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1. Introduction

The Pantanal Caiman belongs to the phylum Chordata, 
class Reptilia, subclass Archosauria, order Crocodylia, family 
Alligatoridae, genus Caiman, and species Caiman yacare 
(Azevedo, 2003; Marques, 2007; Lima et al., 2011a). They 
are generally distributed throughout Brazil, particularly in 

hot climates, and as predators, they are important for the 
overall balance of their ecosystems (Naish, 2001). Six of the 
25 species of alligators worldwide (Pincheira-Donoso et al., 
2013) are found in Brazilian territory (Filogonio  et  al., 
2010), and among these is the Pantanal Caiman. Several 
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This study aimed to evaluate whether skeletal development of the Pantanal Caiman (Caiman yacare) is similarly 
influenced by temperature variation and controlled increases in embryo motility. All eggs were incubated at 90% 
humidity and 29 °C for the first 45 days. Thereafter, the incubation temperature was either maintained at 29 °C 
and embryos were treated with 4-aminopyridine (4-AP) on days 46, 47, 48, and 49 (Group I, 29 °C 4-AP, n = 15); 
maintained at 29 °C (n = 14; Group II); or at 33 °C (n = 14, Group III). Embryonic movement was measured using 
an Egg Buddy® digital monitor on days 30, 35, 42, 49, 56, and 60, at which point embryos were euthanized and 
samples were collected for analysis. No differences were observed between groups with varying incubation 
temperatures. In contrast, embryonic motility was greater in embryos treated with 4-AP (P < 0.001) on day 49, 
and this was associated with higher proportions of snout-vent and hand lengths. This study demonstrates for 
the first time that pharmacologically induced increases in embryo motility result in phenotypic changes to the 
proportion of elements during prenatal ontogeny, thereby effectively altering the adaptation of the species to 
specific environments.
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Resumo
Este estudo objetivou avaliar os efeitos da temperatura e motilidade embrionária sobre o desenvolvimento 
esquelético de jacaré-do-pantanal (Caiman yacare). Os ovos foram incubados com 90% de umidade e empregou-
se a temperatura de 29°C por 45 dias. Após, para a incubação do Grupo I a temperatura continuou em 29°C, 
mas associou-se à injeção de 4-aminopiridina (29°C-4AP, n = 15) aplicada nos dias 46, 47, 48 e 49, do Grupo II 
permaneceu em 29°C (n = 14) e do Grupo III elevou-se para 33°C (n = 14). A movimentação foi mensurada através 
do monitor digital Egg Buddy® nos dias 30, 35, 42, 49, 56 e 60 dias. Aos 60 dias, os embriões foram eutanasiados 
e coletadas amostras embrionárias. Na análise estatística não foram observadas diferenças entre os grupos para 
o fator temperatura sobre a motilidade embrionária no desenvolvimento esquelético. Em contraste, a motilidade 
evidenciou diferença estatística no dia 49 para o Grupo I (P < 0,001) e apresentou maiores proporções de nariz e 
mão. Esses dados demonstraram pela primeira vez que o aumento na motilidade, induzidos farmacologicamente 
resultam em divergências fenotípicas na proporção de segmentos anatômicos durante a ontogenia pré-natal, 
podendo alterar efetivamente a adaptação dos animais em ambientes específicos.
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oviparous, and their eggs are not incubated by the parents; 
this provides an opportunity to explore embryo motility 
and proportions of limbs at different temperatures that 
occur naturally in the reptile’s nest (Pollard et al., 2017; 
Williamson et al., 2017).

Previous studies on the anatomy and development of 
Brazilian Caimans demonstrate phylogenetic lines with 
a dynamic sequence of evolutionary patterns, allowing 
each species to respond to particular habits; for example, 
skeletal plasticity (Lima et al., 2011b). The present study, 
therefore, analyzed information sources that could 
enrich the literature on the Pantanal Caiman. Inducing 
embryonic motility on morphogenesis via a mechanical 
stimulus causes mechanosensitive reactions, which in turn, 
stimulate the longitudinal growth of the limbs, alter the 
skeletal structure of individuals, and consequently, the 
proportion of limbs. The objective of this study was to 
assess the effects of temperature and embryonic motility 
as mechanical stimuli on the Pantanal Caiman during 
skeletal development.

2. Materials and Methods

The project was submitted to the Ethics Committee on 
Animal Use (CEUA) of the Federal University of Mato Grosso 
(UFMT) under protocol number 23108.321196/2017-53 and 
to the System of Authorization and Information on 
Biodiversity (SISBio) under protocol number 61288-2, for 
collections from the Zoological Park of UFMT.

The collection of the eggs followed the Ranching system, 
and egg identification, transportation, and incubation were 
undertaken with the required care for the Pantanal Caiman. 
The handling and transportation of eggs were carried out 
slowly and carefully. Nests were accessed through their 
upper portions, and layers were removed until the egg 
deposit chamber was reached. Each egg was marked (with 
an ‘X’) at the upper end to ensure its original orientation 
in the nest was maintained (Breyer, 1987).

The eggs were collected manually from the nest and 
placed side-by-side, 2–3 cm apart, inside plastic boxes 
containing a compact layer of 10–13 cm of organic 
material removed from the nest. A layer of nest material 
was then placed on the eggs and the boxes were closed 
and labeled according to the egg collection date and nest 
number. Finally, the eggs were transferred to appropriately 
labeled incubators, which had controlled temperature and 
humidity settings.

Throughout the incubation period, the humidity 
was maintained at 90%. Given that sex determination of 
individuals is temperature dependent, and to avoid sexual 
dimorphism in growth rates, an incubation temperature 
of 29 °C was applied to all eggs for the first 45 days of 
incubation to ensure the development of female embryos. 
Thereafter, the temperature was either maintained at 29 °C 
and hyperactivity was induced through the administration 
of 250 µL injections of phosphate-buffered saline (PBS) 
containing 0.2 µg of 4-AP (50 µg/µL, Sigma-Aldrich®) onto 
the chorioallantois (Group I, 29 °C 4-AP, n = 15) to stimulate 
the contraction of skeletal muscles; or the incubation 
temperature was maintained at 29 °C and PBS and 4-AP 

characteristic make the Pantanal Caiman an ideal choice 
of reptile for this study; first, it is categorized as Least 
Concern by the IUCN (Campos et al., 2020); there is a high 
abundance of the species at the study site; and finally, 
it has suitable biological characteristics as described by 
Pollard et al. (2017).

For this reptile class, nest temperature during the first 
45-day period of incubation determines embryo sex. For the 
Pantanal Caiman, temperatures less than or greater than 
30 °C result in females or males, respectively (Marques, 
2007). Temperature also plays an important role in heart 
rate and embryonic movement of reptiles, this in turn, 
influences their metabolic rate, development (Du et al., 
2009; Du et al., 2011), and ultimately, their behavioral 
patterns (Towers and Tickle, 2009).

Primary morphogenetic processes determine the 
pattern of skeletal growth in vertebrates and determine 
the emergence of mechanical or functional factors 
(Lima et al., 2011b; Pollard et al., 2014). As such, in addition 
to being necessary for normal skeletal development, 
embryonic movement also generates a mechanical load 
on the emerging skeletal structure; this mechanical load 
defines the proportion of limbs (Pollard et al., 2014), with 
new functionalities arising from subsequent changes to 
morphology (Lima et al., 2011b). In chickens, for example, 
increases in egg incubation temperature and inoculation 
with 4-aminopyridine (4-AP, which stimulates the release 
of acetylcholine, resulting in skeletal muscle hyperactivity), 
have been shown to increase embryo motility, consequently 
increasing limb length and modifying proportions of skeletal 
elements (Hammond et al., 2007; Pollard et al., 2014).

It is evident, therefore, that the embryonic behavior 
pattern of a given species is governed both by genetic 
factors and by non-genetic, environmental factors which 
together affect the reproductive and survival chances of the 
individual (Marques, 2007). Natural selection drives genetic 
change in species; however, environmental conditions 
determine behavioral patterns throughout the evolutionary 
process, and these patterns may perpetuate themselves to 
generate phenotypic variation during prenatal development 
(Pollard et al., 2017; Thampi et al., 2018).

Locomotor function and limb use in adults vary 
according to the length and proportions of its skeletal 
elements (Allen et al., 2014); thus, the influence of embryo 
motility on morphogenesis plays a critical role. Forces 
generated by cell movement during prenatal ontogeny 
regulate the condensation of cartilaginous elements in 
limb development, and growth, differentiation, death, and 
cellular directional motility are a result of forces exerted 
by the cytoskeleton (Pollard et al., 2014).

There is a plethora of experimental evidence detailing 
a direct relationship between embryonic motility and limb 
development, which is affected by incubation temperature 
(Pollard et al., 2014; Pollard et al., 2017). However, it remains 
unknown whether such phenomena occur in nature and 
whether these mechanobiological factors contribute 
to the emergence of phenotypic variation. Do such 
mechanical epigenetic influences play a fundamental role 
in the development of phenotypic characteristics? This 
question is perhaps best addressed in reptiles, which are 
excellent model organisms because they are ectothermic, 
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was not administered (Group II, n = 14), or the eggs were 
incubated at 33 °C and PBS and 4-AP was not administered 
(Group III, n = 14).

In order to optimize the methods used for 
pharmacological stimulation of muscle contraction, a pilot 
study was first conducted in which several 250 µL doses of 
0.06 µg of 4-AP (50 µg/µL) were sequentially administered 
to eggs and embryo movement was monitored thereafter. 
Observations up to 1 h after the first administration of 
4-AP showed no detectable change in embryo motility. 
After 1 h, 4 AP was re-administered at the same dosage, 
and on this occasion, observations over the ensuing the 
1 h period showed peaks of increased muscle contraction 
activity. Finally, a third 250 μL dose of 0.06 μg of 4-AP 
was administered, and this resulted in increased levels 
of contractile activity of the skeletal muscles, which were 
maintained throughout the period of observation.

As described by Heywood  et  al. (2005), levels of 
hyperactivity were maintained in Group I (29 °C 4-AP, n = 15) 
by administering 250 µL injections of PBS containing 
0.2 µg of 4-AP on days 46, 47, 48, and 49. To administer 
the injections, the eggs were opened and sealed with 
an adhesive to limit infection. Heartbeat and embryonic 
movements were measured using an Egg Buddy® egg 
digital monitor (Avian Biotech, Animal Genetics, England) 
on days 30, 35, 42, 49, 56, and 60; on these days all of the 
eggs were briefly removed from the incubator and placed 
in the egg digital monitor for 2 min (Gomes et al., 2019).

The Pantanal Caiman was selected as the study 
species because it is widespread across South America; 
it can be found in the flooded regions of northeast and 
eastern Bolivia, the Brazilian Pantanal and tributaries 
of the Madeira River, in Paraguay, in northeastern 
Argentina and it has a population density of more than 
100 individuals/km2 throughout the flood plains of the 
Pantanal. In addition, from a conservation perspective, it 

is considered to be a species of lesser concern as it is not 
classified as an endangered species (Farias et al., 2013).

The embryos were euthanized in the final third of 
their development at 60 days of incubation, in strict 
accordance to the protocols defined in Federal Council 
of Veterinary Medicine (CFMV) Resolution N° 1.000, on 
March 11, 2012. Subsequently, the total length of each 
embryo, snout-vent, and limb was measured using a 
digital caliper, after which the limbs were removed and 
dissected. Finally, a portion of the collected samples, 
including the thoracic and pelvic limbs, were kept frozen 
at −80 °C, and the remaining portion was fixed in 10% 
formaldehyde for future analyses.

Statistical analyses were performed using R® (2013) 
software, version 3.2.0. Variance analysis (ANOVA) was 
performed using one factor (temperature) and repeated 
measurements (embryonic movement). For the proportion 
data, a logistic transformation was performed, followed 
by a t-test. Differences were considered significant at the 
95% confidence level (i.e., P < 0.05).

3. Results

We investigated whether incubation temperature 
changed the proportions of limbs and snout-vent lengths 
of Pantanal Caiman embryos. The incubation temperature 
was initiated at 29 °C for all eggs and maintained for 
45 days, after which some of the eggs were incubated at 
33 °C and others at 29 °C. The length of the snout-vent, 
total limb length, and their elements were corrected for 
the size of the respective embryo at the time of euthanasia 
(60 days). Temperature variation did not cause changes to 
the uniform growth of the elements (Figures 1, 2, and 3), 
showing that temperature alone did not promote the growth 
of the snout-vent, limbs, and their elements.

Figure 1. Pantanal Caiman (Caiman yacare) embryos incubated at different temperatures, (A) 29 °C combined with the application of 
4-aminopyridine (Sigma-Aldrich®; 29 °C 4-AP), (B) 29 °C, and (C) 33 °C; euthanized at 60 days of incubation.
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As expected, all embryos were found to be females, 
owing to the incubation of the eggs at the same temperature 
(29 °C) during the initial 45 days when sexual differentiation 
occurs in crocodiles (Azevedo, 2003).

Movement was evaluated on days 30, 35, 42, 45, 49, 
56, and 60 (Figure 4) during different stages of embryonic 
development. On day 30, the observed movement frequency 
means were lower than the other evaluated days, 24.57 ± 41.06, 
22.78 ± 46.13, and 12.92 ± 32.86, for 33° C, 29° C, and 29° 
C 4-AP, respectively; this was because a portion of the 
eggs measured on day 30 did not present any movements. 
On day 49, the observed movement frequency means were 
101.92 ± 5.62, 119.92 ± 6.98, and 166.64 ± 21.51, for 29 °C, 
33 °C, 29 °C 4-AP, respectively; demonstrating that 4-AP 
(29 °C 4-AP) significantly (P < 0.001) increased the frequency 
of embryonic movements. For days 35, 42, 45, 56, and 60, 
embryonic movement remained stable between groups.

The proportions of both snout-vent length and limbs 
(hands) were significantly greater for embryos belonging 

to the 29 °C 4-AP group (Figures  2  and  3; P < 0.05). 
The embryos of the 33 °C and 29 °C groups showed no 
difference between the proportions of the snout-vent 
length, limbs, and their elements in relation to movement. 
These analyses provide insight into the growth alterations 
that occur due to increased embryonic motility through 
the application of 4-AP.

4. Discussion

The Pantanal Caiman was selected as the study species 
because Reptilia are excellent model organisms for this 
type of study; they are ectothermic, oviparous, and their 
eggs are not incubated directly by one of the parents 
(Pollard  et  al., 2017; Williamson  et  al., 2017). These 
characteristics provided an excellent opportunity to 
explore the impact of naturally occurring temperatures on 
the motility and proportions of limbs of Pantanal Caiman 

Figure 2. Proportion of hand length of Pantanal Caiman (Caiman yacare) embryos incubated at different temperatures, 29 °C combined 
with the application of 4-aminopyridine (Sigma-Aldrich®; 29 °C 4-AP), 29 °C, and 33 °C 4-AP (**P < 0.05).

Figure 3. Proportion of the snout-vent length of Pantanal Caiman (Caiman yacare) embryos incubated at different temperatures, 29 °C 
combined with the application of 4-aminopyridine (Sigma-Aldrich®; 29 °C 4-AP), 29 °C, and 33 °C (**P < 0.05).
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embryos; furthermore, this study facilitated the evaluation 
of egg incubation conditions that could be determined by 
the environment.

Prenatal ontogeny plays a role in characterizing a 
species, and species development may vary depending 
on environmental factors (Volynchik, 2014). However, the 
results for the present study showed that the temperatures 
used (33°C and 29°C) for the Pantanal Caiman did not 
alter the proportions of the snout-vent, limbs, and their 
elements, as described by Miranda  et  al. (2002) and 
Marques (2007). Additionally, they also did not promote 
changes in the proportions of limbs and snout-vent, as 
described by Piña et al. (2007) in C. latirostris at the same 
temperatures. Finally, Pollard  et  al. (2017) reports that 
Osteolaemus tetraspis embryos incubated at different 
temperatures (32 °C and 28 °C) show changes in the 
proportions of limbs in embryos.

The variation in Pantanal Caiman incubation 
temperature used in this study agrees with Miranda et al. 
(2002) and Marques (2007). However, it is possible that 
the discrepancies found in the existing literature are 
related to the species belonging to different families, 
i.e., Alligatoridae and Crocodylidae (Azevedo, 2003), 
explaining the differences found in the development of 
anatomical structures. In addition, the Pantanal Caiman 
and O. tetraspis are geographically distributed in regions 
with specific environmental features. As described by 
Calsbeek and Irschick (2007), this directly relates the habitat 
to the external morphology of these species, wherein 
environmental characteristics alter the proportions of 
limbs to improve the adaptation and performance of the 
locomotive system.

Although there are other methods for evaluating the 
detection of embryo egg movement, such as ovoscopes 
or “window” making, we used the Egg Buddy® digital 
monitor to detect blood pulse and embryonic movement. 

This reliable method, as described by Pollard et al. (2016) 
and Gomes et al. (2019), is effective, as it does not require 
invasive techniques that could introduce the risk of 
infection. Furthermore, it has been safely used in studies 
on endangered species of birds and reptiles and it does 
not require euthanasia of embryos after the completion 
of the study. This method also limits external impacts, 
such as those caused by using an ovoscope. Finally, it is 
an easily transported system, which aids evaluation of the 
effect of physiological parameters on embryonic stimuli.

Embryonic motility was evaluated on days 30, 35, 42, 
45, 49, 56, and 60 during the egg incubation of varying 
temperatures (33 °C or 29 °C) and treatments (the 
application of 4-AP; 29 °C 4-AP). The lack of detectable 
movements in some embryos on day 30 is as a result of 
limitations of the equipment used in verifying movements 
in the initial phases of development (Pollard et al., 2016). 
However, despite the difficulty in obtaining motility data 
on this day, the effect of movement on the proportions of 
limbs and their elements was not affected; as described 
by Pitsillides (2006) and Nowlan et al. (2010), movement 
only influences the latter phases of development, with 
joint cavitation in limbs occurring in Pantanal Caiman only 
after 30 days of incubation (Lima et al., 2011b).

Movement on days 35, 42, 45, 56, and 60 was stable, 
and exhibited no statistical differences. From day 56, there 
was a decline in movement compared to the previous 
evaluation at 49 days. This may have occurred because of 
embryo growth and the existence of a limiting physical 
egg space (Pollard et al., 2017) found during the start of 
the final incubation period.

The highest values of embryo movement for the eggs 
of the 29 °C 4-AP group occurred on day 49, differing 
significantly from that of the other groups; however, 
the embryos in the 33 °C group also showed relatively 
higher values of movement than those from the 29 °C 

Figure 4. Frequency of embryonic movements evaluated with the aid of an Egg Buddy® digital monitor (Avian Biotech), for a period of 
two min/embryo, performed on days 30, 35, 42, 45, 49, 56, and 60, to follow the medium and late incubation of the Pantanal Caiman 
(Caiman yacare; **P < 0.001). (Fonte: Gomes et al., 2019).
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group. Motility was found to be a factor that promoted 
increased proportions of snout-vent and hands, and 
consequently, these findings are in agreement with 
those of Pitsillides (2006), and suggest that movement 
contributed to singular patterns of growth. Further support 
is provided by Pollard  et  al. (2017), who showed that 
the increased proportions of snout-vent lengths, limbs, 
and their elements in O. tetraspis could be attributed to 
elevated movement during incubation at 32 °C. Thus, the 
results of this study, combined with the existing literature 
confirm that movement is directly related to the growth 
of anatomical structures in reptiles.

The development of limb elements (stylopod, zeugopod, 
and autopod) determines the behavioral patterns of 
different species (Towers and Tickle, 2009), and according 
to Volynchik (2014) and Wilberg (2015), climatic variations 
are closely related to the movement and proportions of the 
limbs and their elements. Species with larger stylopods 
and zeugopods are better adapted to hot climates and are 
prone to terrestrialization, whereas species with smaller 
stylopods and zeugopods are better adapted to aquatic and 
colder habitats; the inverse of these characteristics holds 
true when considering autopod elements. Characteristics 
related to the structures of crocodilian skulls indicate that 
animals with narrow and long faces are better adapted 
to environments with greater water availability (Pereira 
and Malvasio, 2014).

We showed that the highest incubation temperature 
(33 °C) and addition of 4-AP resulted in increased embryonic 
movement and increased proportions of the autopod 
elements and snout-vent length. This confirms that motility 
impacts the individual alteration of elements, as described 
by Pollard et al. (2014) and Pollard et al. (2017), and is a 
controlling factor in the behavioral characterization of 
a species.

Verdade (2001), Pereira and Malvasio (2014), Allen et al. 
(2014), and Böhmer et al. (2018) describe the existence 
of interspecific anatomical variation among crocodilians 
and their habitat requirements. Therefore, the increase 
in the proportion of hands and snout-vent lengths in 
Pantanal Caiman detected in this study could be attributed 
to morphological characteristics related to adapting to 
habitats with greater water availability.

Other discoveries prove that increases in the hand 
segment corresponds to individuals adapted to aquatic 
environments of extinct crocodilomorphs, talatosuquianos 
(Wilberg, 2015). This was previously described by 
Nevill  et  al. (2015), who found that an increase in the 
proportions of feet and hands represented optimal body 
proportions in human swimmers. Therefore, it has been 
suggested that an increase in the proportion of autopods 
could enhance the performance and adaptation of aquatic 
species.

In summary, temperature, and pharmacologically 
induced motility and mechanical load, cause changes in 
the external morphological proportions during prenatal 
ontogeny, which leads to species adaptation to specific 
environments. Additionally, we suggest that alterations in 
the epigenetic mechanisms of these animals can serve as 
indicators of the constantly increasing global temperature. 
Thus, these characteristics are related to phenotypic changes 

in Pantanal Caiman, based on temperature and motility, 
for better adaptation to the environment.
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