the sideroxylonal content of fo-
liage. These data show three findings of interest: (1)
brushtail possums ingest more sideroxylonal when
PEG is added, (2) brushtail possums can ingest more
sideroxylonal than can ringtail possums, and (3) the
pair of points showing a sideroxylonal intake of
approximately 1650 mg.kg ">.day”' before, and
1820 mg.kg™*7°.day™! after PEG-supplementation, are
much higher than the other points.

Dry matter and nitrogen digestibility of Eucalyptus
foliage for brushtail and ringtail possums
in the presence and absence of PEG

Brushtail possums digested the DM in the four E. mel-
liodora trees equally well (mean £ SD=46.4+3.3%) and
did not digest any more when the leaves were coated
with PEG (mean+=SD=47.3+1.7%; P=0.40). In con-
trast, apparent nitrogen digestibility differed signifi-
cantly among the four trees (range=25.9-40.5%;
mean+SD=32.7+6.2; P<0.001). Trees with the lowest
nitrogen digestibility were those with the highest capa-
city to bind PEG in the in vitro analysis (P=0.024).
Presumably they also had a high capacity to bind pro-
tein (Silanikove et al. 2001). Thus, it was not surprising
that brushtail possums digested more nitrogen following
inactivation of the tannins by PEG (from 32.7% to
43.5%, SD=5.2%; P<0.001).
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Fig. 7 The effect of PEG on the DMI by brushtail possums fed
Eucalyptus melliodora foliage. The PEG was administered as a
coating on the foliage or by gavage. The bar represents the 5% least
significant difference. Pyeatment < 0.001

Ringtail possums digested 59.1% of the DM and
67.0% of the nitrogen in the foliage of E. rossii. Neither
DM digestibility (56.0%; sed=2.0%; P=0.69) nor
apparent nitrogen digestibility (66.5%; sed=1.2%; P=
0.59) were affected by inactivating tannins with PEG.

The responses of common brushtail possums
to PEG administered on the foliage or by gavage

The amount that brushtail possums ate on the day of
gavaging did not differ from that on the other days,
suggesting that they were little disturbed by the proce-
dure (P=0.43). Possums fed PEG-coated foliage (dis-
turbed by gavage or undisturbed) ate more than did
possums fed untreated foliage or possums that received
untreated foliage and PEG by gavage (P <0.001; Fig. 7).

Discussion
Interactions between PEG and FPCs

Our results showed conclusively that PEG did not re-
duce the antifeedant effects of the FPC, jensenone, when
it was added to an artificial diet at concentrations typical
of foliage. Since jensenone is a monomer of sideroxylo-
nal and the two compounds act similarly to reduce
feeding (Lawler et al. 2000), it appears that PEG does
not bind FPCs in the gut and that any response to PEG
is independent of FPCs. This is not surprising; FPCs are
relatively non-polar compounds whose phenolic groups
exhibit intra-molecular hydrogen bonding to aldehyde
groups, while the phenolic groups of tannins are free and
bind readily to molecules like PEG (Fig. 1).



This experiment showed also that brushtails do not
eat more when PEG is added to a tannin-free diet.
Therefore, if brushtails eat more of a diet that contains
both tannins and PEG, the effect is probably due to
PEG binding tannins rather than any other attribute of
PEG.

The feeding responses of common ringtail
and brushtail possums offered eucalypt foliage
containing both tannins and FPCs

We do not know of a eucalypt species that contains
FPCs and is a favoured food of both ringtail and
brushtail possums—the best option for testing our hy-
pothesis (Fig. 2). We thus studied the interaction be-
tween tannins and the FPC, sideroxylonal, by feeding E.
melliodora to brushtail possums and E. polyanthemos to
ringtail possums and accepted that we could not com-
pare the possum species statistically.

Increasing foliar concentrations of sideroxylonal de-
pressed DMI by both ringtail and brushtail possums,
but the magnitude of the depression differed. The F.
melliodora foliage contained up to three times more
sideroxylonal than did the E. polyanthemos (60 mg.g™"
vs. 20 mg.g~' DM). Nonetheless, it took an increase of
sideroxylonal ~concentration from 0.5 mg.g™' to
60 mg.g~' DM to halve DMI by brushtail possums,
while an increase of sideroxylonal from 0.5 mg.g™' to
only 5 mg.g”' DM gave a similar reduction in DMI by
ringtail possums. Furthermore, when sideroxylonal in-
take was scaled to metabolic body mass, brushtail pos-
sums tolerated far more sideroxylonal (up to
1800 mg.kg™*"°.day™") than did ringtail possums
(400 mg.kg"7"°.day™"), which supports a previous find-
ing from this laboratory (I.R. Wallis and W.J. Foley,
unpublished data). This contradicts the widespread as-
sumption that, as specialist folivores, ringtail possums
should be better equipped than brushtail possums to
cope with the PSMs in Eucalyptus and begs discussion of
what defines a specialist folivore.

Unfortunately, there are not enough data to describe
the ingestion of sideroxylonals by ringtail and brushtail
possums in relation to the concentration of sideroxylo-
nals in the leaves. However, Fig. 6 suggests that sider-
oxylonal intake reaches a threshold in ringtail possums
while in brushtails it rises to a maximum and then de-
clines. This finding for brushtail possums contrasts with
those of Lawler et al. (1998b) and Stapley et al. (2000)
who showed, by feeding synthetic diets, that possums eat
at a rate that keeps ingested FPCs below a threshold.
Our data suggest that there may be a difference between
synthetic and natural diets.

The two possum species differed in their responses to
foliage coated with PEG. Brushtail possums consistently
ate more E. melliodora foliage when it was coated with
PEG. In contrast, despite up to 28% of E. polyanthemos
DM binding to PEG in vitro (unpublished results),
ringtail possums did not eat more when foliage was
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coated with PEG. Although agreeing with the results of
McArthur and Sanson (1991) who showed that PEG
does not influence the amount of E. ovata foliage eaten
by ringtails, the result was unexpected. Treatment with
PEG enabled ringtails to eat more foliage from two
eucalypt species, E. rossii and E. consideniana, which
lack FPCs (Marsh et al. 2003), and the same was ex-
pected when they were offered E. polyanthemos with low
concentrations of sideroxylonal.

There are several possible explanations for why
ringtail possums did not respond to PEG on E. poly-
anthemos, while brushtail possums always responded to
PEG on E. melliodora. For example, E. polyanthemos
may contain tannins that do not deter feeding, ringtails
may have ingested insufficient PEG, or the nutritional
plane provided by E. polyanthemos may have been too
low to enable ringtails to tolerate sideroxylonal. To test
whether possums were ingesting enough PEG to bind
tannins we limited the amount of PEG in the in vitro
PEG-binding assay to 6% of DM, thus mimicking the
amount of PEG on foliage dipped in a 20% PEG solu-
tion. With this assay, 50% and 30% of the possible
PEG-binding occurred for E. melliodora and E. polyan-
themos, respectively. While this latter amount may seem
paltry, a similar level of PEG-binding in E. rossii and
E. consideniana enabled ringtail possums to eat about
10% more (Marsh et al. 2003).

Tannins comprise a large class of compounds that do
not all affect feeding the same way and whose occurrence
varies between plants. For example, neither sheep fed
Acacia cyanophylla foliage (Ben Salem et al. 1999) nor
brushtail possums fed black mangrove foliage (Lum-
nitzera racemosa; S. Dalla Pozza, unpublished data) ate
more after the foods, known to be rich in tannins, were
supplemented with PEG. Both species eat more when
PEG is provided with other tannin-rich foods (Barry
and Duncan 1984; Foley and Hume 1987).

While it is difficult to compare the individual tannins
present in foliage samples, analyses by liquid chroma-
tography—mass spectrometry (LC-MS) revealed sub-
stantial similarities in the qualitative profiles of low
molecular weight phenolic compounds. Foliage from
both E. melliodora and E. polyanthemos contained peaks
corresponding to known flavanoids and hydrolysable
tannins (e.g. engelitin, rutin and trigalloylglucoses) as
well as unknown compounds (N. Davies, personal
communication). Condensed tannins are too large to be
reliably identified by LC-MS (N. Davies, personal
communication).

Because brushtail possums ate more E. melliodora
foliage when it was coated with PEG, sideroxylonal
intake also increased. Stapley et al. (2000) and Lawler
et al. (2000) argued that FPC intake is regulated at a
level that avoids toxication, so why does PEG treat-
ment allow brushtails to eat up to 300 mg more sid-
eroxylonals per day? One explanation is that a better
nutritional environment allows animals to ingest more
PSMs. This was shown by Wang and Provenza (1996)
who found that food-deprived lambs did not ingest as



76

much of a diet containing lithium chloride as did lambs
fed ad libitum. PEG improves nitrogen digestibility for
brushtail possums fed E. melliodora and this additional
supply of digestible nitrogen may allow brushtails to
ingest more sideroxylonals. However, this remains to
be tested. Interestingly, PEG did not improve nitrogen
digestibility for ringtail possums fed E. rossii foliage
and it is therefore unlikely that it would have any effect
on the nitrogen digestibility of E. polyanthemos. In
keeping with the conclusion of Lawler et al. (1998a)
that another FPC, macrocarpal G, largely determined
feeding by ringtails on E. ovata, we suggest that ring-
tails avoid eating foliage that contains even moderate
amounts of FPCs, but are less concerned about tan-
nins. In contrast, brushtail possums have a higher
tolerance of FPCs but are poorly equipped to cope
with tannins.

A likely explanation is that the specialist ringtail
possum has anatomical and physiological means for
coping with ingested tannins that the generalist brush-
tail possum does not possess. From a nutritional per-
spective the most obvious difference between the two
possum species lies in their gastrointestinal morpholo-
gy. Both are hindgut fermenters but the ringtail possum
has a large and more complex caecum. This organ is
matched with a separation mechanism for the selective
retention of bacteria and other nitrogen-rich small
particles and a dentition that reduces highly resilient
leaf to fine particles (Hume 1999). In addition, the
species practices caecotrophy and thus returns the nu-
tritionally rich caecal contents to the proximal digestive
tract (Chilcott 1984). Finally, as suggested by McAr-
thur and Sanson (1991), tannin-protein complexes may
dissociate in the caeccum so a proportion of tanned
protein can be retrieved through caecotrophy. In con-
trast, the dentition of the brushtail has not evolved to
reduce leaf into fine particles, relative to body size its
caecum is only half as big as the ringtail’s and there is
no evidence for a separation mechanism to selectively
retain small particles.

As has been found previously (Lawler et al. 2000;
Wallis et al. 2002), there was wide variation in how
much possums ate at a given concentration of dietary
sideroxylonals. For example, brushtail possums ate 26 g
more from one tree than they did of another with an
almost identical concentration of sideroxylonals. We
proposed originally that tannins accounted for some of
this variation in food intake. Since the ringtail possums
did not respond to PEG, there was no scope for tannin
inactivation to explain variation in feeding. However,
two pieces of evidence support the proposal for brushtail
possums. First, the concentration of PEG-binding ma-
terial in the foliage influenced DMI when the foliage was
fed untreated so that, at a given sideroxylonal concen-
tration, brushtails ate less when the tree foliage had a
higher PEG-binding capacity. Second, coating the
foliage with PEG inactivated much of the PEG-bind-
ing fraction, leaving sideroxylonals as the only factor
significantly affecting DMI.

The response of common brushtail possums
administered with PEG coated
on foliage or by gavage

The finding that possums responded to PEG-coated
leaves by eating more invites questions about how PEG
works. For example, is the effect related to taste or is it
post-ingestive, perhaps regulated through the emetic
system? Possums ate significantly more PEG-coated fo-
liage than they did untreated foliage on both the pre-
treatment day and the treatment day, indicating firstly
that feeding was not disrupted by the gavaging process
and, secondly, that a PEG gavage did not alleviate the
systemic effects of tannins. Because we know little about
how PEG works we must make several assumptions in
interpreting the results. The main assumption was that
PEG had not passed beyond the site of any systemic
effects by the time possums started to eat. This gains
support from Silanikove et al. (1994) who found that
providing PEG to goats in two doses during the day was
no more effective than providing a single dose. They
attributed this finding to the long mean retention times
of digesta in the gut of the species (35-40 h). Although
brushtail possums eating E. melliodora foliage also have
long mean retention times (50 h; Foley and Hume 1987),
unlike goats they are not foregut fermenters and would
not have digesta in the foregut for as long as do goats.

We assumed also that the results of our short-term
experiments equate with those from longer studies. This
may not be true. Foley et al. (1999) suggested that her-
bivores might take many hours or even days to sense
changes in protein digestibility. Our experiment was
deliberately short because previous work showed im-
mediate effects on feeding of applying PEG to the leaf.
The gavage experiment may have been too short to as-
sess the effects on protein digestibility of providing PEG
directly into the stomach. However, the same possums
had experienced PEG many times, albeit as a coating on
the leaf, and would be expected to respond to a systemic
signal.

Thus, increased feeding by brushtail possums when
PEG is administered on the foliage shows that tannins
elicit immediate oral effects. This agrees with many
studies, which suggest that animals use the oral effects of
tannins to regulate tannin intake. For example, Landau
et al. (2000) noted that cattle modified their feeding
behaviour within minutes of the tannin, quebracho,
being added or removed from their diet. Prinz and Lucas
(2000) hypothesised that astringency due to the inter-
actions of tannins with salivary and mucosal proteins in
the mouth is the signal used by animals to detect tan-
nins. In this way, PEG may reduce astringency by re-
leasing protein back into the saliva (Villalba and
Provenza 2001). These researchers found no difference in
the amount of PEG lambs voluntarily ingested when fed
a control diet, or a control diet coupled with an in-
traruminal infusion of quebracho, even though lambs
given quebracho in their food voluntarily ingested more
PEG. Similarly, Kyriazakis et al. (1997) were unable to



induce a conditioned aversion in sheep towards fla-
voured hay that was paired with a quebracho gavage.
This last result confirms that oral effects can provide an
immediate signal to the animal to stop eating but may
not condition long-term aversions to the food (Clark
1996).

Conclusions

These experiments with E. melliodora and E. polyan-
themos illustrate the complexity of working with animals
fed natural diets. We have shown that two groups of
PSMs, sideroxylonals and tannins, can simultaneously
affect feeding by ringtail and brushtail possums but that
the species have differing capacities to handle these
compounds. It appears that ringtail possums can eat
foliage rich in tannins while brushtail possums use oral
detection to avoid ingesting large quantities of tannins.
Thus, they avoid the high cost that tannins impose on
the animals’ nitrogen metabolism. In contrast, ringtail
possums have a much lower tolerance of FPCs than do
brushtail possums. Surprisingly, food intake was not
influenced by an interaction between FPCs and tannins,
thus rejecting one of our hypotheses. These findings
agree with our experiences in keeping both species in
captivity. Ringtails are easily maintained on eucalypts
from the informal subgenus Monocalyptus, which do not
contain FPCs. They will also eat from trees in the sub-
genus Symphyomyrtus provided the foliage contains low
concentrations of FPCs. In contrast, it is harder to
maintain brushtails on an exclusive eucalypt diet and the
foliage from the individual trees they prefer tends to
contain low concentrations of tannins and high con-
centrations of nitrogen and be from species within the
sub-genus Symphyomyrtus. This leaves the outstanding
question of why ringtails have not evolved a tolerance
for FPCs and why brushtail possums have. Are both
species specialists in their own ways?
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