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Monoterpenes as inhibitors of digestive enzymes
and counter-adaptations in a specialist avian herbivore
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Abstract Many plants produce plant secondary metabo-
lites (PSM) that inhibit digestive enzymes of herbivores,
thus limiting nutrient availability. In response, some spe-
cialist herbivores have evolved digestive enzymes that are
resistant to inhibition. Monoterpenes, a class of PSMs,
have not been investigated with respect to the interfer-
ence of specific digestive enzymes, nor have such interac-
tions been studied in avian herbivores. We investigated this
interaction in the Greater Sage-Grouse (Phasianidae: Cen-
trocercus urophasianus), which specializes on monoter-
pene-rich sagebrush species (Artemisia spp.). We first
measured the monoterpene concentrations in gut contents
of free-ranging sage-grouse. Next, we compared the abil-
ity of seven individual monoterpenes present in sagebrush
to inhibit a protein-digesting enzyme, aminopeptidase-N.
We also measured the inhibitory effects of PSM extracts
from two sagebrush species. Inhibition of aminopeptidase-
N in sage-grouse was compared to inhibition in chickens
(Gallus gallus). We predicted that sage-grouse enzymes
would retain higher activity when incubated with isolated
monoterpenes or sagebrush extracts than chicken enzymes.
We detected unchanged monoterpenes in the gut contents
of free-ranging sage-grouse. We found that three isolated
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oxygenated monoterpenes (borneol, camphor, and 1,8-cin-
eole) inhibited digestive enzymes of both bird species.
Camphor and 1,8-cineole inhibited enzymes from chickens
more than from sage-grouse. Extracts from both species of
sagebrush had similar inhibition of chicken enzymes, but
did not inhibit sage-grouse enzymes. These results suggest
that specific monoterpenes may limit the protein digestibil-
ity of plant material by avian herbivores. Further, this work
presents additional evidence that adaptations of digestive
enzymes to plant defensive compounds may be a trait of
specialist herbivores.

Keywords Aminopeptidase-N - Digestive enzymes -
Greater sage-grouse - Monoterpenes - Sagebrush

Introduction

Specialist herbivores regularly consume diets containing
high concentrations of plant secondary metabolites (PSMs)
(Shipley et al. 2009). These chemicals act to deter feed-
ing by altering the homeostasis of the herbivore through
various mechanisms (Dearing et al. 2005a). One common
mode of action is to inhibit digestive enzymes of herbi-
vores (Kohl and Dearing 2011; Rhoades 1977; Oh and
Hoff 1986; Chauhan et al. 2007; Welsch et al. 1989; Feeny
1969). These interactions may limit nutrient availability to
the animal and potentially impact fitness (DeGabriel et al.
2009). In response, herbivores have evolved mechanisms
that enhance resistance to enzyme inhibition, such as ele-
vating gut pH or producing surfactants that limit PSM—
enzyme interactions (Berenbaum 1980; Martin and Mar-
tin 1984). Other herbivores may produce unique forms of
digestive enzymes that are resistant to inhibition by PSMs.
For example, many insect herbivores produce digestive
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enzymes that are resistant to proteinaceous enzyme inhibi-
tors (Jongsma and Bolter 1997). Similarly, populations of
Bryant’s woodrat (Cricetidae: Neotoma bryanti) produce
digestive enzymes that are resistant to inhibition by the
phenolic-rich resin produced by creosote bush (Zygophyl-
laceae: Larrea tridentata) (Kohl and Dearing 2011).

Monoterpenes are a class of chemical compounds that
have not been investigated as digestive inhibitors (Stirby
et al. 1987) despite their potency at inhibiting other
enzymes, such as acetylcholinesterase (Miyazawa et al.
1997; Perry et al. 2000). This research gap likely stems
from the fact that these compounds, due to their phys-
icochemical properties, are readily and quickly absorbed
through the intestinal wall and unlikely to interact with
digestive enzymes. For example, many mammalian herbi-
vores absorb >95 % of ingested monoterpenes (Boyle et al.
1999; Foley et al. 1987; Sorensen et al. 2004; Shipley et al.
2012). However, several specialist herbivores, such as the
Stephen’s woodrat (Cricetidae: Neotoma stephensi) and the
Greater Sage-Grouse (Phasianidae: Centrocercus uropha-
sianus) exhibit reduced absorption of monoterpenes and
excrete considerable amounts of unchanged monoterpenes
in their feces (Sorensen et al. 2004; Thacker et al. 2012).
Thus, there is the potential for unabsorbed monoterpe-
nes to interact with digestive enzymes in these animals. If
unabsorbed PSMs do inhibit digestive enzymes, specialist
herbivores are predicted to produce digestive enzymes that
are more resistant to inhibition by monoterpenes, similar to
what has been observed with other classes of PSMs in other
specialist herbivores (Jongsma and Bolter 1997; Kohl and
Dearing 2011).

We focused on the Greater Sage-Grouse (hereafter, sage-
grouse), a specialist avian herbivore. Sage-grouse are sea-
sonal dietary specialists on sagebrush (Asteraceae: Artemi-
sia spp.; Wallestad et al. 1975). Across the year, sagebrush
leaves comprise 62 % of the diet of sage-grouse and are
the only component of their diet in winter (Wallestad et al.
1975). Sagebrush leaves are heavily defended by high con-
centrations of diverse mixtures of several classes of PSMs,
especially monoterpenes (Kelsey et al. 1982; Welch and
McArthur 1981), phenolics (Wilt et al. 1992; Wilt and
Miller 1992) and sesquiterpene lactones (Kelsey et al.
1976; Shafizadeh et al. 1974). Monoterpenes influence diet
selection by sage-grouse (Remington and Braun 1985; Frye
et al. 2013) and other vertebrate herbivores (Bray et al.
1991; Ulappa et al. 2014). Specifically, sage-grouse select
black sagebrush (A. nova) over Wyoming big sagebrush (A.
tridentata wyomingensis) due, in part, to its lower concen-
tration of total monoterpenes (Frye et al. 2013). Further,
sage-grouse select individual plants and patches of black
sagebrush with lower concentrations of individual monoter-
penes while also selecting for the highest protein content
(Frye et al. 2013). Sage-grouse also excrete unchanged
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monoterpenes in their feces (Thacker et al. 2012) and thus
may experience interactions between monoterpenes and
digestive enzymes.

We investigated the potential for interactions between
monoterpenes and the digestive enzyme aminopeptidase-
N (APN). This enzyme cleaves terminal amino acids from
digested proteins, facilitating absorption by the animal
(Sjostrom et al. 2002). Since most herbivores are protein-
limited (Karasov and Martinez del Rio 2007), maintaining
activity of this enzyme is critical for herbivores to obtain
sufficient nitrogen. We first measured PSM concentrations
in the contents of several gut segments of free-ranging
sage-grouse. Next, we tested whether isolated monoterpe-
nes inhibit digestive enzymes of the sage-grouse and a spe-
cies naive to sagebrush and associated PSMs, the domestic
chicken (Phasianidae: Gallus gallus). In accordance with
other herbivores that exhibit counter-adaptations to resist
negative impacts of ingested PSMs, we predicted that sage-
grouse enzymes would exhibit lower rates of inhibition by
isolated monoterpenes than the domestic chicken. We also
predicted that whole extracts of sagebrush species would
inhibit digestive enzymes of animals due to the presence
of PSMs such as monoterpenes, phenolics, and sesquiter-
pene lactones. Additionally, because free-ranging sage-
grouse select black sagebrush over Wyoming sagebrush
(Frye et al. 2013), we predicted that extracts of PSMs from
black sagebrush would exhibit lower inhibition of digestive
enzymes compared to those extracted from Wyoming big
sagebrush. Similar to the prediction for isolated monoter-
penes, we also predicted that sage-grouse enzymes would
exhibit lower rates of inhibition by sagebrush extracts com-
pared to chickens.

Materials and methods
Chemicals

All chemicals were purchased from Sigma—Aldrich (St.
Louis, MO, USA) or Fisher Scientific (Pittsburg, PA, USA)
and were of ACS grade, except monoterpene standards,
which were of GC grade.

Animal collection

Intestinal tracts of sage-grouse (n = 11) were obtained
to confirm the presence of unchanged monoterpenes in
the intestinal tract. Licensed hunters generously collected
birds across Idaho (hunting locations were not disclosed)
between December 2011 and February 2012. Whole car-
casses were kept on ice while hunters were in the field
and then transported to a —20 °C freezer. Intestinal tracts
were dissected from each bird. The contents of the small
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intestine, ceca, and colon were isolated, weighed, and
stored at —20 °C prior to analysis. Analysis of gizzard con-
tents confirmed that all birds were consuming exclusively
sagebrush leaves, though the species of sagebrush was not
determined. Because hunters collected these carcasses in
the field, collection and cryopreservation of tissue from
these same birds for enzyme assays was not possible.

Intestinal tissues for enzyme assays were obtained from
three sage-grouse (one male, two females) collected in
south-central Idaho (E 721093, N 4789063) during Nov—
Dec 2012. Sage-grouse were collected under approved
permits (Idaho permit 110914 and Boise State University
IACUC protocol AC11-022). Carcasses were dissected
immediately in the field and the proximal section of the
small intestine was immediately stored in liquid nitrogen
and stored at —80 °C.

Our sample sizes for sage-grouse were limited to three
individuals. Sage-grouse have undergone significant popu-
lation decline (Connelly and Braun 1997), are currently
listed as ‘near-threatened’ by the International Union for
the Conservation of Nature (Birdlife 2012), and are a can-
didate species under the Endangered Species Act. Agencies
are becoming increasingly reluctant to issue collecting per-
mits. Thus, the collection of additional samples would be
subject to substantial criticism from various special interest
groups and is not feasible.

Tissues from four chickens were provided by the Uni-
versity of Wisconsin—Madison. Chickens were fed Purina
Start and Grow SunFresh Poultry feed and housed under
University of Wisconsin—-Madison IACUC protocol
A00733. The proximal section of the small intestine was
immediately frozen and stored at —80 °C. All tissues were
mailed to University of Utah on dry ice for enzyme assays.

Extraction of sagebrush PSMs

Black sagebrush and Wyoming big sagebrush were col-
lected during the winter of 2010-2011 from a site in
south-central Idaho, USA (42°11’N, 114°46’W) used by
wintering sage-grouse. A mosaic of black sagebrush (A.
nova) and Wyoming big sagebrush (A. tridentata wyomin-
gensis) dominated the vegetation in this area and included
an understory of native grasses, exotic grasses, and forbs.
Elevation ranged from approximately 1,550 to 1,750 m
and average annual precipitation was 26.3 cm with tem-
peratures during collection ranging from 4.68 to 5.98 °C.
Sage-grouse were not collected at this site but it was the
same site used to determine selective foraging on species,
patches, and plants of sagebrush by sage-grouse (Frye
et al. 2013). We extracted PSMs from five individuals of
each sagebrush species following a previously established
protocol (Durling et al. 2007). We added ethanol to small
samples of frozen plants using a 6:1 solvent:plant ratio

(mass:mass). Ethanol was used as a solvent for consist-
ency with assays using isolated monoterpenes and its high
boiling point compared to other common solvents, given
that incubations with tissues were conducted at avian body
temperature (40 °C; see below). Samples were then ground
with a Polytron PT3100 Mixer (Kinematica, Lucerne, Swit-
zerland) at 12,000 rpm for 30 s. We then incubated the sam-
ples at 40 °C for 6 h. The solution was then filtered through
Whatman filter paper (grade 1) and stored at —20 °C until
enzyme assays were conducted.

Confirmation of PSMs in gut contents and extracts

We measured the concentrations of seven individual
monoterpenes in the contents of gut segments from free-
ranging sage-grouse. We also verified the presence of the
same individual monoterpenes in the ethanol extracts
of sagebrush used in inhibition assays. Monoterpenes
were analyzed by placing 100 mg wet weight of con-
tent from each intestinal segment or 50 pL of sagebrush
extract into an airtight headspace vial. Concentrations of
individual monoterpenes and total monoterpenes were
determined using headspace gas chromatography with
an Agilent 7694 headspace sampler coupled with an Agi-
lent 6890 N gas chromatograph (GC). 1 mL of headspace
gas was injected into a J&W DB-5 capillary column
(30 m x 250 um x 0.25 um). Operating conditions for the
headspace sampler were as follows: oven temperature at
100 °C, loop temperature at 110 °C, transfer line tempera-
ture at 120 °C, a vial equilibrium time of 20 min, a pres-
surization time of 0.20 min, a loop fill time of 0.50 min, a
loop equilibrium time of 0.20 min, and an injection time
of 0.50 min. Operating conditions for the GC were as fol-
lows: splitless injector at 250 °C, flame ionization detec-
tor at 300 °C, oven temperature at 40 °C for 2 min, then
increasing 3 °C/min to 60 °C, then increasing 5 °C/min to
120 °C, then increasing 20 °C/min to 300 °C, and held at
300 °C for 7 min. The make-up gas was nitrogen and the
carrier gas was helium. The inlet pressure was 80 kPa with
a flow rate of 1.0 mL/min. Retention times and peak areas
of individual monoterpenes were calculated using Agilent
OpenLab version A.01.05.

We verified the relative retention times of individual
monoterpenes with co-chromatography using a mix-
ture of standards (10 mg/mL concentration) of camphene
(CAS #79-92-5), camphor (76-22-2), borneol (464-45-
9), p-cymene (99-87-6), 1,8-cineole (470-67-7), a-pinene
(7785-26-4), and B-pinene (18172-67-3). We estimated
the relative concentrations of individual monoterpenes in
the intestinal content material by comparing AUC of peaks
in gut samples to AUC of a known volume of 10 mg/mL
monoterpene standards. This method does not allow us to
account for the composition of enantiomers of individual
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monoterpenes, but does allow us to confirm at least one
enantiomer is present in our samples. Several unidentified
monoterpenes were also detected. We calculated concen-
tration of monoterpenes in mM using the assumption that
wet gut contents had a density equivalent to water. We
estimated total monoterpene concentration in mM by add-
ing peaks from all identified and unidentified monoterpe-
nes and using averages of AUCs and molar masses of the
known monoterpenes that were detected in samples.

Enzyme Inhibition Assays

We investigated aminopeptidase-N from the proximal small
intestine of sage-grouse (n = 3) and chickens (n = 4).
Tissues were thawed and rinsed in ice-cold physiological
saline solution to remove gut contents and thus remove
microbial enzymes. Tissues were homogenized in a buffer
of 350 mM mannitol in 1 mM N-2-hydroxyethylpiperazine-
N’-2-ethanosulfonic acid (HEPES)-KOH, pH 7.0. Intestinal
homogenates were then incubated with PSMs to allow for
inhibition. For isolated compounds, we incubated 12 pL
of intestinal homogenate with 4 pL of isolated monoter-
penes diluted in ethanol to the following concentrations
(mM): 50, 100, 200, 400, and 800. This mixture resulted in
the following final concentrations of monoterpenes: 12.5,
25, 50, 100, and 200 mM. For whole sagebrush PSMs, we
incubated 12 pL of intestinal homogenate with 4 wL of the
ethanol extract. For control samples we incubated 12 pL
of intestinal homogenate with 4 WL of ethanol. All sam-
ples were incubated at 40 °C for 10 min. We then measured
APN activity using L-alanine-p-nitroanilide as a substrate,
which is cleaved into p-nitroaniline as a reaction prod-
uct that can be quantified. To start the reaction, we added
2.5 pL of the incubated homogenate mixture (with or with-
out PSMs) to 250 L of assay mix (2.0 mM L-alanine-p-ni-
troanilide in one part of 0.2 M NaH,PO,/Na,HPO,, pH 7.0,
and one part of deionized H,0). The reaction solution was
incubated for 20 min at 40 °C and terminated with 750 pL
of ice-cold 2 N acetic acid. Assays from each sample were
run with technical duplicates and activity was averaged for
each sample. Additionally, we always corrected against
a blank tube where tissue was added after the acetic acid
to prevent the reaction from occurring. Duplicate 200 nL
aliquots of all final reactions were transferred to a 96-well
plate and absorbance was measured at 384 nm. Activity
(rate of product formation/g tissue/min) was determined
using a standard curve for the product p-nitroaniline. We
calculated relative enzyme activity by dividing the activ-
ity of PSM-exposed tissues by the activities of the control
samples, which were incubated only with ethanol.

It is worth noting that the addition of ethanol did not
inhibit enzyme activities. We measured enzyme activi-
ties of all sage-grouse and chicken samples by incubating
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12 wL of intestinal homogenate with 4 wL of ethanol as
described above. Another set of assays was conducted
simultaneously where tissues were incubated with 4 wL of
homogenizing buffer. There was no difference in activity
between assays with ethanol and those with homogenizing
buffer (Wilcoxon signed-rank test: P = 0.41).

Statistics

Concentrations of monoterpenes were compared across gut
segments (small intestine, ceca and colon) using a Tukey’s
HSD test. For inhibition with isolated monoterpenes, we
generated inhibition curves for three individual sage-grouse
and four individual chickens. We compared inhibition
between sage-grouse and chickens using a repeated meas-
ures ANOVA for each of the seven individual monoter-
penes with avian species as a variable and monoterpene
concentration as the repeated variable. We applied the
Huynd-Feldt Correction to the ‘Concentration’ and ‘Con-
centration x Bird species’ terms to address the violation of
sphericity in our data (Huynh and Feldt 1976).

For extracts of whole sagebrush PSMs, we measured
enzyme inhibition of tissues from one sage-grouse indi-
vidual and one chicken individual using extracts from five
individual plants for each of the two sagebrush species.
We compared inhibition using a one-sample ¢ test against a
mean of 1 for each sagebrush and bird species combination.
The two sagebrush species were compared using ¢ tests for
each avian species. Using one chicken and one sage-grouse
allowed us to minimize enzyme variability among individ-
ual birds and instead compare the variation in inhibition by
PSMs across individual plants for each sagebrush species.
The objective of these assays was to compare the inhibitory
properties of sagebrush species; therefore, we used five
individual plants from each sagebrush species.

Results

We detected individual monoterpenes in various segments
of the intestinal tract of free-ranging sage-grouse (Table 1).
The highest concentrations were detected in the colon,
while the ceca exhibited very low concentrations (Table 1).
Cymene was not detected in any sample. Camphor was
present in the highest concentration in all gut segments
(Table 1). We detected the presence of the same isolated
monoterpenes in the ethanol extracts of sagebrush.

Isolated monoterpenes varied in their capacity to inhibit
APN enzymes. Borneol, camphor, and 1,8-cineole all
exhibited significant inhibition as a function of monoter-
pene concentration (Table 2, Fig. 1). At the highest con-
centrations of monoterpenes these compounds reduced
APN activity to 32-78 % of original activity, depending
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Table 1 Mean + S.E.M. monoterpene concentration in gut contents
from intestinal segments of sage-grouse (mM assuming density of
wet digesta is equivalent to that of water)

Small intestine (10) Ceca (11) Colon (11)
Camphene  0.12 & 0.06* 0.002 & 0.002*  0.46 + 0.09"
Camphor 1.22 +0.53* 0.09 £+ 0.02* 4,63 +£0.93°
1,8-Cineole  0.09 & 0.06>" 0.003 +0.003*  0.29 +0.13"
a-Pinene 0.02 +0.01* ND 0.14 + 0.03"
B-Pinene 0.24 +£0.12° 0.03 £ 0.01* 1.79 & 0.60°
Total 1.99 +0.78* 0.20 £+ 0.05° 10.01 + 1.65°

Sample sizes are in parentheses at tops of columns. ND not detected.
Cymene was not detected in any segment. Borneol was detected in
all gut segments, but technical issues with our standard prevented us
from calculating concentrations in mM. Different letters represent
significant differences across gut segments. Total includes measure-
ments of unknown monoterpenes. Averages of AUCs and molar mass
of isolated monoterpenes were used to calculate estimated concentra-
tion in mM of total monoterpenes

on the compound and avian species. All other monoterpe-
nes (a-pinene, P-pinene, camphene, and cymene) did not
inhibit APN enzymes (Table 2; Fig. 1).

Sage-grouse exhibited differential inhibition kinetics
compared to chickens for some monoterpenes. Camphor
and 1,8-cineole were more potent against chicken enzymes
than sage-grouse enzymes (Table 2; Fig. 1). At the highest
concentration of camphor, chicken enzymes were inhibited
by 50 % of capacity, while sage-grouse enzymes were only
inhibited by 22 %. Similarly, at the highest concentration
of 1,8-cineole, chicken enzymes were inhibited by 63 % of
capacity, while sage-grouse enzymes were only inhibited
by 22 %.

Interestingly, incubation with P-pinene seemed to
increase relative APN activity in the chicken samples, but
not the sage-grouse samples (Fig. 1). While this difference
was not statistically significant (Table 2), it was noteworthy
and unique compared to all other monoterpenes.

Extracts from both sagebrush species significantly
inhibited the chicken APN enzyme (one-sample ¢ test
against a mean of 1: P = 0.037 and P = 0.038 for black
and Wyoming sagebrush, respectively; Fig. 2). However,
these extracts did not inhibit the sage-grouse APN enzyme
(P = 0.14 and P = 0.35 for black and Wyoming sage-
brush, respectively; Fig. 2). Within a bird species, the level
of enzyme inhibition was similar regardless of sagebrush
species (¢ test comparing inhibition of sagebrush species:
P > 0.65 for both chicken and sage-grouse; Fig. 2).

Discussion

The co-evolutionary arms race between plants and herbi-
vores has been instrumental in shaping terrestrial ecology

Table 2 Statistics from repeated measures ANOVA of inhibition
curves using isolated monoterpenes

Monoterpene F df P value
Borneol

Bird species 3.03 L5 0.14

Concentration 22.04 2.8,13.9 <0.0001

Conc. x Bird species 2.62 2.8,13.9 0.09
Camphene

Bird species 0.29 1,5 0.62

Concentration 0.56 2.4,12.1 0.61

Conc. x Bird species 0.15 2.4,12.1 0.90
Camphor

Bird species 7.33 1,5 0.04

Concentration 14.04 3.0, 15.0 0.0001

Conc. x Bird species 4.42 3.0, 15.0 0.02
1,8-Cineole

Bird species 78.29 1,5 0.0003

Concentration 11.20 3.3, 16.6 0.0002

Conc. x Bird species 3.45 3.3,16.6 0.04
Cymene

Bird species 0.38 1,5 0.56

Concentration 243 4,20 0.08

Conc. x Bird species 0.86 4,20 0.50
a-Pinene

Bird species 0.05 1,5 0.84

Concentration 1.18 4,20 0.35

Conc. x Bird species 0.58 4,20 0.68
B-Pinene

Bird species 3.77 1,5 0.11

Concentration 2.04 2.7,13.5 0.16

Conc. x Bird species 1.25 2.7,13.5 0.32

F values, degrees of freedom, and P values for the ‘Concentration’
and ‘Concentration x Bird species’ have been adjusted using the
Huynd-Feldt correction

(Dearing et al. 2005a; Freeland and Janzen 1974; McArthur
et al. 1991). One site of this arms race is the intestinal tract,
where many PSMs limit digestibility by herbivores, and
in response, herbivores have evolved digestive enzymes
that are tolerant to inhibitory compounds (Jongsma and
Bolter 1997; Kohl and Dearing 2011). Most examples of
this trend have been identified in herbivores feeding on
plants containing tannins or proteinaceous protease inhibi-
tors (Jongsma and Bolter 1997; McArthur et al. 1991).
Here, we add monoterpenes as a class of chemical com-
pounds that may limit digestibility of proteins through
inhibition of digestive enzymes. Most research to date
has been conducted on insects (Jongsma and Bolter 1997)
and to a lesser extent, mammals (Kohl and Dearing 2011).
Our research suggests that an avian herbivore exhibits a
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similar adaptation, i.e., digestive enzymes that are tolerant
of inhibitory compounds in the plants they consume.

Some specific monoterpenes inhibited the APN enzyme
of sage-grouse and chickens while others did not. The idi-
osyncratic inhibition by some monoterpenes is consistent
with other studies. While monoterpenes are potent at inhib-
iting acetylcholinesterase (Perry et al. 2000; Miyazawa
et al. 1997), research on a related enzyme, butyrylcho-
linesterase, found that only one of 21 isolated terpenes
was inhibitory (Savelev et al. 2004). Although the mecha-
nism of inhibition of APN by monoterpenes is not known,
monoterpenes competitively inhibit other enzymes (acetyl-
cholinesterase) by binding to the hydrophobic active site
of the enzyme (Perry et al. 2000; Miyazawa et al. 1997).
Other PSMs, such as tannins, can lower enzyme activity
by binding to the substrate and limiting interactions with
the digestive enzyme, rather than inhibiting the digestive
enzyme itself (Mole and Waterman 1986). It is unlikely
that this mechanism is occurring in our study, given that
we found species differences in the susceptibility to inhibi-
tion by monoterpenes. The structure—activity relationships
of enzyme inhibition by monoterpenes is poorly under-
stood, but seems unrelated to lipophilicity or molecular
size of the monoterpene in other enzyme studies (Perry
et al. 2000), though these trends may vary among different
enzymes (Savelev et al. 2004). In our study, the monoterpe-
nes that inhibited APN (borneol, camphor, and 1,8-cineole)
were larger compounds (>152 Da), more water-soluble
(>700 mg/L), and all contained oxygen atoms, while the
compounds that did not inhibit APN (camphene, cymene,
a-pinene, B-pinene) were smaller (<136 Da), less water-
soluble (<25 mg/L), and did not contain oxygen (Howard
1997; Krzysztof 2006; Cheng et al. 2013). These results
suggest that molecular size, solubility, or chemical struc-
ture may play a role in inhibition of APN by monoterpe-
nes. Similarly, oxygenated monoterpenes are highly potent
inhibitors of ruminal microbial activity, while monoterpene
hydrocarbons are not inhibitory (Oh et al. 1967, 1968).
Overall, understanding the mechanism by which monoter-
penes, differing chirality of monoterpenes, other classes of
PSMs, or mixtures of PSMs inhibit APN or other digestive
enzymes deserves further attention.

Consistent with our hypothesis, sage-grouse APN
retained higher relative activity when exposed to monoter-
penes compared to chicken enzymes. For example, 1,8-cin-
eole only inhibited sage-grouse enzyme activity by 22 %
while it inhibited chicken enzymes by 63 %. Similarly,
extracts of sagebrush inhibited activity of chicken APN, but
not sage-grouse APN. These findings align with the work
of others demonstrating that specialist insects and mam-
mals have evolved digestive enzymes that are more toler-
ant to inhibitory compounds than generalists (Jongsma
and Bolter 1997; Kohl and Dearing 2011). Our results
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add an avian herbivore to this pattern. Specifically, resist-
ance to APN inhibition may allow sage-grouse and other
specialists to feed on PSM-rich plants without experienc-
ing decreases in digestibility of protein. Our study is lim-
ited to a two-species comparison; thus investigations of
other avian herbivores may further elucidate the nature of
enzyme adaptation to terpene-rich diets. Another promising
study system may be the smallest avian herbivores, plant-
cutter birds (Cotingidae: Phytotoma spp.), which special-
ize on mesquite (Fabaceae: Prosopis spp.) and boxthorn
(Solanaceae: Lycium spp.) (Bucher et al. 2003; Rios et al.
2014; Rosina and Romo 2012). These plants contain some
monoterpenes, as well as alkaloids and phenolics (Pisani
and Distel 1998; Yao et al. 2011). Interestingly, plantcut-
ters have nearly twice the APN activity of a similarly sized
omnivorous passerine (Meynard et al. 1999). It would be
interesting to compare digestive enzyme inhibition by vari-
ous classes of PSMs between plantcutters and omnivorous
passerines.

Mechanisms underlying the production of enzymes that
are resistant to inhibition have been well studied in other
plant-animal interactions. For example, herbivorous insects
produce digestive enzymes with unique sequences that ren-
der them tolerant to inhibition by proteinaceous inhibitors
(Jongsma et al. 1995). Resistance to tannins can be brought
about by post-translational modification of proteins, such as
glycosylation (Sarni-Manchado et al. 2008). It is unknown
whether these mechanisms would also make digestive
enzymes more resistant to inhibition by monoterpenes.

The monoterpene P-pinene exhibited the unique effect
of seeming to increase enzyme activity in chicken samples,
but not sage-grouse samples. B-pinene increases the rela-
tive activity of NADH dehydrogenase in yeast, likely by
increasing membrane fluidity (Uribe et al. 1985). APN is
located in the cell membranes of intestinal cells (Sjostrom
et al. 2002), and thus increasing membrane fluidity may
also increase its relative activity. Incubation with f-pinene
did not alter the relative APN activity of sage-grouse sam-
ples, suggesting that their cell membranes may be resist-
ant to these effects. However, these ideas are largely
speculative.

Our analyses of the contents of the intestinal tracts of
sage-grouse confirm that a portion of ingested monoter-
penes are not absorbed or altered by sage-grouse and may
interact with digestive enzymes. The ceca exhibited the
lowest monoterpene concentrations of the three regions,
which may be accomplished through microbial degradation
of monoterpenes (Adams et al. 2013), whereas the large
intestine exhibited the highest concentrations. It would be
interesting to compare enzyme activity across gut regions,
as many birds express digestive enzymes in their ceca and
colons (McWhorter et al. 2009; Siddons 1972). We predict
that enzyme activity might be highest where monoterpene
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Fig. 1 Effects of isolated monoterpenes on sage-grouse (n = 3) and
chicken (n = 4) APN enzymes. Points represent the mean + SEM of
relative enzyme activity. Compounds followed by an “I” significantly

concentrations are lowest, thus avoiding inhibition by
these compounds. This notion is supported by the fact that
absorptive capacity is high in the ceca of sage-grouse, com-
pared to higher absorption in the small intestinal observed
in most other birds (Obst and Diamond 1989).

inhibited APN activity. Compounds labeled with an asterisk exhibited
differential inhibition between sage-grouse and chickens

Concentrations of specific monoterpenes in the small
intestine (0-1.2 mM) were quite low compared to the
ranges used in our inhibition assays with isolated monoter-
penes (25-200 mM). However, our technique measured
concentrations in total luminal contents. Concentrations
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may be highly heterogeneous throughout the gut and
between the lumen and gut surface (Takahashi 2011). This
heterogeneity can depend on flow rates and flow behavior
of the gut, as well as viscosity of the gut contents (Taka-
hashi 2011). Thus, some digestive enzymes may experience
higher concentrations of monoterpenes in vivo. Addition-
ally, concentrations exhibited inter-individual variability.
For example, camphor measurements in the small intes-
tine and colon were as high as 5 mM. Such concentra-
tions would likely reduce enzyme efficiency in chickens,
but not in sage-grouse. Even slight reductions in diges-
tive efficiency may have fitness consequences for animals,
especially given that dietary protein is often limited in her-
bivores. Regulating intestinal concentrations of monoter-
penes below thresholds that cause inhibition of digestive
enzyme may explain selection for sagebrush with lower
concentrations of monoterpenes by free-ranging sage-
grouse (Frye et al. 2013).

The ecological relevance of our studies is better revealed
by the use of whole sagebrush extracts. The low monoter-
pene concentrations of these extracts significantly inhibited
chicken enzymes by 14 %, but did not inhibit sage-grouse
enzymes. We hypothesize that differences in enzyme struc-
ture yielded differences between avian species. Further,
we hypothesize that maintenance of enzyme activities aids
sage-grouse in specializing on sagebrush.

We did not find any evidence that differences in enzyme
inhibition might underlie the preference by sage-grouse
for black sagebrush over Wyoming sagebrush (Frye et al.
2013), given that the two extracts yielded similar effects.

@ Springer

Lack of differential inhibition by sagebrush species may
reflect our focus on the inhibitory capacities of monoter-
penes. Sagebrush species are also known to produce many
phenolics (Wilt et al. 1992) and sesquiterpene lactones (Kel-
sey et al. 1976) that vary among species, which may also
inhibit digestive enzymes (Min et al. 2003; Tadera et al.
2006). The extraction solvent we used (ethanol) extracts
these other PSM classes. Although differences in total phe-
nolics between Wyoming and black sagebrush have not
been detected (Frye et al. 2013), differential concentrations
or presence of other classes of PSMs, such as individual
phenolics or sesquiterpene lactones, in our whole-plant
extract may confound interpretation of the APN inhibition
assays with regards to specific monoterpenes.

While we present evidence that monoterpenes have the
capacity to inhibit digestibility, further work is needed to
demonstrate these effects in vivo. Many animals absorb
>95 % of ingested terpenes (Boyle et al. 1999; Foley et al.
1987; Sorensen et al. 2004; Shipley et al. 2012) and con-
centrations in the gut may be below effective doses and thus
these interactions may not always occur in vivo. Addition-
ally, animals may compensate through other mechanisms
such as the production of surfactants to prevent PSM-pro-
tein interactions (Martin and Martin 1984) or slowing gut
transit time to maximize the extraction of nutrients (Kara-
sov and Douglas 2013). Several studies have demonstrated
that ingestion of terpene-rich plants such as sagebrush or
juniper lowers nitrogen and dry matter digestibility in her-
bivores (Dearing et al. 2005b; Ngugi et al. 1995). How-
ever, these plants often have other PSMs such as tannins
and phenolics that may inhibit protein digestion (Dearing
et al. 2005b; Wilt et al. 1992). Feeding trials that augment
artificial diets with isolated monoterpenes are difficult due
to the volatility of these compounds. While feeding trials
of this nature have been conducted (Dearing et al. 2000;
Wiggins et al. 2003), nutrient digestibility has not been
investigated. Further experiments will reveal the capacity
of monoterpenes and other PSMs to inhibit digestion and
the adaptations that specialist herbivores have to overcome
these challenges.
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