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Bufo spinulosus: hard-wired or flexible physiology?

Daniel E. Naya?, Gonzalo Farfan™', Pablo Sabat™®, Marco A. Méndez®, Francisco Bozinovic™*

“Center for Advanced Studies in Ecology and Biodiversity and Departamento de Ecologia, Facultad de Ciencias Biologicas,
Pontificia Universidad Catdlica de Chile, Santiago 6513677, Chile
bDepartamem‘o de Ciencias Ecologicas, Facultad de Ciencias, Universidad de Chile, Casilla 653, Santiago, Chile
“Laboratorio de Bioinformatica y Expresién Génica, INTA; Universidad de Chile, Santiago, Chile

Abstract

Gut plasticity is a trait with implications on animal performance. However, and despite their importance as study models in physiology,
research on gut flexibility in amphibians is scarce. In the present work, we analyse digestive adjustments of Bufo spinulosus adult individuals
to cope with changes in diet quality and quantity at two organizational levels (i.e., digestive morphology and enzymes). We found that
changes in gut size are related to the amount of food ingested, but not to diet composition. This is in agreement with “the gut seasonal
change” hypothesis and offers a proximal explanation for this change. Digestive enzymatic activity (maltase and aminopeptidase-N) did not
change with diet quality or quantity, which agrees with the hypothesis of “hard-wired physiology in adult amphibians”. Both hypotheses are
in agreement with the general theoretical framework of gut phenotypic flexibility when interpreted in light of amphibian natural history. In
addition, our results indicate that the correlation between feeding frequency and the level of gut up-regulation proposed for interspecific
comparisons may also be found at the intraspecific level.
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1. Introduction

A capacity for phenotypic change within genetically
uniform organisms, in response to different environmental
conditions, is known as phenotypic plasticity (Bradshaw,
1965; Pigliucci, 2001). A particular case of phenotypic
plasticity is phenotypic flexibility, which refers to an
organism’s ability to modulate traits in a reversible, but
not cyclic, way (Bozinovic et al., 2003; Piersma and Drent,
2003). These responses to changing conditions may include
morphological, physiological and/or behavioural traits, and
it is often conjectured that this plasticity increases an
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organism’s biological performance, i.e. the adaptive plasti-
city hypothesis (Schmitt et al., 1999, 2003).

The digestive tract represents a functional link between
foraging (energy intake) and energy management and
allocation. Consequently, gut plasticity is a trait with
important implications on animal performance (Hammond
et al.,, 2001; Secor, 2001). Over the last decades, field
observations and experimental laboratory studies have
shown that digestive tract anatomy and function of many
species are flexible, and can change in response to
variation in environmental conditions (for reviews, see
Piersma and Lindstrom, 1997; Starck, 1999; McWilliams
and Karasov, 2001). However, most of these studies have
been conducted in birds, mammals and reptiles, while
research on gut flexibility in amphibians is scarce.

Evidence of gut flexibility in amphibians can be
summarized into three major groups (Naya and Bozinovic,
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2004). First, field studies document that amphibians living
in temperate regions show seasonal variations in gut
morphology related to their feeding activity cycles (i.e.
the gut seasonal change hypothesis; Larsen, 1992, p. 390).
Second, laboratory studies report that, when adult individ-
uals are exposed to different quality diets, they do not show
flexibility in their enzymatic digestive activity (i.e. the hard-
wired digestive physiology hypothesis; Toloza and Dia-
mond, 1990a,b). Third, studies have demonstrated a
correlation between feeding frequency of different species
in the field and the magnitude by which these species up-
regulate their digestive performance (Secor and Diamond,
1996; Secor, 2001).

In the present work, we studied digestive adjustments in
adult individuals of Bufo spinulosus (Bufonidae) when
faced with changes in diet quality and quantity. We analyzed
responses at two organizational levels, the gross morphol-
ogy of the digestive tract and associated organs (length and
mass), and the activities of two digestive enzymes (maltase
and oligopeptidase aminopeptidase-N). We evaluated two
hypotheses: (1) Seasonal changes in gut size are due to
changes in the amount of food consumption, leading us to
predict an increase in gut mass and length in toads at higher
rates of food intake. (2) Toads are unable to regulate their
enzymatic activity in response to dietary chemical substrates
and, consequently, we predict absence of modulation in their
digestive enzymes when exposed to different diet qualities.

2. Materials and methods
2.1. Study organism and collection locality

We used the Andean toad, B. spinulosus, a species
distributed between 18°S and 33°S latitude in Chile and
from sea level to 4600 m.a.s.l. (Veloso and Navarro, 1988).
All specimens were collected at the locality of El Tatio
(22°20'S, 68°01'W, at 4300 m.a.s.l.) in the Andes range of
northern Chile. El Tatio toads are more omnivorous than
toads of nearby localities, feeding on small arthropods and
cyanophyte algae (Nuiiez et al., 1982).

2.2. Experimental design

We conducted two laboratory experiments. In the first
experiment, 15 individuals were randomly assigned to one
of two experimental treatments: a protein-rich diet (n=8) or
a carbohydrate-rich diet (n=7) (Table 1). Animals were
maintained in plastic containers of 35x25x15 cm with
fresh water and stones inside. We conducted force feeding
treatments by forcing animals to consume between 0.5%
and 1.0% of their body mass per day. Experimental diets
were prepared using casein and cornstarch as the protein and
carbohydrate sources, respectively. The protein-rich diet
was almost 100% carbohydrate-free, with the cornstarch
being replaced by casein. The fibre content was similar in

Table 1
Composition of experimental diets expressed as percentage of total dry
mass

Carbohydrate-rich diet (%) Protein-rich diet (%)

Casein 26.0 77.0
Cornstarch 52.5 1.5
Cellulose 15.0 15.0
Corn oil 6.5 6.5
Energy (kl/g) 17.9 17.8

both experimental diets, being supplied by adding cellulose
(Sigma-Aldrich, St. Louis, MO, USA). During the experi-
ment, the environmental temperature was kept at 25+4 °C
and the photoperiod at L/D=12:12. After 3 weeks of
acclimation to diet, all animals were sacrificed and
measured (body mass and snout-vent length).

The results from Experiment 1 allowed us to reject the
hypothesis that variations in diet quality determine changes
in gut traits (see Section 3). Therefore, we decided to
conduct a second experiment to evaluate the effect of the
amount of ingested food on digestive performance. For this
experiment, we pooled all of the data from our first
experiment (force fed treatment, n=15) and compared this
group with animals collected in the field and fasted for five
days (starved treatment, n=16). We were unable to measure
food consumption in the field, but after comparing the
amount of energy ingested by force fed animals during the
acclimation period (approximately 2.80 kJ/g) with published
information of energy intake by species of the genus Bufo in
the field (see Larsen, 1992, p. 382), we were confident that
force fed animals constituted a high food consumption
treatment.

2.3. Gut morphology and enzyme activity data

Animals were abdominal dissected and digestive organs
were removed. Once supporting mesenteries had been cut,
stomach and intestines were aligned along a ruler and length
was measured to the nearest 0.1 cm. Liver and kidneys were
also dissected, washed with Ringer’s solution, dried to
constant mass in an oven at 80 °C for 7 days and then
weighed. After morphological determinations, the small
intestine was washed with a 0.9% NacCl solution, weighed
and immediately frozen in liquid nitrogen for enzyme
determination. For enzyme analysis, the tissues were thawed
and homogenized (30 s in an ULTRA TURRAX T25
homogenizer at maximum setting) in 20 volumes of 0.9%
NaCl solution. Maltase activity (EC 3.2.1.20) was deter-
mined according to the method of Dahlqvist (1964), as
modified by Martinez del Rio (1990). Briefly, tissue
homogenates (100 pl) were incubated at 25 °C with 100 pl
of 56 mmol 1"! maltose solution in 0.1 M maleate/NaOH
buffer, pH 6.5. After a 10-min incubation, reactions were
stopped by adding 3 ml of a Glucose-Trinder stop-develop
solution. Absorbance was measured at 505 nm with a
spectrophotometer after 18 min at 20 °C.
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Aminopeptidase-N (EC 3.4.11.2) assays were conducted
with L-alanine-p-nitroanilide as a substrate. Briefly, 100 ul
of homogenate diluted with 0.9% NaCl solution was mixed
with 1 ml of assay mix (2.04 mmol 17! L-alanine-p-
nitroanilide in 0.2 mol pl~! NaH,PO,/Na,HPO,, pH 7). The
reaction was incubated at 25 °C and stopped after 10 min
with 3 ml of ice-cold acetic acid (2 N) and absorbance was
measured at 384 nm. The selected pH for measuring the
activities were the optimum for each enzyme. The activity
of enzymes is tabulated as enzyme activity rate (Ul per g
wet intestine, where Ul=umol substrate hydrolyzed per min)
and total enzyme activity (for a detailed explanation, see
Martinez del Rio et al., 1995).

2.4. Statistical analyses

Differences in body mass and snout-vent length between
groups were tested separately by a one-way ANOVA.
Changes in all digestive variables were evaluated separately
by ANCOVA, using the snout-vent length or body mass
(choosing the best predictor variable in each analysis) as the
covariable. Prior to all statistical analyses, data were
examined for assumptions of normality and homogeneity
of variance, using Kolmogorov—Smirnov and Levene tests,

Table 2
Body size, morphology and enzymatic activity data for the two diet quality
treatments, expressed as least square adjusted means (+S.E.)

Carbohydrate-rich F and P

Protein-rich

diet (n=7) diet (n=8) values
Body mass (g) 6.72 (1.37) 6.83 (1.46) F.13=0.003,
P=0.96
Snout-vent length 3.86 (0.30) 3.97 (0.32) Fy,13=0.06,
(cm) P=0.81
Length (cm)
Stomach 1.48 (0.04) 1.52 (0.04) F11,=0.42,
P=0.53
Small intestine 7.86 (1.00) 8.58 (1.07) Fy12,=0.24,
P=0.63
Large intestine 1.31 (0.11) 1.42 (0.12) F1,1,=0.56,
P=0.47
Wet mass (g)
Small intestine 0.18 (0.02) 0.18 (0.02) Fy12,=0.02,
P=0.89
Dry mass (g)
Liver 0.34 (0.04) 0.24 (0.04) Fi12=3.29,
P=0.09
Kidneys 0.05 (0.003)  0.05 (0.004) F1,=0.03,
P=0.85
Activity rate
g
Maltase 1000.7 (142.2) 776.1 (152.0) Fi1,=127,
P=0.28
Aminopeptidase-N ~ 359.3 (58.8)  320.6 (62.9) Fy1,=0.20,
P=0.66
Total activity (UI)
Maltase 158.3 (19.2) 1429 (20.6) F112=0.30,
P=0.59
Aminopeptidase-N 64.8 (13.8) 61.7 (14.7) F112=0.02,
P=0.88

Table 3
Body size and enzymatic activity data for starved and force fed animals,
expressed as least square adjusted means (+S.E.)

Starved Force fed F and P
(n=16) (n=15) values
Body mass (g) 4.85 (0.86) 6.77 (0.89) F129=2.32,
P=0.14
Snout-vent length (cm) 3.64 (0.23) 3.91 (0.23) F129=0.69,
P=0.41
Activity rate (Ul g™ ")
Maltase 1090.1 (97.3)  884.3 (100.4) F;,5=2.09,
P=0.16
Aminopeptidase-N 485.3 (67.3) 350 (65.0) F23=2.04,
P=0.16
Total activity (UI)
Maltase 122.1 (10.8)  131.9 (11.2) F125=0.39,
P=0.54
Aminopeptidase-N 44.1 (8.3) 57.9 (8.5) Fi,5=1.31,
P=0.26

respectively. Interactions between covariables and factors
were also tested (parallelism test). When necessary to meet
assumptions, variables were transformed to the inverse or to
the square root. Relationships between enzyme activities
were evaluated using the Pearson product-moment correla-
tion coefficient. Statistical analyses were performed using
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Fig. 1. Morphology data for starved and force fed groups expressed as least
square adjusted means (+S.E.). Small intestine mass refers to wet mass.
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Fig. 2. Correlation between intestinal maltase and aminopeptidase-N
activities.

the statistical package, STATISTICA® (2001) version 6.0
for the Windows® operating system.

3. Results
3.1. Experiment 1: effect of diet quality

No significant differences were noted in body mass or
snout-vent length between protein and carbohydrate dietary
treatments (Table 2). Similarly, no changes in morphology
or enzymatic activity were recorded between treatments
(Table 2).

3.2. Experiment 2: effect of diet quantity

There were no significant differences in body mass or
snout-vent length between starved and force fed animals
(Table 3). Morphology data showed a clear pattern of size
increase in digestive and associated organs in force fed
animals (Fig. 1). This trend was more apparent for organ
mass (P<0.002 for all comparisons) than for length. Indeed,
stomach length and large intestine length only presented
marginal probabilities between treatment groups (P=0.07
and 0.05, respectively).

Regarding enzymatic analyses, we did not observe
significant variation in activity rate or total activity between
groups for either of the two digestive enzymes evaluated
(Table 3). We found a significant positive correlation
between maltase and aminopeptidase-N activities (Fig. 2).

4. Discussion

Amphibians have played a key role as a study model in
the development of modern physiology and, during the past
century, this group has become a standard model for the
study of several biological processes (Feder, 1992). From

the perspective of digestive physiology, amphibians have
several characteristics that make them a highly interesting
group, such as their adaptation to low energy flow (sensu
Pough, 1980; see also Secor, 2001; Naya and Bozinovic,
2004).

Nevertheless, as we pointed out earlier, studies dealing
with digestive flexibility in amphibians are scarce. Based on
an early study of seasonal variation in gut mass of Rana
temporaria (Juszczyk et al., 1966) and some circumstantial
evidence (e.g., Herter, 1936; Geuze, 1971a,b), Larsen
(1992) proposed the gut seasonal change hypothesis for
amphibians. This hypothesis states that seasonal changes in
gut size occur (at least in species inhabiting temperate
zones) and greater gut sizes are expected to be observed
during periods of high feeding activity. Recently, an analysis
of seasonal variation in the intestinal length of the South
American common frog (Leptodactylus ocellatus) rein-
forced the existence of seasonal changes related to feeding
events (Naya et al., 2003).

As far as we know, the present study is the first to
experimentally evaluate the effect of diet quality and
quantity on digestive morphology in adult amphibians. We
found that changes in gut size are related to the amount of
food ingested, but not to the dietary chemical composition.
These results support the seasonal change hypothesis and
offer a proximal explanation, namely seasonal changes in
gut size are due to changes in the amount of food ingested.
In addition, our results agree with the interspecific
correlation between feeding frequency and the levels of
gut up-regulation (Secor and Diamond, 1996; Secor, 2001),
suggesting that this pattern can also be found at the
intraspecific level (i.e., among populations with different
feeding frequencies).

Regarding digestive enzymes, the adaptive modulation
hypothesis (Diamond, 1991; Karasov, 1992) states that the
expression of digestive proteins should be modulated in
response to the ingestion of their respective substrates.
However, dietary modulation of enzymatic activity is by no
means a universal fact (Sabat et al., 1998). In this sense,
current data for amphibians indicate that digestive enzymes
and brush border transporters in adult individuals are not
adjusted to changes in diet composition (Toloza and
Diamond, 1990a,b; Sabat and Bozinovic, 1996). This
hypothesis, called the hard-wired hypothesis, is also
supported by our results, since we neither found changes
in activity between both dietary groups nor between force
fed and starved animals for the enzymes tested. Interest-
ingly, specific enzyme activity seems not to be affected by
the fasting condition, while gross morphology is affected. It
is likely that the atrophy of digestive organs, particularly the
small intestine, is not coupled with the disintegration of
villus of the intestinal cells, as has been demonstrated in
birds (Karasov et al., 2004), or with the probable decrease of
biochemical capacities, as reported in reptiles (Secor and
Diamond, 1995). This idea suggests that fasted toads
minimize the cost of maintenance of unused tissues, but
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maintain a biochemical machinery to digest and probably to
efficiently absorb nutrients in unpredictable future feeding
events. Another interesting result is the correlation observed
between maltase and aminopeptidase-N activities. Although
this has also been reported for other species (Sabat et al.,
1998), to our knowledge, an explanation for this puzzling
phenomenon is still lacking.

In summary, phenotypic flexibility is often hypothesized
to be responsible for allowing organisms to adjust to
changing biotic and abiotic environmental conditions
through increases in biological performance. We found
evidence supporting both the gut seasonal change hypoth-
esis and the hard-wired physiology hypothesis. These two
apparently contrasting ideas are not contradictory if one
considers that: (a) species living in temperate regions likely
face strong seasonal variation in abiotic and biotic factors;
thus, seasonal variations in gut dimensions are likely
(Larsen, 1992; Piersma and Lindstrom, 1997); and (b) food
composition in adult anurans varies slightly (Toloza and
Diamond, 1990b), hence, a lack of dietary modulation of
digestive enzymes in adults is also expected (Buddington et
al., 1991; Toloza and Diamond, 1990b). In other words, both
hypotheses are in agreement with the general theoretical
framework of digestive phenotypic flexibility (e.g. Sibly,
1981; Penry and Jumars, 1987; Martinez del Rio et al.,
1994) when interpreted in light of amphibian natural history.
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