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Abstract

Seasonal variation is a key factor regulating energy metabolism and reproduction in several mammals, including bats.
This study aimed to track seasonal changes in the energy reserves of the insectivorous bat Molossus molossus associ-
ated with its reproductive cycle. Adult males were collected during the four neotropical annual seasons in Viçosa - MG,
Brazil. Blood and tissues were collected for metabolic analysis and testes were removed for histology and morpho-
metry. Our results show that liver and breast muscle glycogen concentrations were significantly lower in winter. The
adiposity index was significantly higher in the fall compared to winter and spring. Seminiferous tubules were greater in
diameter in animals captured in fall and winter, indicating a higher investment in spermatic production during these
seasons. The percentage of Leydig cells was higher in summer compared to fall and winter. We suggest that M.

molossus presents a type of seasonal reproduction with two peaks of testicular activity: one in fall, with higher sperm
production (spermatogenesis), and another in summer, with higher hormone production (steroidogenesis). The meta-
bolic pattern may be associated with reproductive events, especially due to the highest fat storage observed in the fall,
which coincides with the further development of the seminiferous tubules.
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Variação sazonal das reservas energéticas e a reprodução do morcego neotropical de

cauda livre Molossus molossus (Chiroptera: Molossidae)

Resumo

A variação sazonal é um fator chave na regulação do metabolismo energético e da reprodução em vários mamíferos,
incluindo os morcegos. O objetivo deste estudo foi avaliar as reservas energéticas do morcego insetívoro Molossus

molossus ao longo das estações anuais associadas ao seu ciclo reprodutivo. Foram coletados machos adultos durante as
quatro estações anuais na cidade de Viçosa - MG, Brasil. Para as análises metabólicas foram coletados tecidos e
sangue, e os testículos foram removidos para análises histológicas e morfométricas. Os resultados mostram que as
concentrações de glicogênio no fígado e músculo peitoral foram significativamente menores no inverno. O índice
adiposo foi significativamente maior no outono em relação ao inverno e primavera. Os túbulos seminíferos apre-
sentaram maiores diâmetros nos animais coletados no outono e inverno, indicando um maior investimento na produção
espermática durante estas estações. A porcentagem de células de Leydig foi maior no verão em comparação com
outono e inverno. Sugere-se que M. molossus apresenta um tipo de reprodução sazonal com dois picos de atividade
testicular: uma no outono, com maior produção de espermatozóides (espermatogênese), e outra no verão, com maior
produção de hormônio (esteroidogênese). O padrão metabólico pode estar associado a eventos reprodutivos, especial-
mente devido ao maior armazenamento de gordura observado no outono, que coincide com o desenvolvimento dos
túbulos seminíferos.

Palavras-chave: espermatogênese, histologia, insetívoros, machos, metabolismo.
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1. Introduction

Seasonal variation is a key factor regulating energy
metabolism and reproduction in several mammals, in-
cluding bats (Arévalo et al., 1990; Bauman, 1990; Hap-
pold and Happold, 1990; Neuwriler, 2000). According to
Srivastava and Krishna (2008), this is especially signifi-
cant for bats from temperate regions, since their repro-
duction is frequently synchronized with food availability
in the environment. For neotropical bats, the influence of
seasonality on energy reserve allocation and reproduc-
tive events appears to vary between species, depending
on their food habits and area of occurrence (Altringham,
1998; Neuwriler, 2000; Freitas et al., 2006).

Microchiropterans show a great diversity in food
habits, with frugivorous, insectivorous, piscivorous, pol-
linivorous, nectarivorous, carnivorous, omnivorous and
hematophagous species (Nowak, 1994). Several studies
have shown that the diet composition interferes directly
with the metabolic pattern displayed by diverse verte-
brates (Nagy and Pistole, 1988; Silva and Migliorini,
1990; Sartori et al., 1995), including bats (Freitas et al.,
2003; Pinheiro et al., 2006; Freitas et al., 2010; Protzek et
al., 2010). Another factor which also interferes with en-
ergy metabolism is the species’ reproductive patterns,
which are directly linked to environmental conditions
and food availability (Pirlot, 1967; Dweyr, 1970; Woj-
ciechowski et al., 2007).

The insectivorous bat Molossus molossus consumes
a high amount of protein and acts as controller of insect
populations preying large amounts each night in the first
hours of the night (Esbérard and Bergallo, 2010), playing
an important role in the ecological balance. This species
has a reproductive cycle defined as seasonal polyestrous
by Fabian and Marques (1989) in northeastern Brazil,
and as seasonal monoestral by Pacheco (2001) in the
southern region of the country. The reproductive behav-
iour of M. molossus seems to be similar to other insectiv-
orous bats, which have a typically monoestral reproduc-
tive pattern, but when food availability are not subject to
seasonal variations, they can reproduce poliestrically,
with peak birth twice a year (Fleming et al., 1972; LaVal
and Fitch, 1977).

This study aimed to track changes in energy reserves
of the insectivorous bat M. molossus associated with the
reproductive cycle of these animals. For this purpose, we
investigated seasonal variations of glycogen, fat and
muscle concentrations in liver, fat and muscle throughout
the year, and also several reproductive parameters during
the same period.

2. Material and Methods

2.1. Animals

M. molossus adult males (n = 18) weighing 15-20 g
were collected during the four neotropical annual sea-
sons: summer (January and March, n = 5), fall (April and
June, n = 5), winter (July and August, n = 4) and spring
(October, n = 4). The identification of adult bats was

done based on the fusion zone region of the cartilaginous
epiphysis of the fourth metacarpal-phalangeal joint
(Kunz and Anthony, 1982). The animals were captured in
Viçosa, southeastern of Minas Gerais, Brazil (20°45’4” S
and 42°52’53” W). The region has a climate Cwa (meso-
thermal, humid, rainy summers and dry winters with low
rainfall). Animals were captured in refuges roofs through
mist nets and kept in cages in the laboratory of Ecophy-
siology of the Federal University of Viçosa (UFV), Vi-
çosa, Minas Gerais State, Brazil, until the next day when
they were euthanized. During captivity, the animals were
force-fed Tenebrio molitor larvae at 22:00 h, 00:00 h and
07:00 h, and had water ad libitum.

All captures were authorized by the IBAMA (Brazil-
ian Institute of Environment and Natural Resources)
(process number 11388-1) and all experimental proce-
dures were approved by the Ethics Committee for Ani-
mal Experimentation of Federal University of Viçosa
(case number 88831/2009).

2.2. Experimental procedures

2.2.1. Metabolic analysis

Bats were killed by decapitation. For plasma glucose
analysis, blood was collected in heparinized tubes, cen-
trifuged (g = 268) and plasma was assayed by the glucose
oxidase method (GLUCOX 500 kit, Doles). For total pro-
tein determination, portions of breast muscle and liver
were homogenized in saline (NaCl 0.9%) and protein
was determined by a colorimetric method (BCA kit,
PIERCE). For analysis of carcass total fatty acids, car-
casses were digested in 200 mL of 6N KOH for 1 week,
filtered and added to an equal volume of absolute alco-
hol, resulting in a solution of KOH-ethanol (50% v/v). A
sample of this solution was washed with petroleum ether,
acidified, and subjected to lipid extraction with chloro-
form. A known volume of this phase was used for the de-
termination of total fatty acids by a gravimetric method.
For total lipid determination, liver, breast and limb mus-
cles were homogenized in a chloroform-methanol solu-
tion (2:1) according to Folch et al. (1957). After extrac-
tion, total lipid concentrations were determined
gravimetrically. Adiposity index was obtained by divid-
ing the adipose tissue weight (abdominal and subaxilar
areas) (g) by the individual body weight (g).

2.2.2. Testicular histology and morphometry

The testes were removed, weighed, and fixed in Kar-
novsky solution for 24 h. Testicular fragments were de-
hydrated in increasing concentrations of ethanol fol-
lowed by inclusion in glycol-methacrylate (Historesin®
Leica). We obtained 3 �m thick semi-serial sections,
with 40 �m intervals between two successive cuts, thus
avoiding analyzing the same seminiferous tubule. Prepa-
rations were stained with toluidine blue/sodium borate
1%, mounted with Entellan® (Merck), and analyzed un-
der a light microscope (Balarini et al., 2011). The gona-
dosomatic index (GSI) was obtained to determine the
percentage of body weight occupied by both testes by the
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formula: GSI = TW / BW x 100, where TW = total weight
of the gonads, and BW = body weight.

The volumetric proportion between tubular and inter-
tubular compartments was randomly counted at 2,660
points per animal, using a grid with 266 intersections
(points) at 100x magnification, by counting 10 randomly
distributed fields in different histological sections of each
animal testis. The percentage of each element in the
intertubular compartment was obtained by counting
1,000 points for each animal, registering points on
Leydig cells, blood and lymphatic vessels, and connec-
tive tissue. The mean tubular diameter per animal was
obtained from random measurements from 20 cross-
sections of seminiferous tubules. In these same sections
was obtained the height of the seminiferous epithelium,
from the tunica propria to the tubular lumen. The value
found for the epithelium height, in each tubule, repre-
sented the average of two measurements obtained in a di-
ametrical opposite angle.

Based on the volume of seminiferous tubules and on
the body weight, we calculated the tubulesomatic index
(TSI) from the formula: TSI = VST / BW x 100, where
VST = volume of seminiferous tubules and BW = body
weight. The VST (mL) was estimated from the percent-
age occupied by the seminiferous tubules in the testis and
the testicular parenchyma volume. These data were ob-
tained by subtracting the total testicular weight of the to-
tal weight of the testicular albuginea. As the density of
the testicle is around 1 (Johnson et al., 1981; Costa et al.,
2011), the testis weight was considered equal to its vol-
ume. These measures were performed using the software
Image-Pro Plus® associated to photomicroscope Olym-
pus AX-70, in a 200x magnification.

2.2.3. Statistical analysis

Data are presented as mean � standard error of the
mean (SEM). For metabolic and histological parameters,
we checked for the variables normality (Lilliefors) and
homoscedasticity (Cochran). After that, we performed
analysis of variance (ANOVA) followed by the Tukey
test at a significance level of 0.05% (p > 0.05).

3. Results

3.1. Seasonal variation of energy reserves

Table 1 shows significant and non-significant p
values in metabolic parameters among seasons. Liver
glycogen concentrations were significantly lower in
winter compared to summer (Figure 1, Table 1). Breast
muscle glycogen concentration showed significantly
lower values for animals captured during the winter
compared to those captured in all other seasons (Figu-
re 1, Table 1).

Total lipid concentrations in liver, breast muscle,
forelimbs and hindlimbs showed no significant differ-
ences among seasons. Carcass total fatty acid content
also remained unaltered across seasons (Table 2). Con-
sidering the adiposity index, animals captured during

fall had a significantly higher value compared to
animals caught during winter and spring (Figure 2, Ta-
ble 1).

3.2. Testicular histomorphometry

In Table 3 it is possible to observe the mean values
for the biometrical data and for the testicular morpho-
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Figure 1 - Concentrations of glycogen in liver and breast
muscle of M. molossus males collected during the annual
seasons.

Table 1 - Statistical summaries: One Way-ANOVA of meta-
bolic parameters from male adults M. molossus collected in
different annual seasons. DF = degree of freedom; F = F val-
ues; P = p values.

Parameters DF F P

Plasma glucose 3.14 1.86 0.18

Liver glycogen 3.14 4.14 0.03

Breast muscle glycogen 3.14 9.35 0.001

Liver lipids 3.14 1.16 0.36

Breast muscle lipids 3.14 3.12 0.06

Forelimbs and hindlimbs lipids 3.14 1.40 0.28

Adiposity index 3.14 4.35 0.02

Carcass total fatty acids 3.14 0.02 0.10

Figure 2 - Index of adipose of M. molossus males collected
during the annual seasons.



metry, likewise the percentage represented by the tubular
and intertubular compartments and their components
during the seasons. Body weight was significantly higher
in summer compared to fall and winter, while the testi-
cular weight showed an increase in fall and winter com-
pared to summer, leading to a lower GSI in summer
compared to all other seasons. The percentage of the tes-
tes occupied by seminiferous tubules was higher in fall
and winter compared to summer. As a consequence, the
percentage of the intertubular compartment was higher in
summer than in fall and winter, and was unaltered during
spring (Figure 3).

We found that percentage of tubular compartment
occupied by lumen showed large variations and was sig-
nificantly higher in fall and winter compared to summer.
The percentage of seminiferous epithelium did not chan-
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Table 2 - Plasma glucose concentration, liver and breast muscle lipid contents, forelimbs and hindlimbs lipid contents and
carcass total fatty acids from male adults M. molossus collected along different annual seasons.

Parameters Summer (N = 5) Fall (N = 5) Winter (N = 4) Spring (N = 4)

Plasma Glucose (mmol.L-1) 8.38 � 0.63 7.52 � 0.74 5.55 � 0.91 7.45 � 1.2

Liver lipids (g.100 g-1) 7.06 � 0.61 6.04 � 1.39 8.75 � 1.29 7.71 � 0.52

Breast muscle lipids (g.100 g-1) 11.64 � 0.33 9.80 � 0.67 9.70 � 0.95 8.61 � 0.94

Forelimbs and hindlimbs lipids (g.100 g-1) 8.07 � 0.93 8.33 � 0.75 6.29 � 1.85 5.68 � 0.69

Carcass total fatty acids (g.100 g-1) 6.27 � 0.55 6.17 � 0.71 6.02 � 1.27 6.01 � 0.71

Data are mean � SEM. The number of bats is given in parenthesis.

Table 3 - Biometrical data and morphometrical parameters of the tubular and intertubular compartments in the testes of adults
M. molossus collected along different annual seasons.

Parameters Summer Fall Winter Spring

Body weight (g) 17.46 � 2.11a 14.97 � 1.46b 15.31 � 1.64b 14.27 1.58ab

Testicular weight (g) 0.057 � 0.018b 0.084 � 0.008a 0.077 � 0.013a 0.068 � 0.023ab

Gonadosomatic index (%) 0.33 � 0.11b 0.56 � 0.08a 0.50 � 0.04a 0.47 � 0.12a

Seminiferous tubules (%) 85.54 � 3.36b 90.49 � 2.80a 92.38 � 4.07a 88.84 � 3.67ab

Lumen (%) 6.73 � 1.86b 11.89 � 2.94a 12.85 � 2.74a 9.49 � 2.16ab

Seminiferous epithelium (%) 77.30 � 4.48a 75.25 � 3.77a 76.31 � 6.95a 75.89 � 1.73a

Tunica propria (%) 1.51 � 1.06b 3.35 � 0.32a 3.22 � 0.36a 3.46 � 1.24a

Tubular diameter (�m) 133.23 � 14.16c 160.87 � 6.28a 155.44 � 8.74ab 139.50 � 19.88bc

Epithelium height (�m) 53.57 � 5.05a 57.97 � 5.58a 55.35 � 1.61a 50.54 � 6.68a

Tubulesomatic index (%) 0.25 � 0.08b 0.46 � 0.07a 0.42 � 0.04a 0.37 � 0.11a

Intertubule (%) 14.46 � 3.36a 9.51 � 2.80b 7.62 � 4.07b 11.16 � 3.67ab

Leydig cells (%) 12.55 � 2.68a 8.24 � 2.63b 6.63 � 3.55b 9.85 � 3.44ab

Blood vessels (%) 0.93 � 0.65a 0.73 � 0.21a 0.62 � 0.29a 0.67 � 0.29a

Lymphatic space (%) 0.40 � 0.38a 0.23 � 0.18a 0.05 � 0.04a 0.08 � 0.08a

Connective tissue (%) 0.57 � 0.31a 0.31 � 0.18a 0.33 � 0.28a 0.55 � 0.27a

Data are mean � SEM. Identical letters in columns represent no significant differences (p < 0.05).

Figure 3 - Cross section of M. molossus testis captured dur-
ing the fall. *: lumen of the seminiferous tubule; SE: semi-
niferous epithelium; �: tunica propria; �: Leydig cells in
the intertubular compartment; BV: blood vessel. Bar: 40 �m.



ge significantly across seasons, while the percentage of
tunica was lower in summer compared to other seasons.
The tubular diameter was higher in fall and winter com-
pared to summer, while the height of the seminiferous ep-
ithelium did not vary significantly among the seasons.
Similar to the GSI, the TSI was lower in summer com-
pared to all other seasons.

In relation to the intertubular compartment, the per-
centage of Leydig cells was higher in summer than in fall
and winter, showing no significant variation in spring.
This cell was the most abundant element in the inter-
tubule. The percentage of the testes occupied by blood
and lymphatic vessels and connective tissue remained
unaltered in animals captured in all seasons.

4. Discussion

The neotropical insect-eating bat M. molossus stud-
ied here showed slight variations in energy reserves and
reproductive activities throughout the annual seasons,
suggesting that this species can maintain standard re-
serves and sperm production without major changes im-
posed by different seasons. The maintenance of normal
blood glucose concentrations across seasons seems to
confirm this hypothesis.

Flying vertebrates, such as bats, face exceptionally
high energy costs during flight (Voigt et al., 2010). It has
been reported that insect-eating bats are able of fly while
foraging powered by exogenous (dietary nutrients) rather
than endogenous sources (glycogen or lipids) (Voigt et
al., 2010). Reproductive activity in insect-eating bats
also seems to require great energy expenditure, but this is
based mainly on body lipid reserves stored during the
previous seasons (Kunz et al., 1998; Krishna et al., 1998;
Srivastava and Krishna, 2007; 2008).

Among the few changes observed in the metabolic
parameters, we found a decrease in glycogen concentra-
tion in liver and breast muscle during the winter, suggest-
ing mobilization of this reserve in this period. Glycogen
reserves in muscles contribute mainly to the energy re-
quirements of the muscle itself (Maughan, 2005), al-
though this substrate also contributes notably to energy
homeostasis by providing lactate for glucose synthesis
via gluconeogenesis (Tappy, 1995; 2004; Corssmit et al.,
2001). Another possible reason for the glycogen decrease
could be a reduction in food availability in the environ-
ment during this season, which is pronounced in temper-
ate insectivorous species (Turbill et al., 2003). One
cannot discard that an increment in energy expenditure in
the previous season (fall) due to a greater reproductive in-
vestment (spermatogenesis), indicated by the increase in
the diameter of seminiferous tubules could yet contribute
to the glycogen depletion observed here.

Although glycogen has an important role in energy
homeostasis, several bat species rely mainly on lipid re-
serves to support reproductive activities (Kunz et al.,
1998; Krishna et al., 1998; Srivastava and Krishna, 2007;
2008). The data obtained here seem to indicate that lipid
reserves of male M. molossus remained unaltered in all

seasons, except for the adiposity index. Common vam-
pire bats (Desmodus rotundus) captured in central
Brazilian areas also showed no significant differences in
lipid reserves between dry and rainy seasons (Freitas et
al., 2006). Nevertheless, unlike the observed for insectiv-
orous species (Srivastava and Krishna, 2008), the vam-
pire’s food supply (bovine blood) does not vary season-
ally. Temperate species, which have been the focus of
most studies, show a different pattern of energy storage,
with several hibernating species, compared to the non-
hibernating neotropicals (McNab, 1976; Arévalo et al.,
1990; Bauman, 1990; Kunz et al., 1998; Speakman and
Rowland, 1999).

Considering the adiposity index, M. molossus was
found to have a higher proportion in fall compared to the
two subsequent seasons (winter and spring). The highest
fat weight per body weight found in fall might be a result
of the greater availability of food during the previous sea-
son, summer, resulting in greater energy storage to be
used in the subsequent season, when a reduction in food
availability is expected (Srivastava and Krishna, 2008).
The synthesis of energy reserves is essential to meet en-
ergy demand during critical periods (Arévalo et al.,
1990). Lipids stored in adipose tissue as triglycerides are
the main fuel that can be widely stocked as energy re-
serves to support food shortage (Gleeson, 2005), and is
essential to animals for reproductive investment, an
event that requires large energy demands (Kunz et al.,
1998; Srivastava and Krishna, 2008).

In view of lipid store mobilization for reproductive
purposes, the higher adiposity index during the fall might
support events such as spermatogenesis, as suggested by
the higher percentage of tubular diameter during fall and
winter compared to the other seasons, whereas the lumen
percentage was higher in fall, winter and spring, which
was accompanied to the percentage of tunica propria. Ac-
cording to França and Russell (1998), the increase in lu-
men is directly responsible for an increase in tubular
diameter. The increase in tubular diameter, in turn, is di-
rectly related to an increase in spermatogenic activity.

During fall and winter we also observed higher testi-
cular weight and a higher percentage of seminiferous tu-
bules compared to summer. The increased investment in
testicular mass and adipose tissue during fall can be asso-
ciated with higher sperm production, mating and fertil-
ization occurring in late fall and early winter. Thus, we
suggest that most female bats might get pregnant around
this period. Considering that pregnancy lasts about 90
days (Vicente et al., 2006), pups would be born starting in
early spring, a season with greater food availability and
more favorable temperatures for offspring development.
This hypothesis is supported by the increase in the tubu-
lesomatic index, gonadosomatic index and testicular
weight in the fall, compared to the lower values found in
the previous season (summer). While the gonadosomatic
index represents the percentage of body mass that corre-
sponds to the testis, the tubulesomatic index is a parame-
ter used to quantify the investment in seminiferous
tubules in relation to body mass (Balarini et al., 2011).
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The increase in the percentage of Leydig cells ob-
served in male bats captured during the summer seems to
have contributed to the increased size of the intertubular
compartment observed in this season. Leydig cells pro-
vide all androgens necessary to support spermatogenesis
(O’Donnell et al., 2001; Gilbert, 2006), and is the pre-
dominant element in the intertubular compartment of M.
molossus. In this way, the observed increase in percent-
age of Leydig cells is possibly an indication of an in-
crease in steroidogenesis in M. molossus during summer,
in preparation for the mating season, starting in the fall.
This suggestion is corroborated by the increase in several
tubular morphometric parameters in the fall.

Data obtained in this study suggest that males from
this species presents a seasonal reproduction with two
peaks of testicular activity: one in fall, with higher sperm
production (spermatogenesis), and another in summer,
with higher hormone production (steroidogenesis). We
also suggest that the metabolic pattern may be associated
with these reproductive events. The greatest amount of
adipose tissue observed in the fall also coincides with fur-
ther development of the seminiferous tubules, suggesting
that this reserve has an important role in supplying higher
energy demands during reproductive activities.
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