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Abstract

Herbivores that forage on chemically defended plants consume complex mixtures of plant
secondary metabolites (PSMs). However, the mechanisms by which herbivores tolerate mixtures
of PSMs are relatively poorly understood. As such, it remains difficult to predict how PSMs,
singly or as complex mixtures, influence diet selection by herbivores. Although relative rates of
detoxification of PSMs have been used to explain tolerance of PSMs by dietary specialist
herbivores, few studies have used the rate of detoxification of individual PSMs to understand
dietary preferences of individual herbivores for individual versus mixtures of PSMs. We coupled
in vivo experiments using captive feeding trials with /in vitro experiments using enzymatic
detoxification assays to evaluate the dietary preferences and detoxification capacities of pygmy
rabbits (Brachylagus idahoensis), dietary specialists on sagebrush (Artemisia spp.), and mountain
cottontails (Sy/vilagus nuttallii), dietary generalists. We compared preference for five single PSMs
in sagebrush compared to a mixture containing those same five PSMs. We hypothesized that
relative preference for individual PSMs would coincide with faster detoxification capacity for
those PSMs by specialists and generalists. Pygmy rabbits generally showed little preference
among individual PSMs compared to mixed PSMs, whereas mountain cottontails exhibited
stronger preferences. Pygmy rabbits had faster detoxification capacities for all PSMs and
consumed higher concentrations of individual PSMs versus a mixture than cottontails. However,
detoxification capacity for an individual PSM did not generally coincide with preferences or
avoidance of individual PSMs by either species. Cottontails avoided, but pygmy rabbits preferred,
camphor, the PSM with the slowest detoxification rate by both species. Both species avoided -
pinene despite it having one of the fastest detoxification rate. Taken together our /n vivoand /in
vitroresults add to existing evidence that detoxification capacity is higher in dietary specialist than
generalist herbivores. However, results also suggest that alternative mechanisms such as
absorption and the pharmacological action of individual mixtures of PSMs may play a role in
determining preference of PSMs within herbivore species.

Jordan D Nobler, jnobler@gmail.com, (720) 891-6036,.
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INTRODUCTION

Plant secondary metabolites (PSMs) influence the foraging behavior of herbivores and may
affect patterns of habitat selection at multiple scales (Duncan and Gordon 1999; Frye et al.
2013; Lawler et al. 2000; Moore and Foley 2005; Ulappa et al. 2014). High concentrations
of PSMs often have deleterious effects on foraging herbivores (Degabriel et al. 2009; Estell
2010; Guglielmo et al. 1996; Sorensen et al. 2005a), and selective foraging is one
mechanism to limit exposure to those PSMs (Frye et al. 2013; Moore and Foley 2005;
Ulappa et al. 2014; Wiggins et al. 2006). Plants often contain complex mixtures of PSMs,
the identities and concentrations of which can vary among taxa, populations, and individual
plants within populations (Frye et al. 2013; Julkunen-Tiitto 1986; Hemming and Lindroth
1995; Lawler et al. 1998; Nyman and Julkunen-Tiitto 2005; O’Reilly-Wapstra et al. 2013;
Richards et al. 2015; Thoss et al. 2007; Ulappa et al. 2014). This diversity of PSMs has
wide-ranging physiological effects on vertebrate herbivores including reduced digestion,
interference with cellular processes, and compromised energy budgets and reproductive
success (Degabriel et al. 2009; Estell 2010; Guglielmo et al. 1996; Kohl et al. 2015;
Sorensen et al. 2005a). Animals also cope with absorbed PSMs via different detoxification
strategies (Sorensen et al. 2006; Sorensen and Dearing 2006), with specialist herbivores
generally relying on faster and less expensive detoxification systems than their generalist
counterparts (Boyle et al. 1999; Shipley et al. 2012; Sorensen and Dearing 2003a; Sorensen
et al. 2004). The complexities of chemicals mixtures in plants and variable capacity of
herbivores to detoxify PSMs make it difficult to identify which specific compounds,
combinations, and concentrations drive observed patterns in diet selection by herbivores.

Three general approaches — field observations, /in vivo captive studies, and /n vitro
enzymatic assays — have been used to understand how PSMs influence the foraging behavior
of herbivores. Field-based, observational studies maintain the complexity inherent in natural
systems while sacrificing a degree of causality in the relationships observed. These studies
often identify correlations between intake and the concentration of individual PSMs and
broad classes of PSMs (e.g., total monoterpenes or polyphenolics) that are thought to be
representative of more complex mixtures of PSMs (Duncan et al. 1994; Moore and Foley
2005; Moore et al. 2010; Frye et al. 2013; Ulappa et al. 2014). The patterns that emerge
from these studies may help predict habitat selection and foraging behavior, but are
correlative, and must be considered in light of other habitat parameters (e.g., nutritional
quality, predation risk, microclimate) that may complicate or obscure the interpretation of
observed patterns.

In vivo laboratory studies address the mechanisms by which PSMs directly affect diet
selection by manipulating concentrations of specific compounds and measuring food intake
by captive animals (Dziba and Provenza 2008; Farentinos et al. 1981; Kirmani et al. 2010;
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Kimball et al. 2012; Shipley et al. 2012). Although better suited to establish causal
relationships between PSMs and diet selection than field-based studies, captive studies often
sacrifice natural chemical complexity by focusing on a single compound rather than
complex mixtures of PSMs found in whole plants (McLean et al. 2007; Kirmani et al. 2010;
Shipley et al. 2012; Wiggins et al. 2003). Captive studies that use artificial diets that contain
whole plants or extracts from plants can preserve the chemical complexity of natural forage
(Kohl et al. 2015; Mcllwee et al. 2001; Sorensen et al. 2005a), but do not help identify
which specific PSMs or combination of PSMs explain dietary preferences of herbivores.
Additionally, many herbivores respond differently to diets containing individual versus
mixtures of PSMs (Bernays et al. 1994; Dyer et al. 2003; Marsh et al. 2006; Richards et al.
2010, 2012; Wiggins et al. 2003). Generalist herbivores restricted to a single PSM may
overload a specific detoxification pathway and consequently consume less food than when
offered a diet containing an equivalent concentration of a mixture of PSMs (Burritt and
Provenza 2000; Dearing and Cork 1999; Marsh et al. 2006; Wiggins et al. 2003). While the
diversity and evenness of PSMs absorbed by specialist and generalist herbivores consuming
natural plant diets has not, to our knowledge, been evaluated, greater PSM diversity can be
inferred from studies demonstrating that the diversity of plants consumed is higher in
generalists than specialists when both have equal access to plant communities (Crowell et al.
2018; Dial 1988). Specialist herbivores may show relatively higher tolerances for the PSMs
they regularly encounter consuming primarily one plant species (Shipley et al. 2012;
Sorensen et al. 2004, 2005a), but may have reduced tolerance for novel PSMs (Sorensen et
al. 2005b). Captive feeding trials focused on individual PSMs do not capture the additive,
synergistic, or potential inhibitory effects of consuming mixtures of PSMs. Likewise, trials
employing artificial diets containing whole plants or plant extracts do not capture which
combination or individual compound explain diet selection by herbivores nor do they reveal
the mechanisms for variable tolerance among PSMs within a species or among species of
herbivores.

In vitro pharmacological assays that quantify rates of enzymatic detoxification can provide
insight into the mechanisms for variable tolerance of PSMs by herbivores. The majority of
these studies focus on comparing enzymatic activity of microsomes from herbivores that
vary in dietary selection using standard substrates (Dermauw and Van Leeuwen 2014; Green
et al. 2004; Kumar et al. 2014; Labbé et al. 2011; Li et al. 2004; Skopec et al. 2007).
Unfortunately, the majority of these assays only assess the rates of detoxification of standard
substrates developed for use in model organisms or humans and do not assess how specific
enzymes of herbivores detoxify the PSMs they encounter in natural forage. Even in human
pharmacology, /n vitro assays often do not predict /7 vivo outcomes (Karlsson et al. 2013;
Tan et al. 2017). To our knowledge, no study has assessed whether the rate of detoxification
of individual PSMs by metabolizing enzymes from wild vertebrate species can explain /n
vivo dietary preferences observed in the same species.

Incorporating biologically relevant mixtures of PSMs into captive feeding trials and
coupling those trials with mechanistic understanding of the rates of detoxification of PSMs
within the same mixture by specialists and generalists may lead to better predictions of diet
selection in the field. To do this, we investigated the relationship between: 1) the relative
preference of specialist (pygmy rabbit, Brachylagus idahoensis) and generalist (mountain
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cottontail, Sy/vilagus nuttallif) mammalian herbivores for individual and mixtures of
monoterpenes, a class of PSMs, in sagebrush (Artemisia tridentata spp.) and 2) the relative
rates of detoxification of a mixture of the same individual monoterpenes by enzymes
isolated from the specialist and generalist herbivores. Monoterpenes are a class of volatile
PSMs that comprise approximately 2.5% of the dry weight (DW) of sagebrush leaves on
plants browsed naturally by pygmy rabbits and cottontails (Crowell 2015). High
concentrations of both total monoterpenes and specific individual monoterpenes have been
correlated with reduced intake among a variety of free-ranging (Frye et al. 2013; Ulappa et
al. 2014) and captive (Dziba and Provenza 2008; Kirmani et al. 2010; Lamb et al. 2004;
Shipley et al. 2012) mammalian herbivores. Pygmy rabbits have a higher tolerance of
sagebrush and specific monoterpenes than mountain cottontails (Camp et al. 2015; Camp et
al. 2017; Shipley et al. 2012;). However, plant selection in the field and daily intake in
laboratory studies by pygmy rabbits is compromised, at least in part, by increasing
concentrations of monoterpenes (Camp et al. 2015; Camp et al. 2017; Ulappa et al. 2014;
Utz et al. 2016;). The prevalence and variability of monoterpenes in sagebrush (Kelsey et al.
1982), their putative, differential, and dose-dependent effects on feeding behavior by a
variety of specialist and generalist herbivores (Boyle et al. 1999; Lawler et al. 1998; Shipley
et al. 2012; Wiggins et al. 2003), and commercial availability of pure forms of monoterpenes
make them an ideal class of PSMs to assess the link between selection of individual versus
mixtures of PSMs by herbivores and enzymatic detoxification rates of PSMs.

We first conducted /n vivo assays to compare the relative preference of pygmy rabbits and
cottontail rabbits between individual monoterpenes and mixtures. We also conducted /in vitro
enzymatic assays to compare the relative rate of detoxification of individual monoterpenes
within a mixture using microsomal enzymes isolated from a pygmy rabbit (n = 1) and
cottontail rabbits (n = 2). The relative proportions of monoterpenes in the mixture used in
both /n vivoand in vitro assays was representative of the composition and relative ratio of
monoterpenes quantified in Wyoming big sagebrush (A. t. wyomingensis) from field sites
where both pygmy rabbits and mountain cottontail rabbits forage. We hypothesized that
specialists would be less selective between individual PSMs and a mixture of PSMs than
their generalist counterparts due, in part, to faster rates of detoxification for all
monoterpenes in sagebrush than generalists. In contrast, because PSMs consumed
individually could overwhelm any single detoxification pathway (Estell 2010), we predicted
that generalists would show stronger preferences for the mixture of monoterpenes which
contained lower concentrations of any one monoterpene than specialists. Finally, we
hypothesized that individual PSMs that were preferred compared to mixtures by a species
would have the fastest rates of detoxification in that species.

By providing captive herbivores with a mixture of PSMs, we assessed how potential
synergistic, antagonistic or neutral interactions among multiple PSMs influence diet
selection by herbivores. By controlling the identities, concentrations, and ratios of PSMs
within this mixture, we minimized the potentially confounding natural variation in
concentrations and ratios of nutrients and PSMs found within whole plants. We propose that
comparing preferences of herbivores between concentrations of mixtures of PSMs and
equivalent concentrations of the individual PSM isolated from the mixtures occurring in
whole plants would help identify which individual PSMs are most likely to influence
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foraging under natural conditions. Specifically, preference for a mixture over an equivalent
concentration of an individual PSM might suggest selection and intake of whole plants is
limited by concentrations of the avoided individual PSM. In contrast, preference for an
individual PSM compared to a mixture may suggest relatively fast detoxification, low
potential for toxic consequences, or high potential for beneficial consequences of that
individual PSM. Although a simplified mixture is incapable of representing the full
complexity of PSMs produced by wild plants, the individual compounds selected or avoided
using this method could be targeted to establish and test hypotheses related to both the
pattern and mechanism by which PSMs influence diet selection by wild herbivores.

METHODS AND MATERIALS

Animal Capture and Care.

We captured adult pygmy rabbits from sagebrush-dominated sites in Blaine, Camas, and
Lemhi Counties in Idaho (Idaho Department of Fish and Game collection permits 100310
and 01813) and Beaverhead County, Montana (Montana Department of Fish, Wildlife, and
Parks scientific collection permit 2014-062). We captured mountain cottontail rabbits in
Pullman, Washington (Washington Department of Fish and Wildlife Scientific Collection
Permit #14-206). When not undergoing trials, all animals were housed indoors in individual
1.2 x 1.8 m mesh cages at the Small Mammal Research Facility at Washington State
University (Boise State University Institutional Animal Care and Use Committee Protocol #
006-AC12-009, Washington State University Institutional Animal Care and Use Committee
Protocol # 04513-001). Animals not in trials were provided with ad /ibitum pelleted
commercial rabbit chow (Purina Professional Rabbit Chow, Purina Mills LLC, St. Louise,
MO) and fresh water and approximately 15 g/day of fresh mixed greens and greenhouse-
grown basin big sagebrush (A. t. tridentatd). The rabbit chow was the same used throughout
experimental trials and was similar in fiber (36% by dry weight (DW)) and nitrogen (3.4%
by DW) to sagebrush leaves (30% fiber and 2.5-4.5% nitrogen by DW, Camp et al. 2015).
Rabbits were maintained at an average temperature of 7.66 °C (average minimum 1.58 °C,
average maximum 13.42 °C) throughout trial period from 28 March through 16 April 2014.

Identification of Monoterpenes for In Vivo Feeding Studies and In Vitro Enzymatic Assays.

To create a mixture of PSMs for in vivo feeding trials and /n vitro enzymatic assays that
mimicked the natural concentration of monoterpenes in sagebrush, we first analyzed the
monoterpene profile of 420 individual Wyoming big sagebrush plants (Table 1). Plants were
selected within a ~ 1000 ha area with evidence of browsing by both pygmy rabbits and
mountain cottontails in southern Blaine County, Idaho (43°14’ N, 114°19” W, elevation:
1470 m). Browsed plants were selected because previous work indicated that although the
composition of monoterpenes does not differ between individual sagebrush within a species
and within foraging patches browsed by vertebrate herbivores, including pygmy rabbits, the
concentrations of individual monoterpenes can differ (Frye et al. 2013; Ulappa et al. 2014).
As such, monoterpene profiles of browsed plants more accurately represent profiles that
pygmy rabbits and cottontails would naturally consume. The monoterpene profile was
analyzed from frozen leaf and stem material from each plant that was coarsely ground (< 2
mm particle size) in liquid nitrogen with a mortar and pestle. Relative concentrations of each
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monoterpene from each sample (100 mg wet weight) were determined using headspace gas
chromatography. All samples were analyzed using an Agilent 6890N gas chromatograph
(GC, Santa Clara, CA) coupled with a Hewlett-Packard HP7694 headspace autosampler
(Palo Alto, CA). The headspace program was as follows: 100 °C oven temperature, 110 °C
loop temperature, and 120 °C transfer line temperature. The vial equilibrium and
pressurization times were each 0.20 minutes, the loop fill time was 0.50 minutes, the loop
equilibrium time was 0.20 minutes, and the injection time was 0.50 minutes. One mL of
headspace gas from each sample was injected into an Agilent J&W DB-5 capillary column
(30 m x 250 pum x 0.25 um, Santa Clara, CA) with helium as the carrier gas at a constant
flow of 1.0 mL.min~1 and splitless injector temperature of 250 °C. The temperature program
for the GC was as follows: 40 °C for 2.0 minutes, then increased by 3 °C.min~1 to 60 °C,
then by 5 °C.min~1 to 120 °C and finally by 20 °C.min~1 to 300 °C where final temperature
was held for seven minutes. Inlet pressure was 80 KPa and we used a flame ionization
detector set at 300 °C. Retention times of individual monoterpenes and individual areas
under the curve (AUC) were quantified using Hewlett-Packard ChemStation software
version B.01.00 (Palo Alto, CA). Peaks were identified using co-chromatography with
known standards. Samples were then dried at 60° C for 24 hours to correct for water content
of sample and to calculate AUC per 100 ug of DW of sagebrush. Relative concentrations
(AUC/100 pg DW) of individual monoterpenes were then averaged across all plants and
divided by the total concentration of monoterpenes to obtain ratios among constituent
compounds. To create a monoterpene mixture that represented whole sagebrush, we
determined the proportions of the top five most prevalent individual monoterpenes in
sagebrush based on relative AUC (a.-pinene, B-pinene, camphene, camphor, 1,8-cineole at
99% purity or greater, Sigma Aldrich, St. Louis, MO, Table 1). These five compounds were
added to food (/n vivo assays) or microsomes (in vitro enzymatic assays) in the same
average proportions in which they occurred naturally in sagebrush (Table 1).

In Vivo Feeding Studies — Artificial Diets.

For artificial diets, individual monoterpenes or the monoterpene mixture was added to
pelleted rabbit chow at 1% of DW. Camphor and camphene are solids at room temperature
and cannot be added homogenously to rabbit chow, whereas a.-pinene, p-pinene, and 1,8-
cineole are liquid and can be directly added to rabbit chow. Pure camphor (260 mg/mL) and
camphene (248 mg/mL) were therefore dissolved together in methylene chloride (= 99.8%
pure, Sigma Aldrich, St. Louis, MO). The methylene chloride mixture was thoroughly
mixed with rabbit chow in a glass jar at a concentration of 25 ug/g DW of chow. The treated
rabbit chow was then spread in a single layer in a fume hood for six hours to allow the
highly volatile solvent to evaporate. The time needed for evaporation of the solvent relative
to individual monoterpenes was determined by analyzing the concentration of methylene
chloride and the camphor and camphene dissolved in methylene chloride added to rabbit
chow over time until concentrations of methylene chloride were less than 1.0 ug/g DW of
chow. The evaporation of camphor and camphene during the six hour period was minimal
relative to the solvent, resulting in the desired final concentrations of monoterpenes (Table
1). In a preliminary study, we determined that pygmy rabbits and mountain cottontails did
not discriminate between control rabbit chow and chow that was mixed with methylene
chloride only (no camphor and camphene) and allowed to evaporate for six hours (Nobler
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2016). After the solvent was evaporated, the remaining liquid monoterpenes were
thoroughly mixed with the rabbit chow already treated with camphor and camphene in a
glass jar. To prevent the volatilization of monoterpenes, all treated chow was stored at —20°
C until offered to rabbits. Samples of treated rabbit chow were saved in sealed scintillation
vials at —20° C before being analyzed for concentrations of monoterpenes via gas
chromatography.

In Vivo Feeding Studies — Feeding Trials.

Before beginning feeding trials with monoterpene diets, all animals were acclimated to
receiving commercial rabbit chow offered in equal portions at two feeding stations equal
distances from a nest box over a period of three days. After acclimation, rabbits were offered
a choice between rabbit chow treated with either 1% by DW of each individual monoterpene
or 1% by DW monoterpene mixture (Table 1). This concentration represents the lower end
of the range of monoterpene concentration by weight in sagebrush (Kelsey et al. 1982), and
corresponds with concentrations at which individual monoterpenes reduce intake by
mountain cottontails (Shipley et al. 2012). Individual monoterpene treatments that were
paired with the mixture were administered sequentially, but in a randomly-determined order.
Animals were also given rest periods of three to five days between treatments to prevent
habituation. The mixture was first offered on a randomly determined side of the nest box,
followed by alternating sides relative to the individual monoterpene treatment for three days
to avoid directional bias (Utz 2012). We recorded the amount of food offered and remaining
(orts) after 24 hours from each choice (individual monoterpene versus mixture) in each
feeding trial (encompassing both diurnal and nocturnal intake), and corrected for DW by
drying the orts and a sample of the treated rabbit chow offered at 100° C for = 24 hrs. Five
feeding trials were conducted (three days/trial) in which the monoterpene mixture was
paired with each of the five individual monoterpenes.

In Vitro Enzymatic Detoxification Assays.

Microsomes from a pygmy rabbit (n = 1) and mountain cottontails (n = 2) were prepared
from livers obtained from freshly euthanized animals that had been in captivity for at least
one year. Pygmy rabbits are a species of conservation concern with one population listed as
endangered under the Endangered Species Act. Therefore, agencies were reluctant to issue
permits that involved terminal outcomes for this species. Thus, the euthanasia of additional
animals to increase sample sizes for rabbits was not possible. Tissues from euthanized
animals were collected on dry ice and immediately transferred and stored at —70° C. All
steps involved with sample preparation were carried out on ice. Partially thawed livers were
cut into small pieces (< 3 mm?) and approximately 1.0 g of chopped tissue was combined
with 3-4 mL of cold homogenizing buffer (150 mM KCI, 10 mM EDTA, 0.10 M Tris, pH
7.4). Tissue was homogenized with 5-8 short bursts using the probe of an Omni Tissue
Master. The liver homogenates were then centrifuged at 12,500 x g for 15 minutes at 4 °C.
The resulting supernatants were collected, then centrifuged at 105,000 x g for 70 minutes at
4 °C. Supernatants were discarded, and pellets were re-suspended in the original volume of
homogenizing buffer. These samples were centrifuged again at 105,000 x g for 40 minutes at
4 °C. Supernatants were discarded, and the final pellet re-suspended in cold microsome
buffer (10 mM EDTA, 20% glycerol, 0.050 M Tris, pH 7.5). The total protein concentration
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of the microsome suspensions was determined using a Biorad DC Protein assay kit
according to manufacturer’s directions and suspensions were adjusted to a final
concentration of 20 mg/mL total protein prior to conducting enzymatic assays used to
measure rates of detoxification of individual monoterpenes. Microsome suspensions were
stored at =70 °C until use.

Rates of detoxification of individual monoterpenes within a mixture using microsomal
enzymes isolated from a pygmy rabbit and mountain cottontails were monitored in vitro by
measuring the percent difference in monoterpene concentration between paired enzyme
reactions at time zero and at 15 minutes using headspace GC analysis. Concentrations of
monoterpenes (a-pinene, p-pinene, camphene, camphor, 1,8-cineole) that represented
proportions in whole sagebrush (Table 1) were dissolved as a mixture in DMSO at 50X final
reaction concentrations. Assay tubes contained 864 L of phosphate buffered saline solution
(0.137 M NaCl, 0.01 M K2HPO4, 0.0027 M KCI, pH 7.4); 100 pL of 10 mM NADPH, and
26 pL of microsome (20 mg/mL in PBS). To start the reaction, 10 UL of the monoterpene
mixture was added to microsomes in pairs. One paired reaction was incubated at 37 °C for
zero minutes and the other paired reaction was incubated at 37 °C for 15 minutes. To
terminate the reaction at zero or 15 minutes, the mixture was transferred to a 20 mL
headspace vial containing 0.5 g NaCl, sealed, and heated for 1.0 minute at 200 °C. Rate of
detoxification was determined as the percent difference in concentration of each
monoterpene in the mixture between the enzyme reactions terminated at zero minutes and
the reactions terminated at 15 minutes. Assays for each paired reaction for each microsomal
enzyme sample were run in triplicate and thus represent pseudoreplication due to limited
sample size of animals used to obtain microscomes. Negative control reactions included
reactions that contained all components of enzyme reactions, but did not contain either
NADPH nor microsomes or contained heat-denatured microsomes. Control reactions were
used to confirm that loss of monoterpenes from assay tubes was only associated with
microsomal enzyme activity.

Statistical Analysis.

To determine preferences for or against individual monoterpenes compared to a mixture, we
divided the amount of each treatment consumed (i.e., individual monoterpene versus
mixture) by the total amount of food consumed from both choices each day. The calculated
proportion of total intake constituting a single monoterpene was averaged across the three
day choice trial for each treatment for each animal. Preferences for the single monoterpene
(compared to the mixture) are reported as the three-day mean proportion (z standard error)
of the total food consumed constituting the individual monoterpene. Preferences were
reported separately for each treatment comparison (n = 5), and for each rabbit species (i.e.,
pygmy rabbits and mountain cottontails). To evaluate the rabbits’ preference for each
treatment, we compared the proportion consumed of each treatment to 0.50 using a one
sample t-test. Animals consuming an equal proportion (0.50) from the feeding station with
the individual monoterpene and the feeding station with the monoterpene mixture were
considered to have no preference between the treatments. To evaluate if the type of
individual monoterpene influenced the proportion of the mixture, we used a mixed-effects
linear model with the proportion of the individual monoterpene consumed as the response
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variable and rabbit species and treatment (i.e., type of individual monoterpene offered), and
the interaction of species and treatment as fixed effects, and individual rabbit as a random
effect. To investigate a potential relationship between preference and total daily intake, we
added intake (total daily g DW consumed from both choices/g body mass) and the
interaction between species and intake as fixed effects to the mixed-effects linear model with
the proportion of the individual monoterpene consumed as the response variable and rabbit
species and treatment (i.e., type of individual monoterpene offered), and the interaction
between species and treatment as fixed effects, and individual rabbit as a random effect. To
evaluate differences between species, we followed significant results with pairwise
comparisons using a Tukey’s HSD test adjusted p-value.

To compare rates of detoxification for monoterpenes, we used a generalized linear model
with individual monoterpene and rabbit species, and the interaction of monoterpene and
species as fixed effects. We used a Tukey’s HSD test to compare rates of detoxification
among monoterpenes within each species. All statistical analyses were conducted using R
version 3.2.0 (R Foundation for Statistical Computing 2015) and JMP Pro 11.0 (SAS
Institute Inc. 2013).

Both rabbit species responded to choices between individual monoterpenes and mixtures,
but their preferences varied among individual monoterpenes. The proportion of individual
monoterpenes consumed did not differ between species (£ 23 = 0.26, P > 0.05), but did
differ with treatment (i.e., individual monoterpene offered, /4 o5 = 18.04, P < 0.0001), and
species x treatment interaction (/4 2g = 11.68, P < 0.0001). When offered choices between
one of five individual monoterpenes compared to mixed monoterpenes, pygmy rabbits
showed no preference when a-pinene (64% = 0.11, £ = -1.80, P > 0.05), p-pinene (43%
+0.04, £, = 2.06, P > 0.05), or camphene (52% + 0.11, £ = -0.27, P > 0.05) were paired
with the mixture. However, pygmy rabbits preferred camphor (4 = —4.37, P = 0.01) and 1,8-
cineole (& = —4.93, P = 0.008) compared to the mixture (Fig. 1). The percentage of camphor
(66% + 0.08) or 1,8-cineole (70% = 0.08) in the diet of pygmy rabbits was twice that of the
monoterpene mixture (Fig. 1). The effect of total intake (daily g DW consumed from both
choices/g body mass) on preferences was not significant (F 26= 0.55, P = 0.46), nor was the
interaction between species and total intake (/26 = 0.43, P = 0.51).

Similar to pygmy rabbits, mountain cottontails showed no significant preference between a-
pinene (48% + 0.13) and the monoterpene mixture (& = 0.20, P > 0.05). However,
generalists showed significant preferences for both camphene (# = -9.77, P = 0.002) and
1,8-cineole ( = -23.81, P = 0.002), consuming more than five times as much camphene
(85% = 0.04) as the monoterpene mixture, and 24 times as much 1,8-cineole (96% + 0.03)
as the monoterpene mixture. Mountain cottontails consumed three times as much
monoterpene mixture as B-pinene (25% + 0.08, #1 = 0.643, P < 0.001) and twice as much
monoterpene mixture as camphor (31% + 0.08, #1 = 4.991, P < 0.001, Fig. 1).

Pygmy rabbits and cottontails did not differ in their preference for a-pinene (g =1.81, P >
0.05, pygmy rabbit, 64% + 0.11; cottontail, 48% + 0.13), p-pinene (&g = 2.08, P > 0.05,
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pygmy rabbit, 43% + 0.04; cottontail, 25% =+ 0.08), or 1,8-cineole (4g = —3.00 P > 0.05,
pygmy rabbit, 70% + 0.08; cottontail, 96% + 0.03, Fig 1) compared to the monoterpene
mixture. However, the preferences between species differed significantly for camphene (&g
=-3.63, P =0.03, Fig. 1), which was preferred by cottontails (85% + 0.04) compared to the
monoterpene mixture, but consumed in similar proportions (52% + 0.11) to the monoterpene
mixture by pygmy rabbits. Pygmy rabbits preferred camphor (66% + 0.08) relative to the
monoterpene mixture, and cottontails preferred the mixture relative to camphor (31%

+ 0.08). Pygmy rabbits consumed twice the proportion of camphor as cottontails (&g = 3.95,
P =0.01, Fig. 1).

Rates of detoxification were faster in the pygmy rabbit microsomes than in cottontails
microsomes for all monoterpenes within the mixture (/1 35 = 371.6, P < 0.0001), and rates
differed among individual monoterpenes (/4 35 = 27.0, P < 0.0001). The monoterpene by
species interaction was removed because it was not significant (/4 35 = 0.66, P > 0.05). The
percent difference for a-pinene (pygmy rabbit, 90.18% + 3.23; cottontail, 31% =+ 0.08), p-
pinene (pygmy rabbit, 91.63% =+ 1.74; cottontail, 39.9% + 4.09), camphene (pygmy rabbit,
97.04% + 0.54; cottontail, 41.76% * 4.43), camphor (pygmy rabbit, 62.58% + 0.42;
cottontail, 8.22% + 3.5), and 1,8-cineole (pygmy rabbit, 71.93% + 0.43; cottontail, 15.74%
+ 4.69) during a 15 minute reaction compared to a zero minute reaction was 2.0, 2.3, 2.3,
7.6, and 4.6 fold faster, respectively, for pygmy rabbit microsomes than for cottontail
microsomes (Fig 2). In both pygmy rabbit and cottontail microsomes, camphor and 1,8-
cineole did not differ from each other and had significantly slower rates of detoxification
than a.-pinene, B-pinene, and camphene which did not differ from each other (Fig. 2). After
a 15 minute reaction with microsomes from a pygmy rabbit, there was only a 63% decline of
camphor and 72% decline of 1,8-cineole compared to a decline of more than 90% for a-
pinene, B-pinene, and camphene. Similarly, there was only an 8% decline of camphor and
16% decline of 1,8-cineole after reacting with cottontail microsomes compared to a decline
of approximately 40% for a.-pinene, B-pinene and camphene.

DISCUSSION

Dietary preferences of herbivores have long been hypothesized to be dictated by the
physiological capacity of herbivores to process absorbed PSMs (Freeland and Janzen 1974;
Freeland 1991; Foley et al. 1999). Specifically, faster rates of detoxification should increase
tolerance and therefore relative intake of PSMs by herbivores. In support of expectations, the
microsomes from specialist herbivores (pygmy rabbit) had faster rates of detoxification for
all monoterpenes than the generalists (Fig 1) and are consistent with higher daily intake of
single monoterpenes in captivity (cineole, Shipley et al. 2012) and higher proportion of
sagebrush in the diet (Crowell et al. 2018) by specialist pygmy rabbits compared to
generalist cottontails. In contrast, relative differences in detoxification rates among
monoterpenes were not consistent with patterns of diet selection for individual
monoterpenes within species in our study. For generalists, the hypothesis that monoterpenes
with the fastest detoxification rates would be preferred over mixtures that contain
monoterpenes with slower detoxification rates was only partially supported. Consistent with
predictions, camphor had with the slowest detoxification rate in mountain cottontails and
was associated with avoidance relative to the mixture. However, both mountain cottontails
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and pygmy rabbits preferred 1,8-cineole despite it having one of the slowest detoxification
rates. In contrast to cottontails and in opposition to predictions, pygmy rabbits preferred
camphor which had the slowest rate of detoxification. For both species, p-pinene had one of
the fastest rates of detoxification, yet was associated with the lowest proportional intake of
any individual monoterpene.

Preferences are likely a function of the dose-dependent pharmacological consequences of
PSMs (Forbey et al. 2011; Kohl et al. 2015) that can be influenced by a variety of
mechanisms. Limitations to enzymatic detoxification has received the most attention as an
explanation limiting intake of any one plant by generalist herbivores like mountain
cottontails (Dearing and Cork 1999; Dearing et al. 2000; Freeland and Janzen 1974; Shipley
et al. 2009). Assuming different plants contain different types of PSMs that use different
detoxification pathways, generalists are thought to avoid overwhelming a single
detoxification pathway by mixing their diet. Diet mixing results in the intake of smaller
amounts of any one plant and therefore smaller concentrations of any one PSM. In support,
several generalist herbivores do consume more food when offered a diet containing mixed
PSMs than when restricted to an individual PSM (Burritt and Provenza 2000; Dearing and
Cork 1999; Wiggins et al. 2003). This pattern remains even when the diets are identical
nutritionally (Bernays et al. 1994), supporting the hypothesis that saturated detoxification
pathways can play a role in limiting intake (Freeland and Janzen 1974). The hypothesis that
diet mixing by generalists minimizes saturation of detoxification pathways assumes that
generalists have reduced capacity (lower diversity or expression) in the enzymes responsible
for detoxifying individual PSMs compared to specialists and that individual PSMs use
different detoxification pathways. Recent genomic studies provide evidence that insect
(Calla et al. 2017) and vertebrate (Johnson et al. 2018; Kitanovic et al. 2018) specialists may
have higher capacity to detoxify PSMs in host plants through relatively high diversification
and duplication of the cytochrome P450 (CYP) enzymes. Although detoxification enzymes
generally have broad substrate affinity, CYPs do have differential substrate selectivity for
particular monoterpenes (Hernandez-Ortega et al. 2018) and affinity for one monoterpene
can be shifted to another structurally similar monoterpene by mutations in the CYP enzyme
(Bell et al. 2003). As such, genetic diversity of detoxification enzymes could result in
differential capacity to detoxify individual monoterpenes.

Under the assumption that detoxification pathways are rate limited, dietary specialists have a
greater diversity of detoxification pathways for PSMs in their host plant, and that individual
monoterpenes have higher affinity for specific detoxification pathways, we expected
mountain cottontails to prefer the monoterpene mixture that contained lower absolute
concentrations of any individual monoterpene than diets containing a single monoterpene at
higher concentrations (Table 1). However, cottontails preferred the monoterpene mixture
only when paired with camphor and p-pinene, consumed equal proportions of the mixture
and a-pinene, and preferred camphene and 1,8-cineole more than the mixture. Like
cottontails, pgymy rabbits preferred 1,8-cineole more than the mixture, but also preferred
camphor more than the mixture. However, pygmy rabbits did not demonstrate a preference
for or against a-pinene, B-pinene, or camphene. A lack of preference for a-pinene by both
specialists and generalists could indicate that the dose-dependent pharmacology of a.-pinene
is equivalent to that of a mixture of monoterpenes. Preference for individual monoterpenes
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relative to a mixture could indicate that 1% DW of the individual monoterpene was not at a
high enough dose to have a negative pharmacological effect regardless of detoxification rate.
Alternatively, preference for individual monoterpenes may indicate that the mixture at 1%
DW had synergistic negative effects or contained individual compounds that are biologically
active even at relatively low doses.

In vivo dietary preferences that are inconsistent with /n vitro detoxification rates of liver
microsomes may suggest differential rates of absorption among individual monoterpenes.
Diet selection may be dependent on rates of detoxification by host and microbial enzymes in
the intestine prior to absorption and mechanisms regulating the absorption of PSMs Cui,
2018, Kohl and Dearing 2017; Peters et al., 2016). Evidence exists that tolerance of PSMs
by herbivores is linked to the functional attributes of microbial communities (Kohl et al.
2014) and mechanisms that limit absorption of ingested PSMs. For example, specialist
woodrats absorbed five times less of the most abundant monoterpene in juniper (c-pinene)
than generalist counterparts after receiving identical doses (Sorensen and Dearing 2003b)
and specialist sage-grouse excrete PSMs from their diet of sagebrush unchanged in feces
(Frye 2012, Thacker et al. 2012). In addition, inhibition of lymphatic absorption resulted in
greater intake of PSMs in whole plants by generalist woodrats (Kohl and Dearing 2017).
These studies provide examples of how /n vivo experiments can be used to assess how
intestinal absorption can explain tolerance of PSMs by herbivores. In addition, /n vitro
assays of efflux transporters and their substrates (see Sorensen et al. 2006) can be used to
compare mechanisms that regulate absorption among taxa.

Evaluation of the matches and mismatches between /n vitro rates of detoxification and /n
vivo diet selection from this study, coupled with physio-chemical properties of PSMs (e.qg.,
tissue/blood partition coefficients, Daina et al., 2017) may help focus attention on particular
PSMs most likely to influence foraging by vertebrate herbivores. For example, PSMs that
are avoided at low concentrations by herbivores and have molecular structures that indicate
high absorption may be particularly bioactive even at low concentrations in mixtures and
could therefore serve as valuable predictors of intake by herbivores. For example, /in vivo
and /n vitroresults demonstrate that p-pinene comprised the lowest proportion of the total
intake in both pygmy rabbits and mountain cottontails (Fig 1) despite it having one of the
fastest rates of detoxification (Fig 2). In contrast, 1,8-cineole comprised the highest
proportion of the total intake in both pygmy rabbits and mountain cottontails (Fig 1) despite
it having one of the slowest rates of detoxification (Fig 2). Based on structural properties of
B-pinene (lower molecular weight, lack of oxygen atom), this PSM is predicted to be more
lipophilic and less water soluble and therefore has lower absorption than 1,8-cineole and is
more likely to be an inhibitor of detoxification enzymes thanl,8-cineole (from SwissADME,
Daina et al., 2017). The predicted pharmacokinetic properties may explain the avoidance of
individual B-pinene at 1% DW (10 mg/g DW) and why higher concentrations of cineole (at
1% DW, 10 mg/g DW) was preferred compared to low concentrations of p-pinene in the
mixture (0.018% DW, 0.18 mg/g DW). The pharmacodynamic properties of PSMs may also
explain preference patterns. For example, preference of pygmy rabbits and avoidance of
cottontails for camphor may reflect differences in pharmacological mechanisms of action of
this PSM. For example, camphor reduced digestive enzyme activity in a generalist more than
in a specialist avian folivore (Greater sage-grouse, Centrocercus urophasianus, Kohl et al.
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2015). We propose that pygmy rabbits may be more resistant to the pharmacological affects
of camphor than cottontails. Although not tested in specialist pygmy rabbits, avian
herbivores that specialize on sagebrush are more resistant to concentration-dependent
inhibition of digestive enzymes by camphor than a generalist (Kohl et al. 2015). Similar
resistance to this mechanism of action by pygmy rabbits may explain why pygmy rabbits
can subsist almost entirely on sagebrush (Crowell et al. 2018) containing monoterpenes
dominated by camphor (Table 1). The relatively high absolute concentration of camphor in
the individual diet (10 mg/g DW) may also provide a more realistic olfactory cue for pygmy
rabbits that naturally consume sagebrush containing camphor at similar concentrations
(estimated at 14 mg/g DW of leaves, Table 1, Crowell 2015). Combined /n vivoand in vitro
assays could help isolate the olfactory cues that explain pre-ingestive diet selection (Finnerty
et al. 2017, Schmitt et al. 2018) from the post-ingestive pharmacokinetic (absorption and
detoxification, Kohl and Dearing 2017, Sorensen et al. 2006. Sorensen and Dearing 2006)
and pharmacodynamic (mechanisms of action, Forbey et al. 2011, Kohl et al. 2015)
consequences of subsequent dietary choices.

The role of PSMs in influencing patterns of foraging and habitat selection is slowly
becoming better understood (Denno 2012; Frye et al. 2013; Lawler et al. 1998; Moore and
Foley 2005; Moore et al. 2010; Rosenthal and Berenbaum 2012; Ulappa et al. 2014).
However, the complexity of PSMs and the diverse effects PSMs have on the physiology and
behavior of herbivores has made it difficult to identify the compounds and combinations of
compounds most likely to drive complex patterns of foraging. When forced to choose at
random from hundreds of potentially influential PSMs, chemical ecologists and
physiologists have been hard pressed to narrow their focus and determine mechanistic
relationships between compounds and the animals that consume them. Field-based studies
can be used to identify and quantify the most common PSMs thought to influence habitat
selection. Those data in turn, can inform the hybrid approach we present in this paper, in
which simplified mixtures of PSMs can be used in /n vivoand in vitro assays to identify the
few compounds most likely to influence diet selection, either singly or in combinations.
Moreover, combining /n vivo captive studies, /n vitro enzymatic assays, and predicted
pharmacology based on the structure of PSMs could help establish and test a priori
predictions of how specific mixtures of PSM influence both specialist and generalist
herbivores in the field.
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Fig. 1.

Mean proportions (£ SE) of total mass consumed by mountain cottontails (Sy/vilagus
nuttalli, white bars) and pygmy rabbits (Brachylagus idahoensis, grey bars) from a feeding
station consisting of a diet of commercial rabbit chow containing a single monoterpene
paired with a diet containing a mixture of monoterpenes. When the single monoterpene
constitutes a 0.50 proportion of total food consumed, rabbits are considered to have no
preference. An asterisk above bars denotes proportions consumed of the single monoterpene
that were significantly different from 0.5 for each species with a. = 0.05. A plus sign above
sets of bars denotes a significant difference between species in the proportion consumed of
the single monoterpene
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Fig. 2.

Mzan percent difference (+ SE) of single monoterpenes after 15 minutes of reaction with
microsomal enzymes isolated from mountain cottontails (Sy/vilagus nuttalli, white bars) and
pygmy rabbits (Brachylagus idahoensis, grey bars) compared to the paired reaction at zero
minutes. Rates of detoxification differed significantly between species for all five single
monoterpenes. Different letters denote significantly different rates of detoxification among
single monoterpenes within a single species
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The average percent composition (+ SE) and estimated concentration (mg/g dry weight) of the five most
abundant monoterpenes (a-pinene, 13.00 min; B-pinene, 14.70 min; camphene, 13.58 min; camphor, 21.15
min; and 1,8-cineole, 16.81 min) in Wyoming big sagebrush (Artemisia tridentate subsp. wyomingensis) and a
mixture added to commercial rabbit chow and offered to captive pygmy rabbits (Brachylagus idahoensis) and
mountain cottontails (Sy/vilagus nuttallii, in vivo) or added to liver microsomes (/n vitro).

Monoterpene Proportion of Estimated Equivalent Actual Estimated Actual
(retentiontime)  total concentration proportion of proportion of five  concentration proportion of five
monoterpenesin (mg/gDW) in mixtureof five ~ monoterpenesin (mg/gDW) in monoterpenesin
sagebrush sagebrush monoter penes mixtureused in 1% DW mixtureused in
a b . ac mixtureused in .. ae
leaves leaves vivo vitro
vivo
a-pinene 22+0.2% 0.55 2.5% 1.6+0.3% 0.16 1.7+0.13%
(13.00 min)
[B-pinene 1.7+0.1% 0.43 2% 1.8+0.3% 0.18 1.5+0.10%
(14.70 min)
Camphene 19+ 0.8% 4.75 22% 32.7+5.8% 3.27 11.0£1.07%
(13.58 min)
Camphor 56.5+1.7% 14.13 65% 55.4 +5.4% 5.54 73.2+1.11%
(21.15 min)
1,8-cineole 7.5+0.6% 1.86 8.5% 8.5+23% 0.85 12.6 £0.17%
(16.81 min)
0, 0, 0,
Total 87 +2.9% f 25.0 100% 100% 10.0 100%

a . . . . .
Concentrations were determined using co-chromatography with known standards using headspace gas chromatography.

bEstimated concentration of each monoterpene in sagebrush leaves was calculated as the product of the average total monoterpene oil extracted by
hydrodistillation from fresh sagebrush leaves (2.5% by dry weight (DW) = 25 mg/g DW, Crowell 2015) and the proportion of each individual

. a
monoterpene in whole leaves .

Actual proportion was measured in frozen diets consisting of commercial rabbit chow treated with the mixture of commercially available

monoterpenes.

d . . . . .
Actual concentration of each monoterpene in the mixture was calculated as the product of the total monoterpenes added to the commercial rabbit

chow (1% by dry weight (DW) = 10 mg/g DW) and the actual proportion of each individual monoterpene in the mixtureac. Concentrations in the
1% mixture are lower than in the sagebrush leaves because leaves contain a higher percentage (2.5%, Crowell 2015) of total monoterpenes than the

artificial diets.

e . . . L . .
Actual proportion was measured at time zero in the reaction vial just after the monoterpene mixture was added to each microsome sample (n = 3).

f . - -
Total does not equal 100% because other monoterpenes comprise the remaining portion in whole sagebrush.
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