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PROJECT SUMMARY
CNIC: WHAT DOES IT TAKE TO BE AN HERBIVOROUS LIZARD? REVEALING THE DIGESTIVE
ANATOMY AND PHYSIOLOGY OF MANIPULATED POPULATIONS OF Podarcis sicula
As the supply organ of nutrients to an animal, the digestive tract is a dynamic physiological system that is
the focus of the growing field of nutritional physiology. At the core of this research is the Adaptive
Modulation Hypothesis (AMH), which suggests that an animal’s digestive tract must be tightly regulated
in relation to food intake and quality because the gut is expensive to maintain. Indeed, the AMH has been
supported by empirical studies in a range of animal taxa, and provides the “ultimate” reasons for why
specialization of the digestive tract towards diet arises. However, experimental evolution provides
potential to study the “proximate” mechanisms of how the digestive tract adapts to different diets, and the
resulting consequences for animal performance. In this study for the CNIC program, researchers from
three countries with complementary skillsets will investigate the nutritional physiology of Podarcis
sicula, a lizard species that has shown rapid evolution of feeding and digestive tract morphology.

Podarcis sicula inhabits islets off the coast of Croatia, and a manipulative study transferred
breeding pairs of P. sicula from the islet of Pod Kopiste to the islet of Pod Mr¢aru, which previously
lacked this species. After 30 generations on Pod Mr¢aru (~36 years), P. sicula became more herbivorous,
which resulted in marked differences in head size, bite force and gut morphology in comparison to the
insectivorous parent population on Pod KopiSte. Perhaps most striking was that the Pod Mr¢aru lizards
had developed a hindgut chamber, including cecal valves, which are only currently known from
herbivorous lizards, and have not been observed previously in P. sicula. The hindgut chambers in
herbivores are a specialization of intestinal morphology, which house endosymbiotic microbes that aid the
lizard in the digestion of plant material. Beyond differences in gut morphology, little is known about the
digestive physiology of P. sicula, or the consequences of this dietary specialization.

This project for the CNIC program will have two main parts comparing lizards from the two
populations: Part 1—P. sicula will be captured from Pod Mr¢aru and Pod Kopiste for study of their diet
(using gut content and stable isotopic analyses), gut morphology (gross, histological and ultrastructural
analyses), digestive enzyme activities, levels of gastrointestinal fermentation, and microbial diversity.
Part 2—P. sicula from the two islets will be brought into the laboratory at University of Zagreb and used
in common garden experiments in which the digestive efficiency of plant and animal diets will be
evaluated, as well as resting, post-prandial, and post-exercise metabolic rates of the lizards.
INTELLECTUAL MERIT: Rarely are we afforded the opportunity to examine evolution in action in
vertebrates in a natural setting. The manipulated populations of P. sicula provide an opportunity to test
how a vertebrate animal modulates its digestive tract in response to dietary changes, and to show how gut
function can be matched to gut structure (i.e., AMH). Other studies have examined the acute changes of
dietary shifts on gut structure and function in animals, but adaptations of the gut (e.g., hindgut chambers,
cecal valves), are currently thought to have evolved over geological timescales. This project for the
CNIC will test the consequences of specialization, which evolved over ecological timescales. Overall,
this project will be one of the first to evaluate the potential metabolic costs of dietary specialization in
lizards, and will lead to more detailed investigations of how dietary specializations arise in animals.
BROADER IMPACTS: This project will catalyze an international collaboration between the PI (UC Irvine),
Dr. Anthony Herrel (Muséum National d'Histoire Naturelle, Paris, France) and Dr. Zoran Tadi¢
(University of Zagreb, Croatia). The Pl is a nutritional physiologist who has studied digestion and
metabolism in different animal systems, including amphibians and reptiles. Dr. Herrel is an ecologist
who has studied Podarecis sicula for over a decade and collaborates with Dr. Zoran Tadi¢, a physiologist
at University of Zagreb. This CNIC grant will allow the PI and his graduate student (Beck Wehrle) to
travel to Croatia in the summer of 2013 to collect P. sicula and perform the proposed project, which will
form the foundation of Mr. Wehrle’s dissertation research. Reciprocal training among the collaborators
will have an immediate impact for everyone involved, including graduate and undergraduate students
from all three institutions. For outreach, the entire group will travel to high schools in Zagreb, Croatia, to
share the work with the public and engender interest in the STEM disciplines. Further, outreach at a high
school in the US will share this research locally. Finally, findings will be published in scientific journals.
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CNIC: WHAT DOES IT TAKE TO BE AN HERBIVOROUS LIZARD? REVEALING THE DIGESTIVE
ANATOMY AND PHYSIOLOGY OF MANIPULATED POPULATIONS OF Podarcis sicula

Project Description
Intellectual merits and objectives
An animal’s diet and digestive strategy directly affect its resource acquisition, behavior, and trophic
interactions'. However, beyond feeding observations and gut content analyses, the nutritional physiology
of animals is not pursued as often as might be warranted". This becomes important when one considers
that there is a difference between what an animal eats and what it digests. For instance, wood-eating
catfishes (genus Panaque) assimilate little nutriment directly from the wood they consume in copious
amounts®®, and the lizard Tupinambis merianae, which appears to be omnivorous based on gut content
analyses, does not efficiently digest complex carbohydrates from plants®. Studying animal nutritional
physiology requires a multi-faceted approach that considers not only the animal’s diet, but also its
digestive tract structure and function. Central to the field of nutritional physiology is the Adaptive
Modulation Hypothesis (AMH® %), which, grounded in Optimal Foraging (e.g.,Pyke et al*'), and
Symmorphosis' theories, takes an economics approach to understand gut function. The AMH posits that
because the digestive tract is expensive to maintain*?, gut structure and function should match with what
is consumed in terms of quantity and biochemical composition. In support of the AMH, patterns of gut
size and function (from digestive enzyme activities to nutrient transport rates) appear to fit with diet in
many vertebrate taxa'*, making the AMH one of the most fruitful hypotheses in comparative physiology.
Within the constructs of the AMH, dietary specialization should lead to specialization of the gut
towards digesting a specific diet, as has been confirmed in experimental®® *® and phylogenetic*’™
contexts. Thus, the AMH provides the “ultimate” reasons for why specialization of the gut should arise.
Experimental evolution, on the other hand, provides opportunities to test the “proximate” mechanisms by
which specialization arises, and the consequences of specialization for animal performance. Therefore,
we will investigate the nutritional physiology of Podarcis sicula, a lizard species that has shown
rapid evolution of feeding and digestive tract morphology in manipulated populations.
i ikl i i Among vertebrates, few cases of rapid
2 i . -=en specialization to diet are more remarkable than
oo Mrcary that observed in the lacertid lizard Podarcis
Pod Kopidte - sicula®. In 1970, five breeding pairs of P. sicula
;'; Mrﬁaa
At s

were transferred from the islet of Pod Kopiste to
the islet of Pod Mréaru, Croatia®* (Fig. 1). The
source P. sicula population on Pod Kopiste was
insectivorous. Herrel and colleagues® returned to
these islets 36 years later (representing about 30
Basnia P. sicula generations) and discovered that the
bistaag i transplanted P. sicula on Pod Mré&aru had become
mostly herbivorous. This dietary shift resulted in
an Changes in head size and bite force among the
populations on the two islands. Perhaps most
S striking, however, were the changes that occurred
— - ” I s in the lizards guts. The herbivorous Pod Mréaru
_ e I (===l ," L lizards had developed an elaborate hindgut
F|gu.re 1. Collection sites of Podarcis sicula. _The chamber with cecal valves, which had not been
box in the bottom map shows the area of the inset. seen in any other population of P. sicula® (Fig.
2). Hindgut chambers are observed in other herbivorous lizards (e.g., Agamids, Iguanids), and are
densely populated by endosymbiotic microorganisms (including nematodes) that facilitate plant digestion
in the lizard host?*?. Indeed, Herrel and co-authors® noted high densities of nematodes in the hindgut
chambers of Pod Mr¢aru lizards. In just 30 generations, the Pod Mr¢aru P. sicula apparently adopted a
mostly herbivorous lifestyle from the perspective of food intake and gut structure. However, little is
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known about the function of the digestive tract in P. sicula from the two populations, whether any
changes in gut function have occurred, nor whether there have been any performance consequences for
the apparent dietary specialization in the Pod Mréaru lizards. Thus, the focus of this CNIC proposal
will be to return to the islets of Pod Kopiste and Pod Mr¢aru to investigate potential specializations
of gut function and performance consequences in the Pod Mr¢aru lizards consuming an
herbivorous diet. The data gathered in this study will further test the AMH, showing that changes in gut
function match changes in gut structure. These data will be used to apply for a follow-on grant to study
how this specialization has arisen on multiple levels, from molecular, to whole animal performance.

Figure 2. The large intestine of
Podarcis sicula from Pod Kopiste (A)
and from Pod Mrcaru (B). Note the
thicker gut wall and presence of cecal
valves in the Pod Mr&aru individual.
The large intestine in the Pod Kopiste
lizard is artificially enlarged by the
probes, as these animals do not
show a hindgut chamber as seen in
(B). Photos by Anthony Herrel.

Cecal /A~
05 cm Va|Ve

Consistent with the AMH, the primary hypothesis in this study is that because there have been
significant changes in the gut structure of P. sicula from Pod Mr¢aru, there have been concomitant
changes in gut function in these lizards towards the digestion of an herbivorous diet. Therefore, the Pod
Mr¢aru P. sicula should possess a suite of digestive tract features observed in other herbivorous
vertebrates allowing them to subsist on low-quality plant foods. This project for the NSF CNIC
program is envisioned in two main parts using lizards from the two islets: (1) an analysis of diet, gut
structure and function; and (2) an analysis of animal performance. This project will be the most detailed
study of the digestive tract in a wild-caught lizard species to date, and will be one of the first to evaluate
the potential metabolic costs of dietary specialization in lizards. Perhaps most importantly, this study will
lead to more detailed investigations of how dietary specializations arise in animals.

Part 1: Diet, gut structure and gut function of lizards from the two islets

Initial capture and care of lizards

Adult male Podarcis sicula will be captured by hand from the islets of Pod KopisSte and Pod Mr¢aru,
located just west of the island of Lastovo, Croatia (Fig. 1), during the summer of 2013 (i.e., during the
non-breeding season). Upon capture, 13 lizards from each island will be euthanized by injection of
sodium pentobarbital. These lizards will immediately be measured, weighed, and dissected. The
digestive tracts of seven of these specimens will be prepared for gut content, digestive enzyme activity
and fermentation analyses (see detailed sections below). The gut contents will be collected from different
regions of the intestine (small and large intestine) of three lizards, and frozen in liquid nitrogen for
molecular analyses of the gut microbiome (Hong et al.?®). The digestive tracts of the three remaining
lizards will be fixed and used for histological and gut ultrastructural analyses. Fifteen additional lizards
will be captured and held in large plastic containers (L x W x H; 150 cm x 50 cm x 50 cm). At the end of
each day during the collection period (~14 days), these lizards will be transferred to large mesh terraria
(1000-L) located on the island of Lastovo, which will contain sand and cover, thus allowing the lizards to
thermoregulate. During this period, captive lizards from two the islets, which will be housed separately,
will be given access to water, meal worms dusted with vitamin premix®’, and plants. Upon completion of
collection activities, lizards will be transported in the large plastic containers described above to the
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University of Zagreb, where they will be housed at 30°C in groups of four in 76-L terraria equipped with
cover and heat lamps, and under a 14:10 (Light:Dark) lighting regime, consistent with the summer
photoperiod in Croatia. Lizards will be given unfettered access to meal worms and plant material for one
week to allow them to acclimate to the laboratory environment before beginning experiments.

Diet and gut structure

Hypothesis 1: The P. sicula on Pod Mr¢aru will have greater amounts of fibrous plant material in their
stomach contents than the Pod Kopiste lizards, and the former will show carbon and nitrogen stable
isotopic signatures indicative of long-term plant consumption.

Although the diets of P. sicula on the two islets are known®?’, it is necessary to confirm the diets of the

lizards used in the current study. The guts of seven individuals will be dissected out as described by
Herrel et al.?°, and placed on a chilled cutting board’. Each gut will then be measured (to the nearest 0.1
mm?®2%), and cut into three distinct regions: stomach, small intestine, and large intestine. The stomach
contents will be separated from the stomach tissue using sterile forceps, and the contents and stomach
tissue will be weighed individually. The stomach contents and stomach tissue will then be individually
placed in centrifuge vials and frozen in liquid nitrogen. The stomach contents will be used to evaluate
diet using gravimetric analyses® at University of Zagreb within one month of collection. The contents
and tissues from the small and large intestine will be collected in a similar manner, but will be used for
analyses of digestive enzyme activities and levels of gastrointestinal fermentation (see detailed section
below). The guts of three additional lizards will be fixed in Trump’s fixative (4% formaldehyde, 1%
glutaraldehyde, in 10 mM monobasic sodium phosphate and 6.75 mM sodium hydroxide®) for
histological and TEM analyses following the methods described by German’. The expectation is that
changes in gross gut morphology often mirror changes on the histological and ultrastructural levels® *,
Thus, in addition to the hindgut chamber, we expect to find that the herbivorous Pod Mr¢aru lizards have
greater intestinal (histology) and microvilli (ultrastructure) surface areas than the Pod Kopiste lizards due
to the increased intake of a low-quality diet in the former®*2. Increased surface area should increase
absorptive capacity, which will be further tested by measuring digestive enzyme activities along the gut.
Although gut content analysis provides a snap shot of an animal’s diet, stable isotopic analysis
has emerged as a powerful tool that integrates dietary information over time****. The dietary carbon (C)
and nitrogen (N) assimilated into an animal’s tissues can be used to trace dietary diversity within species,
as well as changes in trophic level with dietary shifts>®®®. To further examine differences in diet
among the two populations, §"3C and 8N will be measured in potential dietary items collected from each
islet, and in several tissues (blood, including plasma and red blood cells (RBCs) analyzed separately,
liver, and muscle) from the lizards. Blood plasma and liver show rapid rates of dietary isotopic
incorporation (days to weeks) in ectotherms, whereas muscle and RBCs show slower turnover rates
(weeks to months® *°). Thus, these tissues integrate dietary signals on different time scales and can allow
for the examination of diet (§*3C) and trophic standing (8°N) in the short and long term. We expect that
the Pod Mréaru lizards will show lower "N in their tissues than the Pod Kopiste lizards, and °C
consistent with cellulose assimilation®, thus confirming the long-term herbivory of Pod Mréaru P. sicula.

Digestive enzyme activities, gastrointestinal fermentation, and microbial diversity

Hypothesis 2: The P. sicula on Pod Mréaru will have elevated cellulase activities, higher concentrations
of short chain fatty acids, and a different microbial community in their large intestines than the Pod
Kopiste P. sicula.

Because lizards do not masticate, trituration and digestive enzymes provide the physical and chemical
means, respectively, through which these animals reduce ingesta particle size and access nutrients
contained therein® *" %, Surprisingly few studies have examined digestive enzyme activities in lizards in
relation to diet®, nor how patterns of digestive enzyme activity vary along the digestive tract®. Most
studies of digestive enzymes in reptiles have focused on enzymes in venom (e.g., Aminetzach et al.*®), or
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the guts of snakes as they ramp up digestive function following consumption of a carnivorous meal (e.g.,
Cox and Secor*"). One study compared digestive enzyme activities among populations of Liolaemus
pictus with slight dietary variation, finding differences only in aminopeptidase (a protease) activity®.
Thus, we know little about the digestive biochemistry of omnivorous and herbivorous reptiles.

In other vertebrates, herbivores rely on endogenous digestive enzymes in the stomach and small
intestine to digest soluble nutrients in their food, whereas exogenously produced (microbial) enzymes aid
in the digestion of insoluble dietary components (e.g., cellulose) in the region of the gut where
fermentative digestion is active. In non-ruminants, including Iguana iguana, this is in the hindgut
chamber® %44 A typical pattern of digestive enzyme activity in an animal with hindgut fermentation
is elevated protease and soluble polysaccharide-degrading enzyme (e.g., amylase) activities in the small
intestine, and elevated refractory polysaccharide-degrading enzyme (e.g., cellulase) activities in the
hindgut'. Based on the observations of Herrel et al.”®, we expect to find different patterns of activity in
the Pod Mr¢aru P. sicula in comparison to the P. sicula on Pod Kopiste (Table 1).

Following the methodology of German and Bittong™, we will examine endogenous and
exogenous enzyme activities in the small and large intestines of the lizards. We will do this by collecting
three components from the small and large intestines: gut wall tissue (endogenous enzymes), gut fluid
(enzymes secreted either by the lizard or microorganisms), and microbial extract (exogenous enzymes).
If, similar to other herbivorous animals, the Pod Mr¢aru P. sicula are relying on endosymbionts in their
hindgut to digest cellulose in their plant diet, we would expect cellulase activities to be highest in the
microbial extract of the hindgut (Table 1). Because the digestion of cellulose requires three enzymes to
degrade the polysaccharide to monomeric glucose, we will measure the activities of cellulase,
cellobiohydrolase, and -glucosidase.

In addition to cellulases, we will measure the activities of eight enzymes that digest
carbohydrates, proteins, and lipids (Table 1). Based on the findings that amylase and a.-glucosidase
activities are elevated in herbivorous vertebrates in comparison to carnivores'”*®, we expect these enzyme
activities to be higher in Pod Mr¢aru lizards, whereas we expect the insectivorous Pod Kopiste P. sicula
to have elevated chitin-degrading enzyme'” * and trehelase™ activities. No clear patterns of activity to
diet have emerged for proteases and lipases, probably because all animals need protein and essential fatty
acids™ % %18 Thus, we expect no differences for these enzymes. Overall, these data will be the most
comprehensive study to date of lizard digestive enzyme activities in relation to diet.

Table 1. Digestive enzymes to be assayed in this study of Podarcis sicula.

Enzyme Substrate Dietary source Expected >Component” Population®
region’

Amylase Starches Plants, Seeds, Glycogen Small Int Fluid Mréaru
a-glucosidase a-glucosides  Plants, Seeds, Glycogen  Small Int Gut wall Mréaru
Cellulase Cellulose Plant cell walls Large Int Contents Mréaru
Cellobiohydrolase Cellulose Plant cell walls Large Int Contents Mr¢aru
B-glucosidase B-glucosides  Plant cell walls Large Int Contents Mréaru
Chitinase Chitin Insect exoskeletons Stomach Gut wall Kopiste
N-acetyl-B-D-glucos’ NAG Insect exoskeletons Small Int Gut wall Kopiste
Trehalase Trehalose Insects Small Int Gut Wall Kopiste
Trypsin Protein Plants, Seeds, Insects Small Int Fluid Equivocal
Aminopeptidase Dipeptides Plants, Seeds, Insects Small Int Gut wall Equivocal
Lipase Lipid Plants, Seeds, Insects Small Int Fluid Equivocal

® The expected patterns of activity between the small and large intestine (Int). e.g., “Large Int” means that the
activity of this enzyme should be higher in the large intestine. ® Predictions of which assayed components will have
higher activity of a particular enzyme. °©Predictions regarding what population of P. sicula will have higher
activities for a particular enzyme. Equivocal means there is no expected difference for that enzyme. ¢ Complete
name of the enzyme is N-acetyl-B-D-glucosaminidase, and the substrate is N-acetyl-B-D-glucosaminide (NAG).
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When endosymbiotic microorganisms digest refractory organic matter in animal guts, they do so
under anaerobic conditions. The enteric microbial community is thus forced to use fermentation to
recycle electron acceptors and maintain the functionality of metabolic pathways™ *. The waste products
of these fermentative pathways include short chain fatty acids (SCFAs), which can be absorbed and used
by the vertebrate host in its own metabolism*’. The SCFAs Acetate, Propionate, and Butyrate are utilized
efficiently to produce ATP by vertebrates and represent the key mechanism by which ruminant and
hindgut-fermenting mammals make a living*® **“°. Indeed, Iguana iguana® ** and Uromastyx aegyptius*’
have elevated SCFA concentrations in their hindguts that rival those seen in hindgut fermenting mammals
and herbivorous fishes®. Therefore, following the methodology of Pryor et al.>*, we will measure the
concentrations of SCFAs in the fluid of the small and large intestines of P. sicula from the two islets, with
the expectation of higher SCFA concentrations in the Pod Mr¢aru lizards.

Beyond the functional characteristics of digestive physiology, the diversity of the enteric
microbial community provides insight into what microorganisms aid the vertebrate host in their digestive
strategy?® °***. Clear differences are apparent in the intestinal microbial diversity among species with
different diets®® °, and in a single species in response to gut fullness®®, geographic location®, and dietary
changes®’. Following Hong et al.?®, we will use pyrosequencing to generate 16s rRNA-based sequences
of the microbial communities in the small and large intestines of P. sicula from the two islets. Previous
investigations have shown shifts in the operational taxonomic units of microbial communities in the guts
of animals consuming different diets, and differences in the community among different regions of the
gut®. We, therefore, expect that microbial diversity will be higher in Pod Mréaru P. sicula than in the
Pod Kopiste lizards, and higher in the large intestine than the small intestine of lizards from both
populations. This information will then be used to infer function of the community based on functional
groupings for known taxa.

Part 2: Animal performance
Digestibility of herbivorous, omnivorous, and insectivorous diets

Hypothesis 3: The P. sicula on Pod Mr¢aru will have longer transit times of food through the gut, and
higher digestibility of plant and animal foods than the Pod Kopiste P. sicula.

To complement the studies described above of digestive physiology in P. sicula, it is also important to
move beyond such inferential data and directly evaluate animal digestive performance in response to diet.
The best way to examine specialization towards diet is with common garden experiments, where, under
the same conditions, true differences in function can be quantified®’. In this experiment, we will quantify
digestibilities of animal and plant foods, and transit times of food through the lizards’ guts. Thus, we will
transfer 15 individuals of P. sicula from each of the islets back to the laboratory of Zoran Tadi¢ at the
University of Zagreb for use in feeding trials. After an initial holding period of one week to acclimate the
lizards to the laboratory environment, lizards will be housed in individual 15-L terraria equipped with
heating lamps and cover (bark and stones®®), and maintained at 30°C under a 14:10 Light:Dark cycle.
Lizards from both islets will be offered unfettered access to meal worms (dusted with vitamin premix),
plant material (from each islet), and water for an additional week under these conditions to confirm that
they are viable and at least maintaining body mass®. Intake of each dietary item will be monitored to
assess dietary preferences of lizards from the islets, and to confirm voluntary intake of each individual
lizard. Lizards that do not eat voluntarily and lose weight will be removed from the experiment. At the
conclusion of the two week acclimation, the lizards will be deprived of food for 3-4 days, until defecation
of previous digesta ceases. At this time, the lizards will be randomly assigned to one of three treatments:
plant only diet (herbivorous), plant and meal worm diet (omnivorous), and a meal worm only
(insectivorous) diet. Because it is possible that the Pod Kopiste lizards will not voluntarily consume plant
material in the laboratory, it will be necessary to force feed them the herbivorous diet, and thus, for
consistency, to force feed lizards in all treatments®. The herbivorous diet will be composed of fresh
plant material (e.g., leaves, seeds, flowers) commonly consumed by P. sicula from Pod Mr¢aru. The
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omnivorous diet will be 50% Pod Mréaru plant material and 50% meal worms. The insectivorous diet
will consist solely of meal worms. All dietary items will be dried to a constant weight at 60°C, and
ground in a coffee grinder to pass through a 1-mm screen. Just before feeding, the ground food will be
mixed with water (50:50, food:water) and placed in small gelatin capsules (Erawat Pharma, Ltd., Madhya
Pradesh, India). The leading end of the capsules will be lubricated with a small amount (<0.01 g) of
vegetable oil, the capsules placed in the lizards mouths, and gently pushed into the esophagus with a glass
stir rod®. Each lizard will be weighed prior to feeding, and the appropriate amount of food fed to each
animal as is necessary to maintain their body mass (~10% of body mass™). The lizards will be fed daily
in this manner until enough fecal material is produced for analyses of assimilation efficiencies of various
constituents of the diet (2-3 weeks). Because we will be feeding the lizards known quantities of food, and
we will collect all feces and urates, we will use the “total collection method” of measuring digestive
efficiency, as opposed to using an inert marker (e.g., ash®®). The digestibility of protein, lipid, and total
sugars will be performed following Pafilis et al.”®, whereas the digestibility of neutral detergent and acid
detergent fiber (NDF and ADF, respectively), will be determined using modified protocols of Goering
and Van Soest* as described by German’. We will then directly compare the digestibilities of plant and
animal dietary constituents by the lizards from the two islets. It should be noted that lacertid lizards do
readily consume food in captivity®® ®, and thus, if lizards in all treatments do voluntarily consume their
food, we will not force feed them, but instead allow the animals to control their own intake on each diet.

Following the digestibility trials, we will analyze gut transit times of food in the lizards’
alimentary canals. On day one of this trial, lizards in all groups will be fed their respective diet (as
described above), with the exception that the food will be mixed with carmine dye to stain the food red’.
The lizards will then be left in their terraria and monitored hourly until the appearance of red feces, which
will mark transit time of food through the gut. If this takes longer than one day, as is possible in small
lizards*" *8, the animals will be fed unstained food on day two to maintain normal intake of ingesta.

One previous study of digestibility and gut transit of meal worms found longer transit times and
higher digestibilities of protein, lipids, and sugars in the Pod Mr¢aru lizards than in the Pod Kopiste
lizards”’. However, the study by Vervust and colleagues®’ only examined gut transit time of a plastic
marker (not marked food itself, which is superior'), and only examined digestibility of the soluble
fractions of an insectivorous diet. Thus, the current study will examine digestibility of herbivorous and
omnivorous diets, and most importantly, digestibilities of the fibrous portions of these diets. Moreover, in
conjunction with all of the digestive physiological characteristics in different regions of the gut, and stable
isotope analyses, this study will provide the mechanistic evidence to understand how the Pod Mréaru
lizards have increased their digestive capacities of plant material.

Standard, post-prandial, and post-exercise metabolic rates of lizards on different diets

Hypothesis 4: Despite their dietary differences, the lizards will not have different standard metabolic
rates, but the post prandial response (i.e., specific dynamic action) will be greater in the lizards from both
populations fed higher protein diets. Because of the similar sizes of P. sicula from both populations, the
active metabolic rates will not differ.

A key measure of animal function is the heat generated by the totality of their metabolic processes,
referred to as metabolic rate. Commonly measured via oxygen consumption or CO, production,
metabolic rate can be used as a metric of animal function in response to different environmental
variables®. In ectotherms, like reptiles, it is routine to determine the metabolic rate of an animal that is at
rest, not stressed, and not digesting a meal. This “standard metabolic rate” (SMR) is used as a baseline
from which to compare other physiological states in that same animal. SMR scales with temperature and
body mass in a very predictable manner®’, and does not necessarily vary in individual reptiles and
amphibians consuming different diets®® %,

A common observation in animals is an increase in metabolic rate following the consumption of a
meal, representing the ramping up of digestion and metabolism involved in nutrient processing. This
post-prandial metabolic increase is commonly referred to as “specific dynamic action” (SDA®). Among
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reptiles, SDA is largest (25X higher than SMR) in sit-and-wait predators, like Python molurus™,
consuming large, proteinaceous meals, and may be lowest (<2X SMR) in herbivores’™. This is primarily
due to meal size and composition: proteins require more energy to process than carbohydrates or fats’*",
and sit-and-wait predators consume single, large meals, and then are inactive during digestion® . In
contrast, herbivores consume frequent, smaller meals, constantly experience a small SDA, and are active
during digestion”. Thus, herbivores and carnivores may have similar metabolic demands over time, and
our dataset can be used to evaluate this idea.

Finally, the post-exercise, or active metabolic rate (AMR) is frequently used as a metric of animal
performance and correlates with animal size”®. However, it is unclear how AMR might vary among
similarly sized individuals of the same species that have diverged in their dietary preferences. Thus, we
will measure the SMR, SDA, and AMR in the P. sicula from the two islets that are consuming the
different diets in the laboratory. Immediately following our assimilation efficiency trials, we will fast the
lizards for 3-4 days to confirm that they have empty guts. Using closed-system respirometry’’, we will
place individual lizards in 1-L glass jars fitted with incurrent and excurrent air ports, each attached to a
three-way stopcock, and held at 30°C. We will start each measurement by withdrawing a 20-ml air
sample from an excurrent air port, and close both ports to seal the chamber. One-half hour later, a second
20-ml air sample will be withdrawn. Air samples will be injected through an incurrent tube (100 ml min®
1), through a column of water absorbent Drierite and CO, absorbent soda lime (Ascarite 11) and past an O,
sensor (HighOxyR, Ocean Optics, Dunedin, FL). A second 8-ml sample will be taken and injected
directly into an infrared CO, analyzer (EGM-4, PP Systems, Amesbury, MA, USA), which includes its
own Drierite scrubber. We will calculate whole-animal (ml h™) rates of 0.and CO: corrected for
standard pressure and temperature’’. We will measure each lizard twice a day, and will take
measurements across two days. The lowest value in fasted animals will represent SMR®. We will then
follow the same procedures using fed animals, and fasted lizards that have run to exhaustion on a
treadmill”® to calculate SDA and AMR, respectively. Because protein has such an important impact on
SDA’*™ we expect lizards from both islets fed the insectivorous and omnivorous diets to exhibit the
largest SDA values. However, with little insight on potential differences for AMR, we will assume a null
hypothesis for these measurements in the lizards from the two populations. Nevertheless, inherent
physiological differences between the divergent populations of P. sicula may result in differences in
AMR in lizards from the two islets. At the end of the experiments, all animals will be euthanized and
tissues harvested to observe any changes in gut structure and function in response to the experimental
diets. All bodies will be tissued and deposited in the CNRS in Paris, France (Dr. Herrel’s institution).

Significance, broader impacts, and appropriateness for the CNIC program
The Podarcis sicula system provides an unprecedented opportunity to study specialization of the
digestive tract to a recent change in diet. Many studies have investigated the plasticity of the digestive
tract towards acute dietary shifts in animals, and a few have examined these patterns in a phylogenetic
context (summarized in Karasov and Martinez del Rio"). Rarely, however, are we afforded an
opportunity to examine evolution in action in a vertebrate species living under natural conditions, and to
investigate microevolutionary changes that have occurred over ecological time scales that resemble
macroevolutionary changes that occur over geological time scales. The experiments outlined in this
project will allow us to directly test whether the apparent rapid evolution in P. sicula has achieved the
functional differences that are currently only assumed to have taken place. Moreover, this study will
provide a baseline for understanding the role of P. sicula in their environments in terms of trophic
position and potential contributions to ecological fluxes®®. In terms of application, relevant nutritional
physiological data can lead to better management decisions regarding conservation of that species or their
habitat®. Thus, the data gathered in this study will not only be useful for understanding the evolution of
dietary specialization, but can provide a model for future nutritional physiological studies.

This project for the CNIC will initiate a productive international collaboration among researchers
in the USA, France, and Croatia. The PI is a nutritional physiologist who has studied digestion and
metabolism in many different animal systems, including amphibians and reptiles. Dr. Anthony
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Herrel is an ecologist who has been studying Podarcis sicula for over a decade (e.g., Herrel et al.?°).
Dr. Herrel has also established a collaboration with Dr. Zoran Tadi¢, a physiologist at University of
Zagreb, on other ecological projects”. The project described here, therefore, uniquely brings together
scientists from three different countries whose skillset