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a b s t r a c t

For different ovine breeds to maximize their reproductive capacity in countries with tropical climate, it is
important to evaluate their potential for thermal resilience and consequences on their reproductive
traits. Therefore, the objective of this study was to evaluate the effect of thermal environment tem-
peratures of climate seasons in a tropical climate region on the surface temperatures of the scrotum,
testicular biometric characteristics, seminal quality and serum testosterone concentration of rams of
different genotypes. Breeders of four different genotypes (Dorper, n¼ 8, Texel, n¼ 8, Santa Inês, n¼ 9
and Morada Nova, n¼ 8) were used throughout the four climate seasons. Higher thermal challenge was
recorded in the spring and summer. In the summer increase in scrotal surface temperature was detected
by infrared thermography (P< 0.05), mainly in the regions of the distal testicular pole and tail of the
epididymis. The animals of the Texel genotype had higher rectal temperature in the summer. In spring,
this genotype also had the highest testicular pole (32.2 ± 0.5 �C; P< 0.05) and distal (29.9± 0.4 �C;
P< 0.05) temperatures and a higher mean testicular temperature (31.7± 0.4 �C; P< 0.05). The Morada
Nova genotype showed a higher surface temperature gradient between testicular poles (2.96 ± 0.1 �C;
P< 0.05), especially in spring. Genotype-dependent thermal sensitivity was detected for the thermal
gradient between the testicular poles, reflecting the seminal quality. There was a positive correlation of
the thermal gradient between testicular poles with sperm membrane integrity and negative correlation
with total sperm defects. The Texel genotype showed less progressive motility and higher percentage of
sperm defects. There was no difference in testosterone concentration between genotypes and in the
different seasons (P> 0.05). Thus, the indigenous genotypes showed a greater capability to maintain the
scrotum-testicular thermoregulation. Dorper animals resembled the indigenous sheep genotypes, in
terms of seminal characteristics, unlike Texel animals, which showed lower adaptability and lower
seminal quality.

© 2018 Elsevier Inc. All rights reserved.
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1. Introduction

Recent climate changes associated with increasing global tem-
perature have imposed new challenges on animal production [1].
By the year 2035, it is estimated that the atmospheric temperature
will increase from 0.3 to 0.7 �C [2]. The negative effect of high
temperatures on animal production is already observed, mainly in
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tropical and subtropical regions [3], where the climate is predom-
inantly hot and with high relative humidity [4]. Included in these
regions are the countries of emerging economies that have signif-
icant animal protein production at global levels [5]. In the coming
decades, these countries are expected to contribute with more than
half of the world's meat export volume [6].

In tropical countries caloric stress is one of the constraints in
ovine production [7]. This is because in order to dissipate heat,
animals reduce food intake, and the energy that would be used for
growth and reproduction is directed toward body thermoregula-
tion [8]. Thus, although sheep of the natural tropical breeds are
considered sexually active throughout the year, their reproductive
activity may be reduced or interrupted in the hottest times of the
year [9].

It is known that sheep breeders under temporary caloric stress
conditions may present testicular degeneration [10]. In addition,
when the testes and epididymis are subjected to high tempera-
tures, there may be changes in seminal quality that can cause
subfertility or even infertility [11]. Under these conditions, sper-
matozoa display a decrease in progressive motility, an increase in
morphological anomalies and reduction in DNA integrity due to the
excessive production of reactive oxygen species [12]. However,
there is a substantial reduction in the number of spermatozoa in
the ejaculate, due to the occurrence of germ cell apoptosis [13]. The
somatic cells in the testis are also affected, negatively influencing
the production of testosterone [14].

One of the alternatives to increase ovine production in the tro-
pics is to identify and select genotypes with higher adaptive ca-
pacity to regulate body temperature and expression of their
reproductive potential, given the adverse conditions due to high
environmental temperatures [8,15]. Thus, it is important to eval-
uate the effect of climate related variations that the animals are
naturally submitted to and their thermal resilience potential for
reproductive characteristics in tropical regions. Therefore, the
objective of the present study was to evaluate the effect of thermal
environment of the different climate seasons on the scrotal surface
temperatures, testicular biometric characteristics, seminal quality
and serum testosterone concentration of rams of four different
genotypes raised in tropical climate conditions.

2. Material and methods

2.1. Ethics

The Committee on Experimental Animal Use an Ethics of
Embrapa Pecu�aria Sudeste approved this research (protocol
approval: CEUA-CPPSE # 06/2013) and the experiment was carried
out under the ethical principles of the National Council for Animal
Experimentation Control (CONCEA-Brazil).

2.2. Location, climate characterization and experimental period

The study was conducted at the Embrapa Pecu�aria Sudeste, in
S~ao Carlos, SP, Brazil (21�5803000 S, 47�5005800 W and 911m). The
climate is the subtype Cwa, tropical of altitude, characterized by dry
winter and hot summer according to K€oppen-Geiger climate clas-
sification [16]. The climate seasons are well defined and comprise
spring (September 23 to December 21), summer (December 22 to
March 19), fall (March 20 to June 19) and winter (June 20 to
September 22). In the hotter periods, the average maximum tem-
peratures range from 27.8 to 32.0 �C, with peaks of up to 34.5 �C.
The period of high relative air humidity coincides with the periods
of high temperatures and their average values vary from 74.9 to
91.4%, with annual average rainfall of 1361.6mm [17]. The experi-
ment was carried out between November 2015 and July 2016, and
covered the four climate seasons.

2.3. Animals and handling

Thirty-three purebreed rams of four genotypic groups (Dorper,
n¼ 8, Texel, n¼ 8, Santa Inês, n¼ 9 and Morada Nova, n¼ 8) were
used. Santa Inês and Morada Nova are indigenous sheep genotypes,
while Dorper and Texel are exotic genotypes in Brazil, from South
Africa and Holland, respectively. The animals were previously
selected for clinical and reproductive status to allow age homoge-
neity (21.5± 0.5 months), weight (72.9± 1.6 kg) and body condition
score (3.3± 0.1). The management adaptation period was two
months before the beginning of the experiment.

The rams were kept in a single plot under equivalent nutritional
and sanitary management conditions. The animals were kept in a
covered shed with a sand bed that provided a shaded area of
6.0m2/animal. The feed was supplied daily, containing 80% of
roughage (corn silage) and 20% of concentrate. The animals had ad
libitum access to automatic drinking trough and mineral salt.

2.4. Microclimate and thermal comfort indices

The characterization of the local microclimate included moni-
toring the air temperature (AT, �C), the relative air humidity (RH, %)
and the black globe temperature (BGT, �C), obtained by automatic
meteorological station installed in the animal housing shed. Then,
the thermal comfort indices considered relevant in the test were
calculated: the Temperature and Humidity Index (THI) and the
Black Globe Temperature and Humidity Index (BGHI). The THI was
calculated using equation THI ¼ AT e [(0.31 e 0.31RH) (AT e 14.4)]
where AT is the air temperature obtained by the dry bulb ther-
mometer (�C) and RH is the relative air humidity (RH%/100) [9]. The
THI values obtained represent <22.2: absence of heat stress; 22.2 to
<23.3: moderate heat stress; 23.3 to <25.6: severe heat stress and
above 25.6: extreme stress [9]. The BGHI was calculated by the
equation BGHI ¼ BGT þ0.36 (DPT) þ 41.5 where BGT is the black
globe temperature (�C) and DPT is the dew point temperature (�C)
[18]. BGHI values represent <74: comfort condition; 74 to 78: alert;
79 to 84: danger condition and >84: emergency condition [19]. THI
and BGHI were demonstrated for each climate season.

2.5. Scrotal circumference, testicular volume and consistency

Scrotal biometry and testicular parenchyma consistency were
always evaluated by the same experienced technician every 30
days. The scrotal circumference (SC, cm) was obtained using flex-
ible graduated tape at the greatest diameter point of the scrotum
[20]. Testicular volume (V, cm3) was obtained by the equation V ¼
4/3 (p) (L/2) (W/2)2 where p¼ 3.1415, L is the length (cm) and W is
the width (cm) of a single testicle [21], measured by a millimeter-
scale steel pachymeter. Testicular consistency was determined by
palpation and graded from one (flaccid) to five (firm) [20].

2.6. Scrotal surface temperatures

The scrotal surface temperatures were evaluated by infrared
thermography, using 0.05 �C thermal sensitivity camera and
320� 240 optical pixel resolution (FLIR T300, FLIR Systems, Port-
land, USA). The emissivity value was constant, of 0.98 [22]. The
thermograms of each animal were generated monthly during the
morning period (7h00 to 9h00), during the four climate seasons, in
a place sheltered from direct solar radiation and rain. The camera
was positioned 1.0 m away, oriented perpendicular to the scrotum.
The thermograms were later analyzed with the FLIR
Tools þ software (FLIR Systems, Portland, USA), based on previous
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studies. Spermatic funicle temperature (SFT, �C), proximal testicular
pole (PPT, �C) and distal testicular pole (DPT, �C) were determined
using rectangular analytical tracings [23]. The epididymal tail
temperature (ETT, �C) was determined by circular tracing [23], and
the mean testicular temperature (MTT, �C) was obtained by ellip-
soid tracing [24] (Fig. 1). The results were presented as the mean of
contralateral anatomical structures.

2.7. Temperature gradients

Immediately after the thermography, the rectal temperature
(RT, �C) was measured with a clinical digital thermometer (Inco-
term, S~ao Paulo, Brazil). The temperature gradients (�C) of the
scrotal regions of interest were calculated by the following equa-
tions: gradient between rectal temperatures and spermatic funic-
ulus region (Grad1 ¼ RT e SFT); gradient between rectal and distal
testicular poles (Grad2 ¼ RT - DPT); gradient between rectal and
epididymis tail temperatures (Grad3 ¼ RT - ETT); gradient between
temperatures of the testicular poles (Grad4 ¼ PPT - DPT) [25].

2.8. Evaluation of seminal quality

Among the breeders studied, 20 animals were used as semen
donors, five from each genotype. The semenwas collected monthly
by artificial vagina from the same rams, during the four climate
seasons, totaling nine ejaculates per animal and 180 semen samples
analyzed. Seminal samples were always evaluated by the same
examiner and maintained at 37 �C during the evaluations. The
variables of interest considered were progressive sperm motility
(PM, %), plasma membrane integrity (PMI, %), sperm morphology
and DNA fragmentation (DNAf, %).

PM was evaluated by optical microscopy at 400x magnification
(Nikon Eclipse E100, Tokyo, Japan) in five different fields of the
glass slide covered with a coverslip containing 10 mL aliquot of
semen diluted with ringer lactate solution (1:1) [20,26]. The
Fig. 1. Illustrative thermograms for determination of surface temperatures of (a) spermatic
(MTT) and tail of the epididymis (ETT), and (d) scrotum (ST) of rams. The tracings indicate the
37.0 �C. (For interpretation of the references to color in this figure legend, the reader is ref
evaluation of the PMI used hypo-osmotic solution (100 mOsm/L)
composed of D-fructose (Sigma-Aldrich, Saint Louis, USA) and so-
dium citrate dihydrate (Sigma-Aldrich, Saint Louis, USA) [27]. Two-
hundred cells per sample were evaluated by phase contrast mi-
croscopy under 1000x magnification (Nikon Eclipse E200, Tokyo,
Japan). The spermatozoa were classified as carriers of integral
plasma membrane if they presented cellular swelling visualized by
the coiled tail [28].

To evaluate the spermmorphology, an aliquot of 20 mL of semen
was fixed in buffered formalin solution preheated to 37 �C. Wet
preparation of spermatozoa were evaluated by phase contrast op-
tical microscopy (Nikon Eclipse E200, Tokyo, Japan) under magni-
fication of 1000x. 100 spermatozoa per sample were evaluated and
classified as minor sperm defects (MiD, %), major defects (MaD, %)
and total defects (TD, %) [29].

Sperm DNA fragmentationwas evaluated on ethanol-acetic acid
(3:1) solution smears for 1min, followed by soaking in 70% ethanol
for 3min and subsequent acid hydrolysis with HCl (4 N) for 5min.
Once fixed, the samples were stained with 0.025% toluidine blue
solution (Sigma-Aldrich, Saint Louis, USA). In each sample, 500
sperm cells under magnification of 1000x were evaluated by light
microscopy (Nikon Eclipse E100, Tokyo, Japan). Light blue stained
sperm cells were considered as carriers of intact DNA, while cells
that showed dark blue to violet color were considered as chromatin
abnormalities [30].

2.9. Testosterone dosage

Blood samples were collected monthly [14,31] at the same time
of day (7h00 to 9h00) from each ram by jugular venipuncture using
silicone vacuum tubes, without anticoagulant (Vacutainer, Nova
Jersey, USA). The samples were centrifuged at 1350� g for 15min
for complete separation of the serum, which was fractionated into
polypropylenemicrotubes and conditioned at�20 �C until analysis.
Serum testosterone concentration was quantified by
funiculum (SFT), (b) proximal testicular poles (PPT) and distal poles (DPT), (c) testicles
areas analyzed. Parameterized for rainbow color palette and thermal scale from 23.0 to

erred to the Web version of this article.)
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radioimmunoassay (RIA) using the commercial ImmuChem™
Double Antibody Testosterone kit (MP Biomedicals, Inc., Di-
agnostics Division, Orangeburg, USA). The sensitivity and intra-
assay coefficient (CV) were 0.03 ng/mL and 12.2%, respectively.
The results of serum testosterone concentration were demon-
strated as a mean value for each climate season.

2.10. Statistical analysis

The results were submitted to descriptive evaluation and anal-
ysis of variance using the generalized linear model-GLM procedure
of SAS (SAS Institute, Cary, USA). The variables rectal temperature,
scrotal surface temperatures, scrotal circumference, testicular
consistency, testicular volume, progressive sperm motility, plasma
membrane integrity, sperm morphology and DNA fragmentation
were evaluated for the effect of the year-season (spring, summer,
autumn and winter) and genotype (Dorper, Texel, Santa Inês and
Morada Nova), as well as the effect of their interaction. Therefore,
the statistical model Y ¼ genotype þ animal (genotype) þ
season þ genotype*season þ error was used in which the animal
effect (genotype) was the error considered for testing the genotype.
The comparison between means was performed by LSD. Correla-
tions between the climatological indices and the animal response
variables were determined by the Pearson's coefficient, and only
the significant correlations were demonstrated. The level of sig-
nificance previously determined for all analyses was 5%.

3. Results

The climate oscillations are presented by season (Fig. 2a). The
THI and BGHI (Fig. 2b) values were significantly higher and critical
in spring (22.2± 0.1 and 75.0± 0.1, respectively) and summer
(22.7± 0.1 and 75.3± 0.1, respectively).

Higher values of SC and testicular volume were observed for the
Dorper rams and lower in the Morada Nova animals
(Supplementary Table 1). However, when performing the ratio
between testicular volume and body weight, a higher proportion of
testicular parenchyma by live weight was observed in Dorper
(2.6± 0.1 cm3/kg) and Morada Nova (2.7± 0.1 cm3/kg), compared
with Texel and Santa Inês, which presented values of 2.2± 0.1 and
2.2± 0.1 cm3/kg, respectively. Santa Inês animals showed no vari-
ation for SC and testicular consistency during the four climate
seasons (Supplementary Table 1).
Fig. 2. Mean (and SEM) of the climate variables and the thermal comfort indices by climate
(BGT) and relative air humidity (RH). (b) Black Globe Temperature and Humidity Index (BGH
THI between seasons (P< 0.05). a,b,c Indicates significant difference for BGHI between seaso
The mean RT showed lower values in winter, regardless of the
genotype (Table 1). During summer the Texel animals presented
higher rectal temperature. The mean ST was higher during the
summer, while lower values were recorded in the winter.
Regarding the temperatures of specific points of the scrotum
(Table 2), it was observed that the SFT was lower in the winter. The
Texel rams had maximum PPT, DPT, ETT and MTT values in spring
and summer (P< 0.05). In relation to other genotypes, the Texel
animals showed higher values of PPT, DPT and MTT during spring.
Regardless of the genotype, DPT and ETT were higher in summer
and lower in winter.

The temperature gradients were higher in winter (Fig. 3). The
lowest values were verified in summer (9.3± 0.3 and
9.8± 0.2 �C P< 0.05, respectively) for Grad2 and Grad3. Genotype
influenced the behavior of Grad4, since Morada Nova animals
showed higher values in spring (3.24± 0.2 �C P< 0.05), whereas
Dorper rams presented lower values in the summer
(1.77± 0.2 �C P< 0.05). Regardless of the climate seasons, animals
of theMorada Nova differed from the other genotypes because they
had higher Grad4 values (Morada Nova¼ 2.96± 0.1 �C;
Dorper¼ 2.29± 0.1 �C; Texel¼ 2.50± 0.2 �C; Santa
Inês¼ 2.62± 0.2 �C, P< 0.05).

The mean PM was lower in Texel, which presented values of
57.5± 2.5% (P< 0.05) (Fig. 4). The PMI and MiD did not change
throughout the climate seasons (P> 0.05). However, there was a
significant higher incidence of MaD in the summer (13.3± 2.0%)
and lower TD values in the spring (15.9± 2.7%). Regardless of the
climate season, the Texel animals had a higher percentage of
spermatozoa with abnormal morphology (30.7± 3.0%), and higher
incidence of MaD (15.9± 2.7%) (P< 0.05). There was no effect of
season of the year and genotypes on the results of DNA fragmen-
tation (P> 0.05). The serum concentration of testosterone showed
no difference between genotypes within the seasons (Fig. 5). There
was also no effect of the climate season on the plasma concentra-
tion, independently of the analyzed genotype (P> 0.05).

Considering the significant correlations, PM presented negative
association with RT (r¼�0.16), DNAf (r¼�0.23), MaD (r¼�0.52)
and TD (r¼�0.38). In contrast, PM was positively correlated with
PMI (r¼ 0.41). However, PMI presented a negative correlation with
MaD (r¼�0.28) and TD (r¼�0.34), and a positive correlationwith
Grad4 (r¼ 0.29). TD presented a positive correlation with RT
(r¼ 0.24) and was inversely correlated with Grad4 (r¼�0.19).
season in a region of tropical climate. (a) Air temperature (AT), black globe temperature
I) and Temperature and Humidity Index (THI). A,B,C,D Indicates significant difference for
ns (P< 0.05). SEM, standard error of the mean.



Table 1
Mean (and SEM) of the rectal and scrotal surface temperatures of 33 rams of different genotypes (Dorper, n¼ 8, Texel, n¼ 8, Santa Inês, n¼ 9 and Morada Nova, n¼ 8) during
the four seasons of the year in tropical climate.

Genotype

Season Dorper Texel Santa Inês Morada Nova Average
Rectal Temperature (RT, �C)
Spring 38.5± 0.1aB 38.9± 0.1aA 38.5± 0.1abB 38.8± 0.1aA 38.7± 0.1a

Summer 38.6± 0.1aB 39.0± 0.1aA 38.3± 0.1bC 38.5± 0.1bB 38.6± 0.1a

Autumn 38.5± 0.1aBC 38.7± 0.1abAB 38.8± 0.1aA 38.4± 0.1bC 38.6± 0.1a

Winter 37.8± 0.1bB 38.2± 0.1bAB 38.6± 0.1aA 38.6± 0.1abA 38.3± 0.1b

Average 38.4± 0.1B 38.7± 0.1A 38.6± 0.1A 38.6± 0.1A

Scrotal Temperature (ST, �C)
Spring 28.7± 0.4 29.6± 0.4 29.6± 0.4 29.4± 0.4 29.3± 0.2b

Summer 30.4± 0.3 30.3± 0.3 30.7± 0.3 30.5± 0.4 30.5± 0.2a

Autumn 30.4± 0.4 29.1± 0.4 30.0± 0.4 29.9± 0.5 29.9± 0.2b

Winter 24.7± 0.4 23.6± 0.5 24.6± 0.4 25.0± 0.5 24.5± 0.2c

Average 28.6± 0.2 28.1± 0.2 28.7± 0.2 28.7± 0.2

A,B,C different capital letters indicate significant difference in the rows (P< 0.05).
a,b,c different lowercase letters indicate significant difference in the columns (P< 0.05).
Abbreviation: SEM, standard error of the mean.
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4. Discussion

This is the first study that has reported on the referred ovine
genotypes kept under the same environmental conditions in a
tropical climate region, in which the climate implications on the
reproductive characteristics were evaluated throughout the year.
Also included is the use of infrared thermography as an auxiliary
tool in the analysis of scrotal thermoregulation in these genotypes,
Table 2
Mean (and SEM) of the surface temperatures of the scrotal region obtained by
infrared thermography in 33 rams of different genotypes (Dorper, n¼ 8, Texel, n¼ 8,
Santa Inês, n¼ 9 and Morada Nova, n¼ 8) during the four seasons of the year in
tropical climate.

Genotype

Season Dorper Texel Santa Inês Morada Nova Average

Spermatic Funicle Temperature (SFT, �C)
Spring 31.1± 0.6 32.0± 0.6 31.2± 0.5 31.8± 0.6 31.5± 0.3a

Summer 32.3± 0.4 32.3± 0.5 31.9± 0.4 31.8± 0.5 32.1± 0.2a

Autumn 31.9± 0.6 31.3± 0.6 31.7± 0.7 31.9± 0.6 31.7± 0.3a

Winter 27.1± 0.6 25.7± 0.6 26.7± 0.5 26.2± 0.7 26.5± 0.3b

Average 30.6± 0.3 30.3± 0.3 30.4± 0.3 30.4± 0.3
Proximal Pole of Testis Temperature (PPT, �C)
Spring 30.3± 0.5aC 32.2± 0.5aA 30.6± 0.5aBC 31.5± 0,5aAB 31.2± 0.2a

Summer 31.5± 0.4a 31.9± 0.4a 31.7± 0.4a 31.8± 0.5a 31.7± 0.2a

Autumn 31.5± 0.5a 30.0± 0.5b 31.5± 0.5a 31.4± 0.6a 31.1± 0.3a

Winter 27.3± 0.6b 25.8± 0.6c 25.9± 0.5b 26.8± 0.6b 26.5± 0.3b

Average 30.1± 0.3 29.9± 0.3 29.9± 0.2 30.4± 0.3
Distal Pole of Testis Temperature (DPT, �C)
Spring 28.6± 0.4aB 29.9± 0.4aA 28.4± 0.4aB 28.3± 0.4aB 28.8± 0.2ab

Summer 29.7± 0.4a 29.4± 0.4a 29.3± 0.3a 28.9± 0.4a 29.3± 0.2a

Autumn 29.1± 0.5a 28.0± 0.5b 28.8± 0.4a 28.3± 0.5a 28.6± 0.2b

Winter 24.0± 0.5b 22.4± 0.5c 23.3± 0.4b 24.4± 0.6b 23.5± 0.2c

Average 27.8± 0.2 27.4± 0.2 27.5± 0.2 27.5± 0.2
Epididymal Tail Temperature (ETT, �C)
Spring 27.4± 0.5b 28.8± 0.5a 27.7± 0.4b 27.6± 0.5a 27.8± 0.2b

Summer 29.0± 0.4a 28.8± 0.4a 28.8± 0.4a 28.5± 0.4a 28.8± 0.2a

Autumn 28.7± 0.5a 27.3± 0.5b 28.2± 0.5ab 28.0± 0.5a 28.0± 0.2b

Winter 23.2± 0.5c 21.5± 0.5c 22.8± 0.4c 23.6± 0.6b 22.8± 0.3c

Average 27.1± 0.2 26.6± 0.2 26.9± 0.2 26.9± 0.2
Mean Testicular Temperature (MTT, �C)
Spring 30.1± 0.5aB 31.7± 0.4aA 30.2± 0.4aB 30.7± 0.4aB 30.7± 0.2a

Summer 31.1± 0.4a 31.3± 0.4a 31.2± 0.3a 31.1± 0.4a 31.2± 0.2a

Autumn 31.1± 0.5aA 29.8± 0.5bB 31.3± 0.4aA 30.7± 0.5aAB 30.7± 0.2a

Winter 26.6± 0.5b 24.6± 0.5c 25.7± 0.4b 27.1± 0.6b 26.0± 0.2b

Average 29.4± 0.2 29.3± 0.2 29.6± 0.2 29.9± 0.2

A,B,C different capital letters indicate significant difference in the rows (P< 0.05).
a,b,c different lowercase letters indicate significant difference in the columns
(P< 0.05).
Abbreviation: SEM, standard error of the mean.
as well as the determination of seminal quality and serum testos-
terone concentration, characteristics considered relevant to eval-
uate the potential fertility of a breeder.

In order to evaluate the environmental conditions to which
sheep are submitted, some thermal stress indices are used in order
to adopt strategies to reduce heat related stress [3,7]. In the present
study, the most difficult periods concerning thermal stress
comprised the spring and summer seasons. The indices that esti-
mate thermal stress showed average values that indicated the po-
tential situation of moderate stress (22.2 to< 23.3) or alert status
(74e78), according to THI records [9] and BGHI [18], respectively.
However, it seems that these environmental conditions were not
able to override the thermolithic capacity of the animals [32], since
the average rectal temperature remained within the range
considered normal for sheep, from 38.3 to 39.9 �C [9]. Considering
rectal temperature as an indicator of thermal equilibrium, indige-
nous sheep genotypes demonstrated a high thermoregulatory ca-
pacity, which, as observed in the literature [26], decreased their
body temperature in the summer when the scrotal temperature
increased by 1.1 �C.

It is known that thermal stress can lead to the reduction of
testicular biometry [26], because it causes degeneration of the
germinal epithelium and partial atrophy of the seminiferous tu-
bules [14]. The possible thermal discomfort presumed by the THI
and BGHI was not enough to raise the scrotal temperatures to the
point of causing reduction in the scrotum-testicular biometry of the
Dorper and Santa Inês rams. The absence of testicular tone variation
was verified in Santa Inês rams, whose testicular parenchyma in
previous studies did not demonstrate significant changes
throughout the year in tropical regions [25] even under heat
tolerance test [33].

Higher mean scrotal surface temperature was observed in the
summer, and its effects weremore expressive on the distal portions
of the scrotum, verified by changes in DPT and ETT, a fact that is
corroborated by the literature [34]. It is possible this effect results
from the vertical orientation of the testicles within the scrotum and
from the sintopiawith the tail of the epididymis [35], which exhibit
more distal positions in the scrotum and are subject to the inci-
dence of direct solar radiation and infrared thermal radiation from
the ground.

The lower testicular temperature relative to the body temper-
ature is essential for the production and maturation of the male
gamete, and occurs mainly due to the countercurrent mechanism,
responsible for the transfer of heat from the arterial blood to the
venous blood in the pampiniform plexus [36]. Equal efficiency in



Fig. 3. Mean (and SEM) of surface temperature gradients measured in 33 sheep breeders of different genotypes (Dorper, n¼ 8, Texel, n¼ 8, Santa Inês, n¼ 9 and Morada Nova,
n¼ 8) during the four seasons of the year in tropical region. (a) Grad 1¼ gradient between rectal and spermatic funiculi temperatures. (b) Grad 2¼ gradient between rectal and
ventral testicular pole temperatures. (c) Grad 3¼ gradient between rectal and tail of the epididymis temperatures. (d) Grad 4¼ gradient between temperatures of the testicular
poles. a,b,c Indicates significant difference for genotype between seasons (P< 0.05). * Indicates difference between genotypes within the season (P< 0.05). SEM, standard error of the
mean.
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this process was verified by the similar means of SFT and Grad1
among the genotypes. The gradient between body and scrotal
surface temperatures assessed in the distal testicular pole region
(Grad2) showed normal values for testicular thermoregulation,
since it is recommended that the intratesticular temperature be
maintained from 2 to 6 �C lower than the internal temperature [37]
and that there is a positive correlation between the scrotal and
intratesticular surface temperatures [38]. However, the studied
genotypes showed a different behavior regarding the surface
temperature gradient between the testicular poles (Grad4).

Morada Nova rams showed greater efficiency in testicular
thermoregulation, as they exhibited constant Grad4 throughout the
year, with higher values in themore challenging climate period and
the highest average value among the genotypes. The Grad4 oscil-
lations observed in Dorper rams given the change in climate
showed less testicular heat dissipation capacity in the hotter pe-
riods. It is assumed that this difference in heat exchange with the
external environment is attributed to the difference in the quantity,
position, size and functionality of the sweat glands in the most
distal portions of the scrotum, the color and thickness of the skin
and the scrotal pelt [39], in addition to the anatomical difference of
the scrotal-testicular vascularization, as observed in cattle [40].

In general, the negative correlation of Grad4 with TD and pos-
itive correlation of Grad4 with PMI demonstrates that the higher
the thermal gradient between the testicular poles, the greater the
testicular ability to provide a more suitable thermal microenvi-
ronment for the production of the male gamete with morphology
and normal functionality [23,41]. However, the Dorper and Texel
genotypes showed a difference in the relationship between
testicular thermostability and seminal quality. In fact, Dorper ani-
mals showed increasing Grad4 throughout the seasons due to their
lower testicular heat dissipation capacity in the summer, but their
seminal quality was not different in relation to the indigenous
sheep genotypes. In contrast, the Texel genotype, whose Grad4
values over the seasons were constant and resembled the indige-
nous sheep genotypes, showed the lowest seminal quality among
the evaluated genotypes. This unprecedented result may indicate
that the genotypes have singular thermal sensitivity and require
specific conditions of temperature variation between the testicular
poles for the production of gametes.

The Texel breeders were more sensitive to the influence of
climate on their seminal characteristics, indicating a lower adaptive
capacity to tropical conditions than the other genotypes, especially
in the hotter period. This was confirmed by the higher RT in sum-
mer and higher PPT, DPT and MTT in the spring, variables consid-
ered to be predictors of climate adaptation capacity and important
for seminal quality [33]. The lower seminal quality of the Texel
animals was perceived due to lower PM and higher incidence of
MaD observed among genotypes. In general, it was possible to
confirm by the correlation coefficient that higher values of MaD had



Fig. 4. Mean (and SEM) of the evaluated sperm characteristics of 20 rams of different genotypes (Dorper, n¼ 5; Texel, n¼ 5; Santa Inês, n¼ 5; Morada Nova, n¼ 5) during the four
seasons of the year in tropical climate. (a) Progressive sperm motility (PM). (b) Plasma membrane integrity (PMI). (c) Minor sperm defects (MiD). (d) Major sperm defects (MaD). (e)
Total sperm defects (TD). (f) Sperm DNA fragmentation (DNAf). SEM, standard error of the mean.
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a negative influence on progressive sperm motility. In addition, the
total morphological defects exhibited by the Texel breeders, mainly
in the summer and autumn, exceeded 30%, the maximum accept-
able limit for in natura ram semen [20]. This was possibly due to
heat injury in spring and summer, as sperm defects can be man-
ifested in the ejaculate of rams within 63 days after the testicular
exposure at high temperatures, a period comprised of spermato-
genesis and spermatozoa transit through the testis and epididymis
[13].

The highest MaD value exhibited in summer, independently of
the genotype, can be associated to the thermal challenge that
occurred in spring and summer. This can be inferred by the
observed positive correlation of RT with MaD and TD, especially in
the Texel genotype, which exhibited higher body temperature in
these seasons. Although animals maintained body temperature
within normal levels, there was an increase in MaD levels in the
summer, probably because the energy that would be used for
reproductive purposes was directed to body thermoregulation
[8,42,43]. In addition, it was observed that the epididymis was also
negatively impacted by heat, due to the typology of sperm defects



Fig. 5. Mean (and SEM) of plasma concentration of testosterone of 33 rams of different
genotypes (Dorper, n¼ 8, Texel, n¼ 8, Santa Inês, n¼ 9 and Morada Nova, n¼ 8) grown
in a tropical climate region during the four seasons of the year. SEM, standard error of
the mean.
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with higher occurrence in this study (for example, strongly bent tail
and coiled tail), which are associated with epididymal dysfunction
caused by heat related stress [44].

It is known that high temperatures caused by microclimatic
fluctuations can affect the scrotum and cause disruption in the DNA
of the spermatozoa. The phase of spermatic mitotic division is
affected by heat stress and chromatin defects can be visualized in
the ejaculate between 48 and 54 days after the thermal insult [45].
However, no difference was observed with regard to the incidence
of sperm DNA damage throughout the seasons. It is probable that
the temperatures the gametes were exposed to were not enough to
unbalance the production of reactive oxygen species in the intra-
tubular environment, which are mainly responsible for causing
sperm DNA damage [11].

Another characteristic that can be compromised by the increase
in testicular temperature is the permeability of the sperm mem-
brane [42]. This cell envelope is especially sensitive in ovine and
highly susceptible to oxidative damage due to the excessive in-
crease of reactive oxygen species, in the case of thermal stress [12].
The absence of significant variation in the membrane integrity of
the spermatozoa throughout the seasons can be explained by the
adequate thermolithic capacity of the animals or by the efficient
elimination of the cells damaged by apoptosis [11,12]. Moreover, the
climatic environment probably was not stressful enough to affect
the production of testosterone during the seasons of the year [42].
5. Conclusions

The indigenous genotypes showed a greater capability to
maintain the scrotum-testicular thermoregulation, with emphasis
on the Morada Nova genotype. Dorper animals resembled the
indigenous sheep genotypes, in terms of seminal characteristics,
unlike Texel animals, which showed lower adaptability and lower
seminal quality. It was assumed that the distal portions of the
scrotum are more susceptible to heat, especially in the hottest
periods of the year. In addition, a specific genotype-dependent
thermal sensitivity was detected for the thermal gradient be-
tween the testicular poles, with a seminal quality reaction. Based
on the findings, it would be interesting to conduct further research
using a larger number of animals in different environments in order
to deepen knowledge about the genotype-environment in-
teractions observed.
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