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Abstract
The renal morphology of 24 species of mormoopid and phyllostomid bats feeding on six different diets was
examined to test evolutionary changes in several structural traits presumably led by dietary shifts from ancestral
insectivorous diets. The kidneys of a fish-eating vespertilionid and an insect-eating emballonurid were also examined
but not included in the phylogenetic comparison. The length, width, and breadth of the kidneys were used to calculate
relative medullary thickness (RMT). Tissues were processed for stereological analysis, and the volumes of the kidney,
nephron components, and vasculature were determined. RMT did not correlate with body mass in either animal-eating
or plant-eating phyllostomid and mormoopid bats. The shift from insectivory to frugivory and nectarivory was
accompanied by a reduction in RMT, a reduction in the percent of renal medulla, and an increase in the percent of
renal cortex. No changes in these traits were observed in bats that shifted to carnivorous, omnivorous or
sanguinivorous habits. No changes were observed in renal vasculature, in the percentage of cortical and medullary
nephron components or of capillaries surrounding the nephrons in any feeding group. Vespertilionid and emballonurid
species had similar values in all traits examined as compared to insectivorous phyllostomids and mormoopids. Our
data suggest that diet does not influence a single area of the nephron, but rather the entire nephron such that the
relative amounts of renal cortex and medulla are affected.
r 2006 Elsevier GmbH. All rights reserved.
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Introduction

The mammalian kidney has to dispose of salts and
nitrogenous wastes, recover filtered metabolites, con-
e front matter r 2006 Elsevier GmbH. All rights reserved.
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serve water when it is scarce and discard it when it is
ingested in excess (Yokota et al., 1985; Kanai et al.,
1994). These conflicting demands can lead to tradeoffs
in the morphology required to facilitate function.
Consequently, there appear to be correlations between
ecological characteristics such as diet and habitat, and
body mass, renal morphology and physiology. For
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example, the renal medulla contains structures that are
responsible for concentrating urine and this area of the
kidney is more developed in carnivorous than in
herbivorous mammals (Studier et al., 1983b).

The hypothesis that evolutionary dietary shifts led to
changes in kidney morphology was recently tested in
bats of the family Phyllostomidae (Schondube et al.,
2001). The family Phyllostomidae presents the widest
array of feeding habits of any mammalian family
(Gardner, 1997) and their phylogeny is relatively well
resolved (Wetterer et al., 2000). Members of this family
evolved different feeding strategies (e.g. meat-, blood-,
fruit- or nectar-eating) from their insectivorous ances-
tors (Ferrarezi and Gimenez, 1996; Wetterer et al.,
2000). As a result of their dietary shifts, the medullary
region (measured as relative medullary thickness or
RMT) of frugivorous and nectarivorous species de-
creased whereas in carnivorous, omnivorous and san-
guinivorous species it remained unchanged (Schondube
et al., 2001).

To date, Schondube et al. (2001) have provided the
only study that tested evolutionary changes in kidney
morphology in bats, although several studies examined
functional renal morphology. Moreover, several studies
examined the renal anatomy and physiology within a
single species (McFarland and Wimsatt, 1969; Studier
et al., 1983a; Busch, 1988; Arad and Korine, 1993),
while others examined multiple species (Carpenter,
1969; Geluso, 1978; Happold and Happold, 1988).
These authors attempted to determine an association
between various anatomical indices and urine concen-
trating ability. Most used RMT, medulla to cortex (M/
C) ratio or percent medullary thickness as indices.
Beuchat (1990), in an extensive review of medullary
thickness and urine concentrating ability in mammals,
found that the relative thickness of the renal medulla
accounted for only 59% of the variability among species
in concentrating ability. This finding indicates that there
are other morphological or physiological factors that
significantly influence urine-concentrating ability. More-
over, the ability to concentrate urine is correlated with
diet, with bats taking in large quantities of fluid
excreting urines with lower osmolalities (Geluso, 1978;
Studier and Wilson, 1983). Studier and Wilson (1983)
showed that frugivorous bats produced an average urine
concentration of 563mOsm compared to 1643mOsm in
non-frugivorous bats. Other studies on frugivorous bats
showed mean osmolality values for fruit bats of 619 and
113mOsm (Studier et al., 1983a; Arad and Korine,
1993). A study on insectivorous bats showed an average
urine concentration of 3225mOsm (Geluso, 1978).
Although feeding on a liquid (i.e., blood), vampire
bats (Desmodus rotundus) have a diet high in protein and
as a result they produce a highly concentrated urine
reaching a peak of 4656mOsm (McFarland and
Wimsatt, 1969).
Unlike previous studies with bats and other mam-
mals, we used the unbiased tissue sampling techniques of
stereology to examine the renal morphology of bats.
Stereology enables the entire kidney to be sampled
quickly and efficiently to arrive at an estimate of the
percentage of morphological components present. We
have used stereology previously and have shown a
consistent correlation between renal morphology and
diet in different species of birds (Casotti et al., 1993,
1998; Casotti and Braun, 2000). In this study we
investigate whether similar correlations exist in mam-
mals. As found in birds, we hypothesize that differences
in renal morphology in bats are not the result of changes
at the level of the nephron segment or component, but
rather at a gross morphological level (i.e., changes in
amounts of renal cortex and medulla). If this is the case
in mammals, it is interesting because it suggests that
birds and mammals (two different evolutionary lineages)
have evolved similar anatomical mechanisms to cope
with dietary shifts.

In our study, we had access to the same tissues as used
by Schondube et al. (2001) and included species not
previously considered. Previous studies on renal mor-
phology in bats (including Schondube et al., 2001)
examined morphological indices from mid-sagittal
kidney sections. In our study, we examined kidney and
nephron structures using stereology to probe evolu-
tionary relationships between diet and kidney morphol-
ogy. This is the first study to use stereology to quantify
areas of the kidneys and nephron in mammals.

Most species (n ¼ 21) were from the family Phyllos-
tomidae, three species were from the family Mormoo-
pidae, one species was from the family Emballonuridae,
and one species was from the family Vespertilionidae.
Diets ranged from those that are water-rich and
carbohydrate-rich (frugivory and nectarivory), to those
that are protein-rich and ion-rich (carnivory, insectiv-
ory, sanguivory, fish-eating) and those on a generalist
diet (omnivory). This broad dietary spectrum provides a
unique opportunity to investigate the influence of diet
on morphological traits.

We used a phylogenetic approach to investigate renal
morphological changes that may have occurred due to a
change in diet. We restricted our analysis to the family
Phyllostomidae as most species in our study belong to
this family and most dietary changes in New World bats
occurred in this taxa. The only exception was to include
three species of the Mormoopidae as this is the sister
family of Phyllostomidae. Recent phylogenetic evidence
suggests that, with the possible exception of carnivory
which may have evolved twice, all diets evolved only
once from insectivory in phyllostomid bats (Ferrarezi
and Gimenez, 1996; Wetterer et al., 2000). Therefore we
tested whether shifts in diet from insectivory to frugivory,
nectarivory, sanguivory, carnivory and omnivory were
accompanied by changes in renal morphology. Omnivory
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was represented by a species that regularly includes
fruits, nectar, pollen and insects in its diet. We
conducted the analysis at two separate anatomical
levels: (a) the relative proportion of renal cortex,
medulla and vasculature, and RMT, and (b) the relative
proportions of the nephron components and vasculature
(glomeruli, proximal tubule, distal tubule, cortical
collecting tubule, cortical capillaries, medullary collect-
ing duct, thick limb of Henle, thin limb of Henle, and
medullary capillaries). We predicted a reduction in
RMT and renal medulla surface, and an increase in
cortex surface in frugivorous, nectarivorous and omni-
vorous bats compared to their ancestral insectivorous
relatives. As carnivorous and sanguinivorous diets are
close in ionic content to insectivory, we predicted no
change from the ancestral condition in these species.
Previous studies of birds (Casotti et al., 1993, 1998;
Casotti and Braun, 2000) show no changes in the
volume of renal vasculature with diet; therefore we
predicted no change in this morphometric parameter in
bats. No association between diet and nephron compo-
nents was found in previous avian studies although no
explicit phylogenetic hypothesis has been tested for these
traits (Casotti et al., 1993, 1998; Casotti and Braun,
2000). Accordingly, we hypothesized that nephron
components are relatively conservative traits in verte-
brate kidneys and predicted no changes in these
anatomical parameters associated with dietary shifts in
bats. We also analyzed the effect of body mass on RMT
separately for plant- and animal-eating species. We
excluded from the analyses the fish-eating Myotis vivesi

(Vespertilionidae) and the insectivorous Rhynconycteris

naso (Emballonuridae) because we did not have material
from their ancestral forms for this study and they are
not closely related to mormoopids and phyllostomids.
We did, however, present data of these species because
no published information of their kidney structures
exists.
Materials and methods

Kidneys

Kidneys from 26 species of bats in the families
Phyllostomidae, Mormoopidae, Emballonuridae and
Vespertilionidae were collected in Cuba and Mexico
(see Appendix A and B). The Cuban bats (Erophylla

sezekorni, Brachyphylla nana, Phyllonycteris poeyi,
Monophyllus redmani, and Pteronotus parnellii) were
collected in Cueva del Indio (231020N and 821090W) near
La Havana, Cuba, Rhynconycteris naso was collected in
Los Tuxtlas, Veracruz (181510N, 981420W), and Myotis

vivesi was collected on Partida Norte Island in the Sea of
Cortez (281520N and 1131020W). All other bats were
collected as listed in Schondube et al. (2001). They were
captured in mist nets and killed by placing them in a
sealed container with either halothane or ether. The
kidneys were removed and preserved in 10% neutral-
buffered formalin. Species collected fed on differing
diets and included: insectivores (7 species), nectarivores
(8), sanguivores (1), omnivores (1), carnivores (2),
frugivores (6) and fish-eaters (1). The number of bats
in each of these dietary groups varied,with 20 insecti-
vores, 28 nectarivores, 2 sanguivores, 2 omnivores, 3
carnivores, 11 frugivores and 10 fish-eaters. Some of the
bat tissue used in this study was the same as that used in
two previous studies (Herrera et al., 2001; Schondube et
al., 2001). For some species, only one complete kidney
was available for examination. In these instances, that
kidney was used for stereological measurement and not
available to calculate RMT.

The length, width and breadth of each kidney were
measured to 70.1mm using Vernier calipers. The total
volume of each kidney was calculated using water
displacement (Scherle, 1970). Percentage counts ob-
tained from stereology were multiplied by the total
volume and used to obtain volume estimates for
structures within the kidneys. Mid-sagittal sections were
made of each kidney. Each half was photographed using
a Nikon Coolpix 995 camera attached to an Olympus
SZ40 dissecting microscope. Digital images were im-
ported into Image J (National Institute of Health,
Washington, DC), and the thickness of the renal cortex
and medulla were calculated. These data were used to
derive the RMT using the equation:

RMT ¼
10 ðmedullary thicknessÞ

ðlength� breadth� widthÞ1=3
.

Tissue from the right kidney (and on occasion from
the left kidney if the right one was unavailable) was
sampled in an unbiased manner by placing the slices
face-down and sectioning the tissue vertical to the
horizontal plane and in random directions on that
plane, thus making the tissue isotropic uniform random
(IUR) (Henery and Mayhew, 1989). Tissue sections were
processed for light microscopy and embedded in
paraffin wax. The embedded tissue was sectioned in an
unbiased manner at 10 equally spaced intervals through
the wax block (Mayhew, 1991). The resulting sections
were stained with hematoxylin and eosin and volumes of
the kidney components, the cortical and medullary
nephron components, and the vasculature estimated
using the Cavalieri principle (Gundersen and Jensen,
1987; Gundersen et al., 1988).
Allometric relationships

We examined the relationship between body mass and
RMT in mormoopid and phyllostomid species. Because
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these bats differed in dietary habits, we conducted
separate least-square regressions of RMT and body
mass for animal-eating and plant-eating species. The
omnivorous species was grouped with the animal-eating
bats because its kidney morphology was similar to that
found in insectivorous bats.
Phylogenetic analysis

We adopted the approach used by Schondube et al.
(2001) to test for evolutionary changes in kidney
morphology associated with changes in diet in phyllos-
tomid bats (Fig. 1). Schondube et al. (2001) tested a
series of predictions for evolutionary changes from
ancestral to derived conditions in kidney and intestinal
morphological and physiological traits using Greene’s
Insects  
Blood  
Nectar

Omnivory

Meat

Fruit  
Equivocal  

Fig. 1. Phylogenetic hypothesis for the relationships of the phyllosto

kidney structure associated with changes in diet. Three species of the

Mormoops megalophylla) were also included. Evolution of different
(1986) and Coddington’s (1988) definition of adaptation
(e.g., the derived functional state of a trait resulting
from natural selection). Similarly, we developed two
prediction matrices: a 4� 5 matrix for RMT, cortex,
medulla and vasculature surfaces (hereafter referred to
as cortex-medulla matrix; Table 1), and a 10� 5 matrix
for the nephron components (hereafter referred to as
nephron matrix; Table 2). The cortex-medulla matrix
included only 19 values because quality tissues were not
available for sanguinivorous bats for measurement of
RMT. The number of bat species included in the cortex-
medulla matrix was also lower than the maximum
number because some tissues were not adequate for
examination (see Appendix A and B for a full list of
species and measurements). Each cell in the matrix
represents an evolutionary change in the trait related to
a dietary shift. Predictions were no change (0), a
Mormoops   megalophylla

Pteronotus   parnellii 

Pteronotus   davyi 

Desmodus   rotundus 

Brachyphyla  nana 

Phylonycteris  poeyi 

Erophylla   sezekorni 

Monophyllus   redmani 

Glossophaga soricina

Leptonycteris  curasoae 

Anoura  geoffroyi 

Choeroniscus godmani 

Phyllostomus  discolor 

Trachops   cirrhosus 

Tonatia   brasiliense

Chrotopterus  auritus

Micronycteris  schmidtorum 

Macrotus   waterhousii 

Carollia  brevicauda 

Sturnira lilium 

Centurio senex   

Dermanura tolteca 

Chiroderma villosum   
Vampyrodes caraccioli   

mid species considered in this test for evolutionary changes in

sister family Mormoopidae (Pteronotus parnellii, P. davyi, and

diets was mapped following Schondube et al. (2001).
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Table 1. Cortex-medulla matrix: Predicted and observed

changes (in parentheses) in relative medullary thickness

(RMT), renal cortex (C), medulla (M) and vasculature (V) in

phyllostomid bats as a response to dietary shifts from an

ancestral insectivorous condition

Shift in diet RMT C M V

To fruits � (�) + (+) � (�) 0 (0)

To nectar � (�) + (+) � (�) 0 (0)

To meat 0 (0) 0 (0) 0 (0) 0 (0)

To blood 0 (0) 0 (0) 0 (0)

To omnivory � (0) + (0) � (0) 0 (0)

A + sign represents an increase in the trait, a � sign represents a

decrease, and a 0 indicates no change. All measurements were made

using stereology. The RMT shift to blood-eating was not included as

adequate tissue was not available for study. Only three predictions

were falsified. The probability of randomly making 16 correct

predictions out of 19 equals 3.9� 10�5.
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decrease (�) or an increase (+) in a given trait.
Therefore, the probability of making the correct
prediction (p) in each trial was 1/3. For each trait, we
compared the value of the ancestral condition and each
of the derived conditions using the phylogenetic
hypothesis described by Schondube et al. (2001). To
characterize the ancestral kidney morphology we used
data from three insectivorous phyllostomid species
(Macrotus waterhousi, Tonatia brasiliense, and Micro-

nycteris schmidtorum) and three insectivorous species in
the Mormoopidae (Pteronotus parnellii, P. davyi, and
Mormoops megalophylla), the sister family of Phyllosto-
midae. If the 95% confidence intervals of the insectivor-
ous species and the species of each derived condition
overlapped, we scored the change as zero. If no overlap
occurred, the change was scored as negative or
positive depending on the direction of the change.
After scoring the changes, we compared the prediction
and the resulting matrices. The probability of making i

correct predictions at random was estimated as:
p(i) ¼ [n!/i!] piqn�i.
Table 2. Nephron matrix: predicted and observed changes (in pa

response to dietary shifts from an ancestral insectivorous condition

Shift in diet Cortical components

GL PT DT CT C

To fruits 0 (0) 0 (0) 0 (0) 0 (0) 0

To nectar 0 (0) 0 (0) 0 (0) 0 (0) 0

To meat 0 (0) 0 (0) 0 (0) 0 (0) 0

To blood 0 (0) 0 (0) 0 (0) 0 (0) 0

To omnivory 0 (0) 0 (0) 0 (0) 0 (0) 0

A � sign represents a decrease in the trait, a + sign represents an increa

stereology. Only 1 prediction was falsified. The probability of randomly ma

GL ¼ glomeruli, PT ¼ proximal tubule, DT ¼ distal tubule, CT ¼ cortical c

duct, TK ¼ thick limb of Henle, TH ¼ thin limb of Henle, MC ¼ medullary
Results

Bat body mass

Bat body mass varied by a factor of 17.5 among the
species (see Appendix A and B). Individual bats ranged
in mass from 4 g in the insectivorous bat Rhynconycteris

naso to 70 g in the carnivorous bat Chrotopterus auritus.
Body mass also varied with diet. Carnivores had the
highest body mass (47.8 g720.3), followed by omni-
vores (41.3 g70.6), sanguivores (28.5 g72.1), piscivores
(26.1 g72.6), nectarivores (19.6 g78.4), frugivores
(18.8 g75.9) and insectivores (13.4 g74.9).

Allometric relationships

RMT was not correlated with body mass in either
meat-eating or plant-eating bats (Fig. 2). The equation
describing the regression line for meat-eaters is
RMT ¼ 8.0M–0.03 (r ¼ 0:223). The equation describing
the regression line for plant-eaters is RMT ¼ 3.4M0.16

(r ¼ 0:426). These data indicate little correlation be-
tween the relative thickness of the renal medulla and the
body mass of the bats. However, meat-eating bats
generally had a higher RMT than plant eaters (Fig. 2).

Renal morphology

Only 3 of the 19 predictions in the cortex-medulla
matrix were falsified (Table 1). As predicted, RMT and
percent medulla decreased and percent cortex increased
in nectarivorous and frugivorous bats (Fig. 3). Medulla
and cortex percentages did not change in carnivorous
and sanguinivorous bats, RMT did not change in
carnivorous bats, and the percent of major blood vessels
did not change in any species (Fig. 3). Contrary to our
predictions, no changes were found in RMT, and
percent of cortex and medulla in omnivorous bats.
The probability of making 16 correct predictions out of
rentheses) in nephron components in phyllostomid bats as a

Medullary components

C MD TK TH PT MC

(0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

(0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

(0) 0 (–) 0 (0) 0 (0) 0 (0) 0 (0)

(0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

(0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

se, and a 0 indicates no change. All measurements were made using

king 49 correct predictions in 50 trials equals 1.4� 10�22.

ollecting tubule, CC ¼ cortical capillaries, MD ¼ medullary collecting

capillaries.
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Fig. 2. Allometric relationship of relative medullary thickness

(RMT) to body mass for 18 mormoopid and phyllostomid bat

species of different dietary habits. Solid symbols represent

plant-eating bats and open circles meat-eating bats. These data

show that meat-eating bats generally had a higher RMT than

plant eaters. The equation describing the regression line for

meat-eaters is RMT ¼ 8.0M�0.03 (r ¼ 0:223). The equation

describing the regression line for plant-eaters is RMT ¼

3.4M0.16 (r ¼ 0:426). The omnivorous species was grouped

with the animal-eating bats as its kidney morphology was

similar to that found in insectivorous bats.

Fig. 3. Percent volume of cortex, medulla and major blood

vessels within the kidneys of phyllostomid and mormoopid

bats. The percentage of the medulla was lowest in bats feeding

on a dilute diet, and highest in bats feeding on a concentrated

diet. Data for Myotis vivesi (Vespertilionidae) and Rhynco-

nycteris naso (Emballonuridae) are included for comparison.

Fig. 4. Percentage of nephron components within the cortex of

bat kidneys. As predicted, no changes in nephron components

were found after the transition from insectivory to any other

dietary categories in virtually all cases. CD, collecting ducts;

Thick, thick limbs of Henle; Thin, thin limbs of Henle; PT,

proximal tubules.
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19 is: p(16) ¼ [19!/16!] [1/3]16[2/3]3 ¼ 3.9� 10�5. There-
fore it can be assumed that at this anatomical scale renal
morphology of phyllostomid bats changed with evolu-
tionary dietary shifts.

The fish-eating and the insectivorous species not
included in the matrix had values for all traits that were
similar to insectivorous phyllostomids and mormoopids
(Fig. 3; Appendix A).

In the nephron matrix all predictions but one were
proven correct (Table 2). As predicted, no changes in
nephron components were found after the transition
from insectivory to any other dietary categories in
virtually all cases (Figs. 4 and 5). On average, for all
species, proximal tubules made up the majority of the
cortical volume (69%), followed by renal corpuscles
(10%), capillaries (9%), collecting ducts (7%) and distal
tubules (5%). On average, the majority of the medulla
consisted of thick limbs of Henle (55%), followed by
capillaries (23%), collecting ducts (14%), proximal
tubules (5%) and thin limbs of Henle (3%). Among
the carnivorous bats, the percentage of the medullary-
collecting duct was too low to detect using the sampling
techniques of stereology we employed, thus falsifying
the prediction for this trait. The probability of making
49 correct predictions out of 50 is: p(49) ¼ [50!/49!] [1/
3]49[2/3] ¼ 1.4� 10�22. The traits examined at this
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Fig. 5. Percentage of nephron components within the medulla

of bat kidneys. As predicted, no changes in nephron

components were found after the transition from insectivory

to any other dietary categories in virtually all cases. CD,

collecting ducts; Thick, thick limbs of Henle; Thin, thin limbs

of Henle; PT, proximal tubules.

G. Casotti et al. / Zoology 109 (2006) 196–207202
anatomical scale were of a conservative nature and not
affected by evolutionary driven dietary shifts. The fish-
eating and the insectivorous species not included in the
matrix had values for all traits that were similar to
phyllostomid and mormoopid bats (Appendix A, Table 2).
Discussion

The use of bats as a model to test the relationship
between environmental factors and kidney morphology
is not new. For example, renal morphology has been
previously examined in 26 bat species from Central
America and Central Africa (Studier et al., 1983b), in 28
species from Central Africa (Happold and Happold,
1988), and in 19 species from Mexico (Herrera et al.,
2001; Schondube et al., 2001). However, these studies
only examined morphological indices from mid-sagittal
kidney sections. In addition to mid-sagittal sections, we
examined kidney and nephron structures using stereol-
ogy to probe evolutionary relationships between diet
and kidney morphology. Our results showed that RMT
and the proportion of medulla and cortex varied as a
result of evolutionary dietary shifts in phylllostomid
bats. In contrast, nephron structures did not change
with dietary shifts. In the following paragraphs we will
discuss these findings as well as allometric relationships
determined for RMT.
Allometric relationships

Several comprehensive studies have documented the
relationship between body mass and RMT. For
example, Beuchat (1990) found a weak negative
correlation between RMT and body mass. That study
compared the kidney masses of different mammalian
species over a wide range of body masses (2 g to
4000 kg). Similarly, Al-kahtani et al. (2004), studying
rodents that ranged in body mass from 10 g to 50 kg
found a negative correlation between RMT and body
mass. In our study, body mass ranged from 4 to 70 g and
RMT was not correlated with body mass in either meat-
eating (r ¼ 0:223) or plant-eating bats (r ¼ 0:426). Over
this body mass range (i.e., 4–70 g) in the other two
studies, there was also no correlation between RMT and
body mass. Similarly, a study by Herrera et al. (2001)
using many of the same bat species as in the present
study found little correlation between RMT and body
mass (r ¼ 0:404). The lack of a correlation between
RMT and body mass in our study was not surprising, as
correlations appear to be found only in multiple species
over a wide range of body mass.
Cortex and medulla surfaces and dietary shifts

We found that RMT decreased in phyllostomid bats
that shifted from their ancestrial insectivory to nectar
and fruit eating, but it remained unchanged when they
adopted carnivorous or omnivorous habits. With the
exception of omnivorous bats, these results were
expected as carnivorous and insectivorous diets are high
in protein and ions (Bell, 1990; Nicholson and Wors-
wick, 1990), whereas nectarivorous and frugivorous
diets are high in carbohydrates and fluid (Nicholson and
Worswick, 1990; Martinez del Rio, 1994). This observa-
tion was consistent with studies showing that under
dietary conditions of high salt or protein content, birds
and mammals tend to excrete a more concentrated urine
(Laverty and Wideman, 1989; Bankir and Kriz, 1995;
Goldstein et al., 2001). In addition, bat species that
concentrate urine well generally have a thicker medulla
than species that produce a less concentrated urine
(Geluso, 1978; Happold and Happold, 1988).

We also found that in species that shifted to nectar
and fruit diets, the percent of renal medulla decreased
and the percent of renal cortex increased. In contrast, in
bats that shifted to carnivory, omnivory or sanguivory
these traits did not change. Again, with the exception of
the omnivorous species, these observations correlate
with our initial predictions. As for sanguivores,
although their diet is high in fluid, blood is not dilute,
but iso-osmotic and high in protein content (Lumeij,
1985, 1987). Therefore a sanguinivorous diet would
closely resemble the diet of insectivores. Previous studies
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in mammals indicated that renal medullary hypertrophy
occurred in species feeding on high protein diets (Bouby
and Bankir, 1988; Bouby et al., 1988). That animals
feeding on dilute and carbohydrate-rich diets have more
renal cortex is a phenomenon well documented in avian
species including honeyeaters and sparrows (Warui,
1989; Casotti et al., 1993, 1998; Casotti and Braun,
2000). Bats feeding on dilute diets with low ion
concentrations must eliminate water from their diet,
yet conserve ions. As the separation of ions from water
occurs in the thick ascending limb of Henle’s loop, we
would expect species feeding on these diets to have
expanded inner cortical and outer medullary regions of
the kidney. Bats feeding on concentrated diets low in
fluid and high in salt and protein would be expected to
have thicker outer medullary regions for the same
reason (area of ion and water separation), and to have
well developed collecting ducts with receptors for
antidiuretic hormone to facilitate the conservation of
water.

Although previous studies on bats did not measure
the percentage of renal medulla, they did measure such
indices as RMT (Studier et al., 1983b; Bhati and
Srivastava, 1994), the ratio of inner cortex to medulla
(IC/M) (Geluso, 1978; Happold and Happold, 1988),
and the thickness of the cortex and medulla (Carpenter,
1969). These studies demonstrate that species feeding on
relatively concentrated diets have more renal medulla
than species feeding on dilute diets.

The kidneys of fish-eating vespertilionid and insect-
eating emballonurid species had similar RMT and cortex
and medulla percentages as phyllostomid and mormoopid
insectivorous bats, thus confirming the importance of diet
in the shaping of these traits. Similar to insectivory, a fish-
eating diet would be rich in ions and proteins.
Nephron components and dietary shifts

There was no evidence of evolutionary changes in the
relative proportions of nephron components as a result
of shifts from insectivory to nectar-eating, fruit-eating,
blood-eating or meat-eating and omnivorous habits
in phyllostomid bats. Similar patterns of nephron
Table A1

Species Family Sample size Body mas

Nectarivores

E. sezekorni Phyllostomidae 2 15 (0)

B. nana Phyllostomidae 6 31.2 (2.4)

C. godmani Phyllostomidae 1 10

L. curasoae Phyllostomidae 4 25 (1.7)

M. redmanii Phyllostomidae 5 9.5 (1)
morphology as in phyllostomid bats were found in
vespertilionid fish-eating and emballonurid insectivor-
ous bats. We expected these results based on a previous
study with 10 species of honeyeaters from wet and arid
zones with presumably different feeding habits (Casotti
et al., 1993). In contrast to this previous avian study, our
study tested a set of evolutionary predictions in bats
with distinct feeding habits.

Conclusion

This is the first study that tests the relationship
between dietary changes and nephron morphology
within a phylogenetic framework in vertebrates. Our
data suggest that diet does not influence a single area of
the nephron, but rather influences the amount of cortex
and medulla within the kidney. As morphological
changes are noted in the amounts of renal cortex and
medulla, these evolutionary changes may be sufficient to
allow bats to cope with dietary shifts without modifica-
tion of nephron structure.
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Appendix 1. Summary of RMT data and

volume data (Mean7SD) for kidney

components within bat kidneys

See Table A1.
s (g) RMT Volume (mm3)

Cortex Medulla Blood vessels

4.4 (0.1) 4.0 (0.6) 0.6 (0.06) 0.2 (0.08)

4.9 (1.0) 10.1 (1.8) 3.5 (0.5) 0.2 (0.07)

— 3.7 0.1 0.04

7.4 (0.2) 9.4 (3.4) 0.6 (0.2) 0.1 (0.01)

5.0 (0.7) 3.2 (0.6) 0.03 (0.01) 0.02 (0.01)
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Table A1. (continued )

Species Family Sample size Body mass (g) RMT Volume (mm3)

Cortex Medulla Blood vessels

P. poeyi Phyllostomidae 5 21.5 (1.9) 5.7 (0.6) 6.1 (1.0) 0.7 (0.3) 0.3 (0.4)

A. geoffroyi Phyllostomidae 1 15 — 7.5 0.6 0.1

G. soricina Phyllostomidae 4 11.5 (0.6) 5.3 (0.9) 3.5 (1.1) 0.1 (0.05) 0.05 (0.06)

Frugivores

C. senex Phyllostomidae 1 26 — 11.2 1.9 0.3

C. villosum Phyllostomidae 1 25 — 7.7 1.2 0.06

V. caracciolli Phyllostomidae 1 30 6.1 11.3 2 0.3

D. tolteca Phyllostomidae 3 14.5 (1.2) 5.6 (0.8) 6.2 (0.6) 1.0 (0.2) 0.1 (0.07)

S. lilium Phyllostomidae 3 16.7 (1) 4.7 (1) 6.8 (1.8) 1.7 (1.4) 0.1 (0.1)

C. brevicauda Phyllostomidae 2 16.4 (0.5) 5.4 (1.6) 6.2 (1.5) 0.7 (0.2) 0.2 (0.2)

Carnivores

T. cirrhosus Phyllostomidae 2 33 (2.1) 7.1 (0.4) 7.9 (2.1) 4.3 (0.5) 0.4 (0.12)

C. auritus Phyllostomidae 1 70 7.9 18.6 18 1.6

Insectivores

M. waterhousii Phyllostomidae 4 18 (1) 6.6 (0.5) 6.2 (1.7) 3.0 (1.0) 0.2 (0.05)

T. brasiliense Phyllostomidae 3 12.5 (0.8) 7.3 (1.9) 5.1 (0.3) 1.5 (0.2) 0.14 (0.03)

M. schmidtorum Phyllostomidae 1 8 — 2.4 1.6 0.1

P. parnellii Mormoopidae 4 19.5 (3.7) 7.0 (1.9) 3.4 (1.5) 1.4 (0.3) 0.08 (0.03)

M. megalophylla Mormoopidae 3 13.4 (1.5) 7.6 (1.0) 5.7 (0.8) 3.2 (1.0) 0.17 (0.05)

P. davyi Mormoopidae 1 10 — 2.5 1 0.1

R. naso Emballonuridae 4 4.3 (0.1) 5.3 (0) 1.9 (0.3) 0.6 (0.2) 0.04 (0.02)

Omnivore

P. discolor Phyllostomidae 2 41 (0.7) 6.6 (0.7) 12.3 (0.2) 2.6 (0.2) 0.01 (0.02)

Sanguivore

D. rotundus Phyllostomidae 2 30 (2.1) — 1.7 (0.9) 0.7 (0.2) 0.1 (0.1)

Piscivore

M. vivesi Vespertilionidae 10 26.1 (2.1) 7.1 (0.7) 10.3 (2.0) 8.7 (2.0) 0.6 (0.3)

Table A2

Species Body mass (g) Sample size Nephron components (mm3)

GM CPT DT CCT CCAP MCD TLH tLH MPT MCAP

Nectarivores

E. sezekorni 15 2 0.2 2.8 0.2 0.6 0.2 0.1 0.4 0 0 0.1

(0.1) (0.6) (0.2) (0.2) (0.1) (0.1) (0.1) 0.0 0.0 0.0

B. nana 31.2 6 1.1 6.2 0.8 1.3 0.7 0.6 2.1 0 0 0.7

(0.3) (1.5) (0.5) (0.6) (0.2) (0.4) (0.5) 0.0 0.0 (0.1)

C. godmanii 10 1 0.1 2.9 0.4 0 0.3 0 0.05 0 0 0.03

L. curasoae 25 4 0.3 6.1 1.2 0.7 0.7 0.2 0.3 0 0 0.1

(0.4) (2.0) (0.9) (0.4) (0.4) (0.1) (0.1) 0.0 0.0 0.0

Appendix 2. Summary of volume data (Mean7SD in parentheses) for renal nephron components

within bat kidneys

See Table A2.
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Table A2. (continued )

Species Body mass (g) Sample size Nephron components (mm3)

GM CPT DT CCT CCAP MCD TLH tLH MPT MCAP

M. redmani 9.5 5 0.2 2.3 0.3 0.3 0.2 0.1 0.1 0 0 0.02

(0.1) (0.4) (0.1) (0.1) (0.1) (0.1) (0.1) 0.0 0.0 0.0

P. poeyi 21.5 5 0.6 3.5 0.9 0.6 0.5 0.2 0.3 0 0 0.1

(0.2) (1.1) (0.3) (0.7) (0.3) (0.1) (0.2) 0.0 0.0 (0.1)

A. geoffroyi 15 1 0.9 5.2 0.8 0.2 0.3 0.2 0.2 0 0.04 0.1

G. soricina 11.5 4 0.3 2.5 0.4 0.2 0.3 0.01 0.01 0 0 0.01

(0.1) (0.8) (0.4) (0.2) (0.1) 0.0 0.0 0.0 0.0 0.0

Frugivores 0

C. senex 26 1 0.9 8.7 0.3 1 0.3 0.7 1 0 0 0.2

C. villosum 25 1 1.2 5.7 0.5 0 0.3 0 0.8 0 0 0.3

V. caraccioli 30 1 1.2 8 1 0 1.1 0.7 0.8 0 0 0.5

D. tolteca 14.5 3 0.4 4.7 0.5 0.6 0.1 0.2 0.3 0.01 0.1 0.2

(0.1) (0.6) (0.2) (0.5) 0.0 (0.1) (0.1) 0.0 (0.1) (0.1)

S. lilium 16.7 3 0.5 5 0.2 0.5 0.5 0.4 0.7 0.02 0.3 0.3

(0.3) (1.2) (0.2) (0.3) (0.3) (0.4) (0.4) 0.02 (0.3) (0.4)

C. brevicauda 16.4 2 0.4 4.4 0.6 0.3 0.4 0.3 0.3 0 0 0.1

(0.1) (0.6) (0.4) (0.1) (0.3) (0.1) (0.2) 0.0 0.0 (0.1)

Carnivores

T. cirrhosus 33 2 1.2 5.6 0.05 0.4 0.6 0 2.4 0.1 0.3 1.5

(1.1) (1.1) 0.0 (0.2) (0.1) 0.0 (0.7) (0.1) (0.4) 0.0

C. auritus 70 1 3.3 10.9 1.5 1.4 1.5 0 10.2 1 2 4.8

Insectivores

M. waterhousi 18 4 0.6 4.5 0.5 0.2 0.4 0.5 1.8 0.1 0.04 0.6

(0.3) (1.3) (0.1) (0.2) (0.2) (0.5) (0.8) (0.1) (0.1) (0.1)

R. naso 4.35 4 0.2 1.5 0.2 0.02 0.1 0.2 0.3 0 0 0.1

(0.1) (0.2) (0.2) (0.0) (0.1) (0.3) (0.1) 0.0 0.0 (0.1)

M. schmidtorum 8 1 0.2 1.7 0.1 0.2 0.1 0.3 0.4 0.4 0.3 0.2

P. parnellii 19.5 4 0.3 2 0.3 0.2 0.5 0.3 0.6 0.2 0 0.2

(0.1) (0.5) (0.3) (0.2) (0.5) (0.1) (0.2) (0.1) 0.0 (0.1)

M. megalophylla 13.4 3 0.6 3.9 0.5 0.1 0.7 1 0.7 0.4 0.1 1.1

(0.0) (0.6) (0.2) (0.1) (0.2) (0.4) (0.2) (0.2) (0.2) (0.6)

P. davyi 10 1 0.4 1.6 0.2 0 0.2 0.02 0.8 0 0 0.2

T. brasiliense 12.5 3 0.7 3.1 0.3 0.4 0.5 0.1 0.6 0.1 0.1 0.5

(0.4) (1.0) (0.1) (0.5) (0.2) (0.2) (0.1) (0.1) (0.1) (0.3)

Omnivore

P. discolor 41 2 1.1 7.8 3.4 2.2 1 0.3 1.4 0.01 0.2 0.7

(0.3) (1.5) (4.6) (2.0) (0.7) (0.3) (0.5) (0.0) (0.3) (0.2)

Sanguivore

D. rotundus 30 2 0.9 8.3 0.7 0.4 1.4 0.7 4.6 0.2 0 2.1

(0.2) (0.6) (0.3) (0.5) (0.1) (1.0) (0.5) (0.2) 0.0 (0.4)

Piscivore

M. vivesi 26.1 10 1.2 6.8 0.4 0.8 1.1 0.9 5 0.7 0.6 1.5

(0.5) (0.9) (0.3) (1.2) (0.5) (0.6) (1.0) (0.6) (0.8) (0.6)

GM, glomeruli; CPT, cortical proximal tubules; DT, distal tubules; CCT, cortical collecting tubules; CCAP, cortical capillaries; MCD, medullary

collecting ducts; TLH, thick limbs of Henle; tLH, thin limbs of Henle; MPT, medullary proximal tubules; MCAP, medullary capillaries.

G. Casotti et al. / Zoology 109 (2006) 196–207 205



ARTICLE IN PRESS
G. Casotti et al. / Zoology 109 (2006) 196–207206
References

Al-kahtani, M.A., Zuleta, C., Caviedes-Vidal, E., Garland Jr.,

T., 2004. Kidney mass and relative medullary thickness of

rodents in relation to habitat, body size, and phylogeny.

Physiol. Biochem. Zool. 77, 346–365.

Arad, Z., Korine, C., 1993. Effect of water restriction on

energy and water balance and osmoregulation of the fruit

bat Rousettus aegyptiacus. J. Comp. Physiol. B 163,

401–405.

Bankir, L., Kriz, W., 1995. Adaptation of the kidney to

protein intake and to urine concentrating activity: similar

consequences in health and CRF. Kid. Int. 47, 7–24.

Bell, C.G., 1990. Birds and mammals on an insect diet: a

primer on diet composition analysis in relation to ecological

energetics. Stud. Avian Biol. 13, 416–422.

Beuchat, C.A., 1990. Body size, medullary thickness, and urine

concentrating ability in mammals. Am. J. Physiol. 258,

R298–R308.

Bhati, U.S., Srivastava, A., 1994. Comparative study on the

renal biometrics of seven desert inhabiting bats. Zeit. für

Ang. Zool. 79, 503–509.

Bouby, N., Bankir, L., 1988. Effect of high protein intake on

sodium, potassium-dependent triphosphatase activity in the

thick ascending limb of Henle’s loop in the rat. Clin. Sci. 74,

319–329.

Bouby, N., Trinh-Trang-Tan, M.M., Laouari, D., Klein-

knecht, C., Grunfeld, J.P., Kriz, W., Bankir, L., 1988. Role

of the urinary concentrating process in the renal effects of

high protein intake. Kid. Int. 34, 4–12.

Busch, C., 1988. Consumption of blood, renal function and

utilization of free water by the vampire bat, Desmodus

rotundus. Comp. Biochem. Physiol. 90A, 141–146.

Carpenter, R.E., 1969. Structure and function of the kidney

and the water balance of desert bats. Physiol. Zool. 42,

288–301.

Casotti, G., Braun, E.J., 2000. Renal anatomy in sparrows

from different environments. J. Morph. 243, 283–291.

Casotti, G., Richardson, K.C., Bradley, J.S., 1993. Ecomor-

phological constraints imposed by the kidney component

measurements in honeyeater birds inhabiting different

environments. J. Zool. 231, 611–625.

Casotti, G., Beuchat, C.A., Braun, E.J., 1998. Morphology of

the kidney in a nectarivorous bird, the Anna’s humming-

bird, Calypte anna. J. Zool. 244, 175–184.

Coddington, J.A., 1988. Cladistic tests of adaptational

hypotheses. Cladistics 4, 3–22.

Ferrarezi, H., Gimenez, E.A., 1996. Systematic patterns and

the evolution of feeding patterns in Chiroptera (Archonta:

Mammalia). J. Comp. Biol. 1, 75–94.

Gardner, A.I., 1997. Feeding habits. In: Baker, R.J., Knox, J.,

Carter, D.C. (Eds.), Biology of Bats of the New

World Family Phyllostomatidae. Part II. Special Publica-

tions. The Museum of Texas Tech University 16,

pp. 293–350.

Geluso, K.N., 1978. Urine concentrating ability and renal

structure of insectivorous bats. J. Mammal. 59, 312–323.

Goldstein, D.L., Guntle, L., Flaugher, C., 2001. Renal

response to dietary protein in the house sparrow Passer

domesticus. Physiol. Biochem. Zool. 74, 461–467.
Greene, H.W., 1986. Diet and arboreality in the emerald

monitor, Varanus prasinus, with comments on the study of

adaptation. Fieldiana Zool. 31, 1–12.

Gundersen, H.J.G., Jensen, E.B., 1987. The efficiency of

systematic sampling in stereology and its prediction.

J. Micro. 147, 229–263.

Gundersen, H.J.G., Bendtsen, L., Korbo, N., Marcussen, A.,

Møller, K., Nielsen, J.R., Nyengaard, B., Pakkenberg,

F.B., Sørensen, F.B., Vesterby, A., West, M.J., 1988. Some

new, simple and efficient stereological methods and their

use in pathological research and diagnosis. Acta Path.

Microbiol. Immunol. Scand. 96, 379–394.

Happold, D.C.D., Happold, M., 1988. Renal form and

function in relation to the ecology of bats (Chiroptera)

from Malawi, Central Africa. J. Zool. Lond. 215,

629–655.

Henery, C.C., Mayhew, T.M., 1989. The cerebrum and

cerebellum of the fixed human brain: efficient and unbiased

estimates of volumes and cortical surface areas. J. Anat.

167, 167–180.

Herrera, L.G., Martı́nez del Rio, C., Braun, E.J., Hobson,

K.A., 2001. Renal structure in neotropical bats: using stable

isotopes to explore relationships between diet and mor-

phology. Isot. Environ. Health Stud. 37, 1–11.

Kanai, Y., Lee, S., Lou, G.F., Broan, D., Hediger, M.A., 1994.

The human kidney low affinity Na+/glucose cotransporter

SGLT2-delineation of the major renal reabsorptive me-

chanisms for D-glucose. J. Clin. Invest. 93, 397–404.

Laverty, G., Wideman, R.F.J., 1989. Sodium excretion rates

and renal responses to acute salt loading in the European

starling. J. Comp. Physiol. B 159, 401–408.

Lumeij, J.T., 1985. The influence of blood sample treatment on

plasma potassium concentrations in avian blood. Avian

Pathol. 14, 257–260.

Lumeij, J.T., 1987. Plasma urea, creatine and uric acid

concentrations in response to dehydration in racing

pigeons (Columbia Livia domestica). Avian Pathol. 16,

377–382.

Martinez del Rio, C., 1994. Nutritional ecology in nectar- and

fruit-eating volant vertebrates. In: Chivers, D., Langer, P.

(Eds.), Food and Form and Function of the Mammalian

Digestive Tract. Cambridge University Press, Cambridge,

pp. 103–127.

Mayhew, T.M., 1991. The new stereological methods for

interpreting functional morphology from slices of cells and

organs. Exp. Physiol. 76, 639–665.

McFarland, W.N., Wimsatt, W.A., 1969. Renal function and

its relation to the ecology of the vampire bat, Desmodus

rotundus. Comp. Biochem. Physiol. 28, 985–1006.

Nicholson, S.W., Worswick, P.V., 1990. Sodium and potas-

sium concentrations in floral nectars in relation to foraging

by honeybees. S. Afr. J. Zool. 25, 93–96.

Scherle, W.F., 1970. A simple method of volumetry of organs

in quantitative stereology. Mikroscopie 26, 57–60.

Schondube, J.E., Herrera, L.G., Martı́nez del Rio, C., 2001.

Diet and the evolution of digestion and renal function in

phyllostomid bats. Zool 104, 59–73.

Studier, E.H., Wilson, D.E., 1983. Natural urine concentra-

tions and composition in neotropical bats. Comp. Biochem.

Physiol. 75A, 509–515.



ARTICLE IN PRESS
G. Casotti et al. / Zoology 109 (2006) 196–207 207
Studier, E.H., Boyd, B.C., Feldman, A.T., Dapson, R.W.,

Wilson, D.E., 1983a. Renal function in the neotropical bat,

Artibeus jamaicensis. Comp. Biochem. Physiol. 74A, 199–209.

Studier, E.H., Wisniewski, S.J., Feldman, A.T., Papson, R.W.,

Boyd, B.C., Wilson, D.E., 1983b. Kidney structure in

neotropical bats. J. Mammal. 64, 445–452.

Warui, C.N., 1989. Light microscopic morphometry of the

kidneys of fourteen avian species. J. Anat. 162, 19–31.
Wetterer, A.L., Rockman, M.V., Simmons, N.B., 2000.

Phylogeny of phyllostomid bats (Mammalia: Chiroptera):

data from diverse morphological systems, sex chromo-

somes, and restriction sites. Bull. Am. Mus. Nat. His. 248,

1–200.

Yokota, S.D., Benyajati, S., Dantzler, W.H., 1985. Compara-

tive aspects of glomerular filtration in vertebrates. Ren.

Physiol. 8, 193–221.


	Relationships between renal morphology and diet in 26 species of new world bats (suborder microchiroptera)
	Introduction
	Materials and methods
	Kidneys
	Allometric relationships
	Phylogenetic analysis

	Results
	Bat body mass
	Allometric relationships
	Renal morphology

	Discussion
	Allometric relationships
	Cortex and medulla surfaces and dietary shifts
	Nephron components and dietary shifts

	Conclusion
	Acknowledgements
	Summary of RMT data and volume data (MeanplusmnSD) for kidney components within bat kidneys
	Summary of volume data (MeanplusmnSD in parentheses) for renal nephron components within bat kidneys
	References


