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Abstract

Adaptation is a relevant characteristic to be understood in livestock animals in order to maintain and raise productivity. In Brazil,
the Nellore beef cattle are widely disseminated and well-adapted breed that present good thermoregulatory characteristics for
tropical environment conditions. Conversely, the physiological and cellular mechanisms required for thermoregulation and
thermotolerance in this breed are still limited. The aim of this study was to comprehend the heat loss efficiency at the whole
animal level and heat shock response at the cellular level of Nellore cows in tropical climate conditions. Healthy purebred Nellore
cows were classified according to their capacity to lose body heat as Efficient or Inefficient based on vaginal temperature which
was continuously monitored by data-loggers. Rectal, tail, and ocular temperatures, sweating rate, and respiratory frequency were
collected to assess other thermoregulatory responses. Peripheral mononuclear cells were used for gene expression of heat shock
proteins 60, 70, and 90 induced by in vitro heat treatments at 38, 40, and 42 °C. In our findings, the Efficient cows presented
higher sweating rates compared to Inefficient cows that presented higher rectal temperature with greater amplitude of vaginal
temperature profile. Transcription of the HSP genes was stable at 38 and 40 °C and decreased for all HSP genes at 42 °C. In
conclusion, the Nellore efficiency to lose heat was mainly associated with their sweating capacity and cellular thermotolerance
confirmed by the maintenance of heat shock proteins transcripts under heat stress. Taken together, this knowledge contributes as a
future key for genetic selection of adapted animals.
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THI Temperature humidity index
Toe Ocular temperature

T; Rectal temperature

T; Tail temperature

Tiag Vaginal temperature
Introduction

Humans and animals are recently experiencing climate chang-
es that affect health, welfare, agriculture, and livestock pro-
duction. Different compensatory mechanisms are recruited in
order to minimize the perturbations caused by a stressor and
enabling return to normality (Dobson and Smith 2000).
Adaptation is a crucial characteristic for animals to maintain
homeostasis within its environment. For this reason, it is nec-
essary to comprehend the dynamics between animal-
environment and which are the important features to over-
come adverse situations.

In a long adaptive process in tropical climates, Bos taurus
indicus were able to better regulate the rectal temperature in
response to heat stress than Bos taurus taurus (Deb et al.
2013). This capacity is related to low metabolic heat produc-
tion and high heat flow capability (Hansen 2004); arteriove-
nous anastomoses in the skin (Hales et al. 1978); thick, dense,
smooth and shiny hair coat (Hutchinson and Brown 1969;
Finch et al. 1984); and a high sweat glands density (Nay and
Hayman 1956). The Nellore breed originated from Indian
Ongole cattle and the purebred and its crosses are widely
disseminated in Brazil, contributing to 80% of the beef cattle
herds (Carvalho et al. 2014). The Nellore breed presents as
phenotype characteristics a hump behind the neck; pigmented
skin, nose, and hoof; white/gray or red coat; physical strength;
high maternal ability; ectoparasite resistance; hardiness; and
adaptability to food availability and to climate conditions;
they like affection and become extremely docile with good
handling (Mason 1988).

The knowledge related to physiological body temperature
regulation and thermotolerance of this breed in tropical cli-
mate conditions still remains unknown. An organism’s capac-
ity to perform work even if in heat stress by improving heat
dissipation due to moderate and repeated elevation of temper-
ature is part of the acclimatization process (Moseley 1997).
According to the same author, cells are able to survive to a
lethal heat stress by the previous synthesis and/or accumula-
tion of heat shock proteins (HSPs); this adaptation ability is
denominated thermotolerance. The genes involved in the syn-
thesis of HSPs can be used as genetic markers in the study of
stress in cattle and buffalo and their expression varies across
breeds and species (Kumar et al. 2015). Additionally, there are
different profiles of HSPs expression related to animal heat
tolerance, adaptation capability, and the climate conditions.
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The investigation of thermoregulatory and thermotoler-
ance mechanisms will elucidate characteristics related to
Nellore adaptation and this knowledge may contribute as
a future key for genetic selection or molecular markers to
improve productive and reproductive performance in the
face of heat stress. Hence, the aim of this study is to gain
insights into heat loss efficiency and the cellular heat
shock response of Nellore cows (Bos taurus indicus) in
tropical climate conditions.

Material and methods
Experimental site

The Institutional Ethics Committee of Animal Use approved
all animal care, handling and procedures in this project with
the protocol number no. 13.1.2186.74.2. The study was con-
ducted during the months of October and November in the
Biometeorology and Ethology Laboratory, Faculty of Animal
Science and Food Engineering (FZEA), University of Sdo
Paulo, Pirassununga (21° 80’ latitude South and 47° 25" 42"
longitude West). The local climate is classified as a subtropical
humid (Cwa) according to Kdppen-Geiger classification
(Kottek et al. 2006). The qPCR analyses were performed in
the Physiology and Molecular Endocrinology Laboratory,
Faculty of Veterinary Medicine and Animal Science,
University of Sdo Paulo. Nellore cows with 73 +15 days
post-partum, 5.3 +0.6 years old, body condition score of
5.65+1.27 (scale 1 to 9), and live weight of 677 + 17 kg were
used in this project. They were kept in Urochloa (syn.
Brachiaria) pastures, with mineral supplementation and water
ad libitum. All cows were held in a shaded area with a water
trough before measurement and after they were returned to
pasture. The air temperature (7,), black globe temperature
(Tyg) and relative humidity (RH) were continuously measured
during 6 days of experiment by data-loggers HOBO U12-013
(Onset HOBO® temp/RH/2 ext. channels) (Table 1). On the
last four days of the experiment, the heat condition was also
assessed by the temperature and humidity index (THI), as
described by Thom (1958): THI=T,+0.36 x T4, +41.2,
where T, is the air temperature and Ty, is the dew point tem-
perature, both in degrees Celsius (Table 2).

Experiment 1: heat loss efficiency

The animals were classified as Efficient (EF) and Inefficient
(NEF) using the vaginal temperature (7,,) continuously mon-
itored from day 1 to 6 by data-loggers. In this experiment, 16
healthy lactating purebred Nellore cows (Bos taurus indicus)
were used. The data-loggers (HOBO Water Temperature Pro
v2) used were housed in a blank progesterone implant to allow
better placement in the reproductive tract, with the dimensions
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Table 1 Mean, maximum, and

minimum values of air Ta (°C) Tbg (°C) RH (%)

temperature (73), black globe

temperature (7y,), and relative Day Mean Max. Min. Mean Max. Min. Mean Max. Min.

humidity (RH) during 6 days of 1 27.42% 41.61 19.31 29.98* 4924 18.65 58.45¢ 86.34 21.51

experiment 2 25.89° 36.47 18.53 27,13° 45.49 17.91 64.71% 92.75 34.06
3 22.26° 34.20 15.7 24.59° 4250 15.24 61.01° 86.73 29.38
4 22.68° 35.93 13.28 25.42° 50.92 12.89 61.59% 87.12 29.32
5 24.14¢ 39.8 15.50 26.81° 51.88 15.10 63.48" 86.95 30.55
6 25.05 39.17 17.46 27.42° 52.13 17.15 61.84% 79.86 3241

*Different superscript lowercase letters in the columns statistically differ by ¢ test (P < 0.05)

11.5 ecm % 3.0 cm x 43 g (LXCxW). This methodology is de-
scribed in the conference abstract of Hooper et al. 2017b.

The methodology used to understand the heat loss efficien-
cy was based on the studies of Fisher et al. (2008) and Hillman
et al. (2009). From the 6 days of vaginal temperature profiles
measurement, 2 days with similar climatic conditions were
chosen. On these 2 days, the vaginal temperatures were sepa-
rated in heat gain period, from 12:00 to 19:00, and heat loss
period, from 19:00 to 07:00. To represent heat loss and heat
gain, two regression equations were calculated. The angular
coefficients were determined to each animal for the heat gain,
ascending slope (positive 3), and heat loss, downward slope
(negative 3). The EF were those that quickly dissipate heat
with higher downward slope and the NEF were those below
the mean of downward slope. Rectal (T5), tail (7}), and ocular
area temperatures (7,.), sweating rate (SR), and respiratory
frequency (RF) were collected to understand the thermoregu-
latory responses and compare with the heat loss classification,
ondays 3, 4, 5, and 6, in the morning at 07:00 and afternoon at
15:00.

The T, and T; were measured using clinical and contact
thermometers. The T,. was taken by thermal images (IRT)
using the IR camera Testo® 875-2i (Testo Ltd., Altom
Hampshire, UK). The camera featured a temperature range
from —30 °C to +100 °C with a resolution of 2.1 mrad,
accuracy of +2% of reading, and thermal sensitivity of <
50 mK. The emissivity was adjusted to 0.98 in accordance
with the emissivity for mammals and livestock skin

(Kastberger and Stachl 2003). The thermal images were tak-
en on animals’ face at 1-m distance and processed in the
camera software where a circle on the ocular area was drawn
to get the surface mean temperature (Fig. 1). The SR was
obtained by the Schleger & Turner (1965) method, in which
three paper discs containing cobalt chloride are fixed with
adhesive tape in a rectangular area without fur at the left
upper thorax between the 10th and 11th ribs. After fixation,
the discs’ color change (blue to light pink) are timed. The
SR is obtained with the following formula: SR
(g m 2 h')=(22x3.600)/(2.06 x mean of time in seconds
for discs’ color change). The RF was measured by counting
the breath movements per minute (bpm).

Experiment 2: HSPs gene expression
Blood sampling and in vitro heat treatment

At 7:00 h on day 6 of experiment 1 (7,=26.33 °C), non-
coagulated whole blood samples were taken to in vitro heat
treatment in three different water bath devices calibrated for
38 °C (control), 40 °C (heat stress), and 42 °C (heat stroke) for
two consecutive hours (Wang et al. 2003). Six sodium heparin
tubes (10 IU/ml, total volume of 8 ml) were sampled by cow
in the jugular vein, in which each water bath receipt two tubes
(16 ml of blood per treatment). All blood tubes were kept at
room temperature after sampling and were immediately sub-
jected to heat treatment.

Table 2 Means followed by standard error for air temperature (7;,), black globe temperature (7y,), relative humidity (RH), and temperature humidity

index (THI) on days 3 to 6 in the morning (7:00) and afternoon (15:00)

Day 3 Day 4 Day 5 Day 6

7:00 15:00 7:00 15:00 7:00 15:00 7:00 15:00
T,(°C)  20.79+0.71%  29.49+0.15°  2044+048%  32.09+0.03* 21.97+0.53% 31.08+£0.07° 2633+036° 30.91+0.12°
Tog (°C)  1824+0519  30.84+0.19°  1822+0.32%  32.73+0.03° 20.38+0.33° 31.82+£0.09" 21.55+0.35° 32.01+0.18"
RH (%) 64.56+1.98% 49.48+025% 72.02+157°  44.84+020° 67.9+138°  48.8+0.24¢ 62.46+133°  45.6+0.36%
THI 67.22+0.79°  77.65+020°  67.50+0.51%  80.69+0.08° 69.29+0.62¢ 79.91+0.1* 74774038  79.16+0.11%°

*Different superscript lowercase letters at the same line statistically differ by  test (P < 0.05)
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Fig. 1 Thermography photo
taken on the Nellore cow’s face
and the thermography image
processed with an area delimited
on eye to obtain the ocular
temperature (in colors)

Isolation of peripheral blood mononuclear cells

At the end of heat treatment, the PBMCs were isolated by
gradient centrifugation. The samples were centrifuged at
1.174¢ for 20 min at room temperature. The leucocyte layer
was transferred to a 1.5-mL microfuge and the tube filled with
hemolysis solution. Successive washes were done until the
leucocyte pellet was depleted of plasma and lysed RBCs.
One last wash was performed with PBS, the final supernatant
was discarded and the cell pellet rapidly stored (less than
2 min) at — 80 °C for RNA preservation. The cells were kept
on that condition for 1 year until RNA extraction. The PBMCs
were used as a model to understand the systemic heat shock
response without the interference of other external factors
(McClung et al. 2008; Deb et al. 2013; Kishore et al. 2013;
Mohanarao et al. 2014). Five EF and five NEF cows were
randomly selected for the study of HSPs gene expression in
PBMCs. The molecular analysis presented here are also de-
scribed in the conference abstract of Hooper et al. 2017a.

Total RNA extraction and cDNA synthesis

The total RNA was isolated by Trizol Reagent method in 1.5-
mL tubes (Invitrogen, Carlsbad, CA). The RNA obtained was
treated with DNAse I (Invitrogen, Carlsbad, CA) following
the manufacturer’s procedures to exclude genomic DNA con-
tamination. The RNA concentration and purity were obtained
by NanoVue Plus spectrophotometer (GE Life Sciences) and
analyzed by the absorbance ratios of 260/280 and 260/230
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respectively. Samples were stored at — 80 °C until cDNA syn-
thesis by reversed transcription (RT-PCR).

The RT-PCR was performed using the Superscript III kit
(Invitrogen, Carlsbad, CA). The RNA was diluted in DEPC
water to a concentration of 1 pg in 10 puL water. In 0.2 mL
microtubules free of DNase and RNase were added 10.0 uL of
RNA (1 pg) and 1 uL of pd. (T) 12-18 (0.5 ug uL™). The
tubes were then incubated at 65 °C for 5 min and then cooled
to 4 °C. A mix solution containing 4.0 uL 5x buffer, 2.0 puL
DTT, 1.0 uL ANTP (10 mM each), 1.0 uL. RNase Out, and
1.0 puL Superscript I1I. 9.4 pL of the mix solution was added
to each tube and incubated for 1 h at 50 °C, followed by
15 min at 70 °C. Subsequently, the tubes were stored at —
20 °C.

Quantitative real-time PCR

The gene sequences were sourced from NCBI database (http://
www.ncbi.nlm.nih.gov/gene) masked by RepeatMasker,
designed by PrimerQuestQM and specificity was tested
using the BLAST1 software (Table 3) (Bettegowda et al.
2006). The primers were synthesized by a commercial suppli-
er. Each primer was validated by concentration test and stan-
dard curve. The concentration test was performed with final
concentrations of 150:150 nM, 300:300 nM, and 600:600 nM
(forward and reverse primers) in duplicate with a pool of
cDNA. To select the concentration of the primers to be used,
the data provided by the StepOnePlus software was analyzed
by the LinRegPCR software. The choice was made consider-
ing the concentration of primers that generated: reaction


http://www.ncbi.nlm.nih.gov/gene
http://www.ncbi.nlm.nih.gov/gene

Int J Biometeorol (2019) 63:1475-1486 1479
Table 3  Primer sequences forward (3'-5’) and reverse (5'-3') used in the experiment
Nomenclature Gene GenBank number  Sequence Amplicon  Efficiency Reference
size (bp)
Bos taurus heat shock HSP60 NM001166610.1  3’'CTCATCTCACTCGGGCTTATGS' 98 1.996 PrimerQuest
protein family D 5'GGCTACAGCATCGGCTAAA3Z'
member 1
Bos taurus heat shock HSP70 NM203322.3 3'’ACCCGCAGAACACGGTGTTS' 118 1.994 PrimerQuest
70-kDa protein 1A 5S'AGGCTTGTCTCCGTCGTTGA3'
Bos taurus heat shock HSP90 NM001012670.2  3’'GTCCATACATCGGGCTTGTTS' 96 1.995 PrimerQuest
protein 90 alpha family S'TACCTTTCCAGCGGCTTTAC3'
class A member 1
Bos taurus actin, beta ACTB NM173979.3 3'GGATGAGGCTCAGAGCAAGA 77 2.006 Bettegowda
GA5' et al. (2006)
S'TCGTCCCAGTTGGTGACGAT3'
Bos taurus ribosomal RPL-15 AY786141.1 3 TGGAGAGTATTGCGCCTTCTCS’ 64 1.944 Bettegowda
protein L15 5'CACAAGTTCCACCACACTAT et al. (2006)
TGG3'
Bos taurus histone H2A  HISTONA 2 AY835842.1 3'GAGGAGCTGAACAAGCTGTTGS' 103 1.928 Bettegowda
S'TTGTGGTGGCTCTCAGTCTTC3' et al. (2006)
Bos taurus peptidylprolyl ~ PPIA NM_178320.2 3'GCCATGGAGCGCTTTGGS' 64 1.997 Bettegowda

isomerase A

5'CCACAGTCAGCAATGGTGATCT3’

ctal. (2006)

efficiency closer to 100%, dissociation curve with single am-
plification peak for cDNA reactions, without peaks for nega-
tive control reactions, and with the lowest threshold concen-
tration (C,). After choosing the primer concentration for each
transcript analyzed, a standard curve was elaborated. Serial
dilutions of the cDNA: 1:20, 1:40, 1:80, 1:160, and 1:320
were tested in duplicate. The concentration of primers used
was chosen according to the result of the concentration test.
For acceptance of the curves, slope values, coefficient of de-
termination (+*) and efficiency provided by the StepOnePlus
software were analyzed. Curves with efficiency between 90
and 110% and 7 near 1 were accepted.

In order to select the reference genes, GeNorm Microsoft
Excel which provides a measure of gene expression stability
(M) was used (Vandesompele et al. 2002). The genes beta-
actin (ACTf3), ribosomal protein L15 (RPL-15), histone 2,
and cyclophilin A (PPIA) were converted to a quantitative
expression scale using the delta C; method and were processed
in GeNorm. These genes have been classified based on M
values, in which the genes with the most stable expression
had the smallest M values. The three most stable genes were
ACTf, RPL15, and PPIA. The target genes Bos taurus heat
shock protein family D member 1 (HSP60), Bos taurus heat
shock 70-kDa protein 1A (HSP70), and Bos taurus heat shock
protein 90 alpha family class A member 1 (HSP90) were
normalized with the geometric mean of the most stable refer-
ence genes. The efficiency of qPCR and the quantification
cycle (Cy) were determined for each sample using the
Software LinRegPCR.

The qPCR analyzes were performed in Applied Biosystem
equipment StepOnePlus® (software version 2.3, Invitrogen,

Carlsbad, CA) with SYBR® Green (Power SYBR® Green
PCR Master Mix, Invitrogen, Carlsbad, CA) as the fluorescent
label (Power SYBR® Green PCR Master Mix). Each reaction
had the total volume of 20 puL (16 pL of SYBR® Green,
primers, water with 4 uL of cDNA). MicroAmp® Optical
Adhesive Film (MicroAmp® Fast Optical 96-Well Reaction
Plate, catalog number: 4346907) and transparent adhesive
tape were used to seal them (MicroAmp® Optical Adhesive
Film, catalog number: 4360954).

The thermocycling condition of qPCR is characterized by
waiting stage: 95 °C for 10 min; 40 cycles: denaturation, tem-
perature increase and separation of the double strand (95 °C
for 15 s), annealing, primers bind to their homologous region
in the cDNA (60 °C for 1 min); dissociation curve. In all
plates, samples and control were tested in triplicate and the
negative control was performed only with ultrapure water. The
specificity of the amplified portion, the PCR products were
purified using QIAquick® PCR Purification Kit (Qiagen
Laboratories). The samples were diluted, added with the re-
spective primers and were sent to the Center for Human
Genome Studies at the University of S3o Paulo. The se-
quences of the results were accessed by the Chomas software
and tested for their specificity using the BLAST1 software.

Data analysis
The environmental data were analyzed by the F test and
Student’s ¢ test. The T, Ty, RH, and THI were analyzed as

dependent variables and the day and period as independent
variables, as well as the interaction within days and periods,
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with GLM procedure of SAS 9.2 software (SAS Inst., Inc.,
Cary, NC).

For experiment 1, to classify the animals by heat manage-
ment, logistic regressions using 7., as dependent variable
and time of day as independent variable were made, with
repeated measures in time, setting times to obtain the angular
coefficients (3) for heat gain and heat loss. The physiological
variables were analyzed as repeated measures in time using
the animal as a random effect and the date as a block. The
means were compared by the F test and Student’s ¢ test. In the
multiple comparisons procedure, PDIFF of MIXED proce-
dure of SAS 9.2 software (SAS Inst., Inc., Cary, NC) was
used. No interaction was obtained from period and loss effi-
ciency. Pearson correlation coefficients were estimated within
physiological and meteorological variables.

In experiment 2, gene expression was analyzed by MIXED
procedure of SAS 9.2 software (SAS Inst., Inc., Cary, NC)
taking in consideration the fixed effects the heat shock treat-
ments (38, 40, and 42 °C), classification (EF and NEF), and
the interaction within heat treatment and classification. Means
were compared by F test and Student’s # test (PDIFF). All tests
were performed at 5% probability and the values presented by
mean and standard error of the mean. The structure used in
repeated measures in time analysis was chosen based on the
lower Akaike Information Criterion value.

Results
Meteorological data

The highest values of T, were found at days 1, 2, and 6, of Ty,
ondays 1,2, 5, and 6, of RH on days 2, 5, and 6, respectively
(Table 1). To analyze the 7,4, days 5 and 6 were selected as a
2 days’ period with similar high load conditions. On these
days, the mean of 7, and Ty, observed from 12:00 to 19:00
were 33.67 and 41.82 °C, and from 19:00 to 07:00 were 20.48
and 20.09 °C, respectively. The thermal conditions on the
morning (7:00 to 8:00) and afternoon (15:00 to 16:00) during
physiological measurements are presented in Table 2. There
was difference for all variables between morning and after-
noon in days, especially for 7y, and THIL The days 5 and 6
chosen for heat loss classification also showed similarity in the
afternoon. This result is described in the conference abstract of
Hooper et al. (2017Db).

Experiment 1: heat loss efficiency

The maximum, minimum, and angular coefficients for the
heat gain (1) and heat loss (32) for T\,, in the selected
periods are shown in Table 4. There was no difference within
EF (0.09+0.006) and NEF (0.16 £0.09) for 31 (P value=
0.379). Otherwise, there was statistical difference for 32 (P <
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0.001) within EF (0.06 =0.005) and NEF (0.03 £0.002). The
profile of 7,, for EF and NEF cows is illustrated on Fig. 2
under the same environmental condition. The continuous
measurement of the 7,, on days 5 and 6 showed body tem-
perature increase from 12:00 to 19:00 and gradual decrease
from 19:00 to 7:00. In our study, it was observed that the 7\,
reached the peak in both groups at around 16:00. According to
our classification, the 7\, variation for heat gain period was
similar between EF and NEF; however, in the heat loss period,
a greater amplitude of 7., for NEF was observed. The Tr, Tt,
Toc, RF, and SR were lower in the morning than in the after-
noon (Table 5). Complementarily, the EF cows presented
higher SR than NEF cows that presented higher 7;. No statis-
tical difference for the other physiological variables between
groups was observed.

T showed moderate and positive correlation (P < 0.0001)
with T, and T (r = 0.63), T, (#=0.56) and RF (r=0.35). T,
exhibited weak and positive correlation with SR (»=0.22),
high and positive (P<0.0001) with 7, (»=0.71), and Ty,
(r=0.7), and moderate and negative (P <0.0001) with RH
(r=—0.64). The T, showed strong or moderate positive cor-
relations (P < 0.0001) with other physiological variables. The
strong correlation was observed between 7, and Ty (»=0.87).
This result is described in the conference abstract of (Hooper
et al. 2017Db).

Experiment 2: HSPs gene expression

No difference of RNA concentration within treatments was
found (38 °C: 1.19+0.20 pg/uL, 40 °C: 0.82+£0.09 ug/ul,
42 °C: 1.45+0.28 pg/uL, P=0.12). Gene expression for all
HSPs from 38 to 40 °C was stable. There was a decrease of
transcripts’ abundance from 38 to 42 °C and from 40 to 42 °C
(Table 6). (The descending order of HSPs is as follows:
HSP70 > HSP60 > HSP90 in the treatments at 38 and 40 °C,
and at 42 °C was HSP60 > HSP70 > HSP90). There was no
difference of gene expression between EF and NEF; however,
for both, the HSP70 presented higher expression, followed by
HSP60 and HSP90. No effect for the interaction within heat
treatment and classification was found.

Discussion

The environmental conditions were within the thermal com-
fort zone for cattle. The comfort zone for cattle ranges from 10
to 27 °C for air temperature and from 60 to 70% for relative
humidity (Titto et al. 2011). Titto (1999) considered for
Marchigiana, Nellore, and Simental breeds, the air tempera-
ture of stress from 28 to 35 °C. However, in certain hours of
the day, the cows were exposed to stress conditions mostly
because of high solar radiation, expressed in T, Therefore,
the evaluation of black globe temperature is considered a good
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Table 4 Classification of Nellore

cows according to angular Day 5 (12:00-19:00) Days 5 and 6 (19:00-7:00)

coefficients of heat loss (32) and

heat gain (1), maximum and Cow Classification T\,¢ (mean = SEM) p1 T\ g (mean = SEM) 32

minimum vaginal temperatures A EF 38.69+0.04 0.06 38.21+0.04 0.08

(Tuag) on days 5 (from 12:00 to B EF 38.78+0.06 0.09 38.36+0.04 0.07

19:00) and days 5 and 6 (from

19:00 to 7:00), for Efficient (EF) C EF 38.63£0.06 0.09 38.28 +0.04 0.06

and Inefficient (NEF) cows D EF 38.78 +0.04 0.06 38.39+0.04 0.06
E EF 38.58+0.05 0.11 38.42+0.03 0.05
F EF 38.57+0.05 0.10 38.19+£0.03 0.04
G EF 38.70£0.06 0.10 38.51+£0.03 0.04
H EF 38.71£0.04 0.08 38.68£0.02 0.04
1 NEF 38.58£0.07 0.07 38.31+£0.02 0.03
J NEF 38.46+£0.05 0.10 38.45+0.03 0.03
K NEF 38.85+0.04 0.06 38.53+0.02 0.03
L NEF 38.69+0.02 0.04 38.58+£0.02 0.03
M NEF 38.66+£0.05 0.08 38.49+0.02 0.03
N NEF 38.80+£0.06 0.13 38.19+0.03 0.02
(¢} NEF 38.73+0.07 0.08 38.38+£0.02 0.02
P NEF 38.78 £0.05 0.07 38.64+0.03 0.01

tool for biometeorology analyses because it combined the ef-
fects of air temperature, radiant temperature, and wind speed,
providing an indirect measure of radiant heat in degrees
Celsius (Kelly and Bond 1971).

The heat stress level can be evaluated according to the air
temperature, relative humidity, solar radiation, wind speed,
and the combination of them in indexes. The Livestock
Weather Safety Index (LWSI) commonly assigns heat stress
following THI classification (Mader et al. 2006). The THI
values <74 are classified as normal; alert between 75 and
78; danger, 79-83; and emergency, > 84 (Hahn 1995). In the

morning, the THI values were considered normal; however,
the risk of heat stress was observed in the afternoon with THI
values classified as alert and emergency. Domiciano et al.
(2018) working with Nellore steers on integrated systems
found THI values from 79 to 85 depending on the dry-rainy
season, and health and weight loss problems during the
experimental period were not observed even with THI
values. Navarini et al. (2009) reported mean THI values of
76, 78, and 80 for small forests, isolated trees, and not shaded
conditions, with higher values at 15:00. The same authors
suggested that THI around 80 for Nellore cows characterize
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Fig. 2 Means and SEM of vaginal temperatures (7,g) for Efficient (EF) and Inefficient (NEF) cows on days 5 and 6 (from 12:00 to 7:00)
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Table 5 Mean and standard error for physiological variables of Nellore cows by period (morning and afternoon), classification (EF — NEF) and the
interaction (period x classification)
Period Classification Interaction
Morning (7:00) Afternoon (15:00) P value EF NEF P value P value
! 37.28+0.09 38.32+0.05 <0.0001 37.65+0.10 37.95+0.08 0.001 0.18
Toug” 38,42 £0.03 38.83+0.02 <0.0001 38.58+0.03 38.67+0.02 0.08 0.21
T3 29.53+0.27 34.59+0.18 <0.0001 31.78+0.42 32.35+041 0.13 0.73
T, 30.91+0.14 34.1+£0.08 <0.0001 32.56+0.25 32.45+0.22 0.50 0.34
RF° 29.51+0.67 37.57+0.85 <0.0001 33.76 +£1.07 33.32+0.93 0.72 0.88
SR® 441.47+15.55 567.35+16.85 <0.0001 528.73+£22 480.08 +17 0.05 0.39

! Rectal temperature (°C), * vaginal temperature (°C), > tail temperature (°C), * ocular temperature (°C), > respiratory frequency (bpm), ® sweating rate

(gm>h™)

heat stress condition that in our experiment was observed in
the afternoon during physiological measurements.

The continuous measure of internal body temperature has
been used to understand animal responses over time rather
than single time point measures. It can be performed in differ-
ent ways, the most common methods are the tympanic (Hahn
1999), rectal (Reuter et al. 2010), intraruminal (Alzahal et al.
2011), and vaginal (Burdick et al. 2012). Hillman et al. (2009)
and Burdick et al. (2012) observed a high correlation (»=
0.92) and a difference of 0.06=0.015 °C within 7; and T,,.
In our study, we decided to evaluate vaginal temperature as a
continuously measurement to understand heat loss efficiency
in time. This methodology allowed us to distinguish cows, in a
feasible and reproducible way, in more or less capable to dis-
sipate heat in the same environmental condition.

The influence exerted by the environment on the physio-
logical responses should be evaluated considering changes in
day heating and night cooling (West et al. 2003). In our find-
ings, the cows presented an increase on body temperature on
day heating, with low influence in the morning and higher in
the afternoon. The diurnal rhythm of body temperature is
monophasic and cyclic with a maximum at the end of the
afternoon and minimum in the morning (Hahn 1999). The
same author underlines that the variations of the body temper-
ature depend on the animal and are related to environmental
conditions and may alter the rhythm and amplitude.

The 7, was in the physiological normality proposed by
Kolb and Ketz (1987), 38.5 to 39.3 °C. The T, was slightly
above that observed for 7;, nonetheless within physiological
normality. The influence of environmental temperature on an-
imals also can be noticed on surface temperatures (7; and 7).
We anticipated that NEF would have higher T; and T,.; how-
ever, there was no difference in these parameters in the EF and
that animals with lower skin surface temperature are more
efficient to dissipate heat to the environment (Montanholi et
al. 2008, 2009). Martello et al. (2016) emphasize that in ther-
mal stress, the association of infrared thermography traits
(IRT) with physiological parameters may be altered according

@ Springer

to the environment; that in our case all cows were in the same
conditions. The T, had a positive and strong correlation with
T, (0.81) reflecting the impact of environment on this super-
ficial temperature; moreover, Church et al. (2009) suggest that
when the animal is under stress, the activation of the
hypothalamic-pituitary adrenal axis occurs with subsequent
increase of catecholamine and cortisol levels as well as chang-
es in blood flow and ocular temperature.

The EF presented higher mobilization of evaporative
mechanism by increased sweating rate to lose heat than
NEF. Probably, the NEF had difficult to manage heat loss
using evaporative mechanism (SR) and consequently present-
ed a higher variation in 7, profile. Jessen (2001) affirms that
both sweating and panting are relevant for homeothermia
maintenance. Barbosa et al. (2014) found sweating rates of
259.8 and 228.7 g.m > h™' respectively for white and red
Nellore. McManus et al. (2009) observed in Nellore the sweat-
ing rate from 224.6 to 258.61 g.m > h™'. Our findings are
higher than that found in the literature. Silva (2000) stated that
Zebu cattle are more efficient in using sweating rate than other
types. Moreover, it reflects a characteristic related to adapta-
tion in hot climate conditions and its increment promotes the
reduction of heart rate and rectal temperature (Cheung and
McLellan, 1998).

In both groups, respiratory rate was within the normal
range from 24 to 55 bpm (McManus et al. 2014) and all body
temperatures studied were positively associated with respira-
tory rate; hence, the increase in body temperature led to the
increase of respiratory frequency. The cows did not recruit
panting to lose heat, because the thermal environment was in
the thermocomfort zone. The knowledge of these thermoreg-
ulatory profiles points out traits in the breed related to good
adaptation in our climate condition, majority related to sweat-
ing rate capacity and low resistance to heat loss, and would be
a good strategy for genetic improvement in tropical regions
(Finch 1985).

At the cellular level, the heat treatments did not affect the
RNA vyield or quality. At control (38 °C) and heat stress
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Table 6 Gene expression of heat shock proteins 70, 60 and 90 on PBMCs induced by in vitro the treatments at 38 °C (control), 40 °C (heat stress) and 42 °C (heat stroke), classifications (Efficient and

Inefficient) and interaction (treatments and classifications)

Interaction

Classification

Heat treatment

42 °C

40 °C

38 °C

Efficient Inefficient  Efficient Inefficient  Efficient Inefficient

P value
0.

Inefficient

Efficient

42 °C P value
<.001
<.001
<.001

40 °C

38 °C

0.86+0.02 0.82+0.01
0.94+0.02

0.82+0.03

0.27

1.31+£0.02 1.26+0.02

1.26£0.02
1.15+0.01
1.01+0.01

1.33+£0.07
1.23+0.05
1.03+£0.04

0.93

06

1.11+£0.05A
1.09£0.03A
0.91+0.03B

0.003

1.17 £0.06A
1.12+£0.04A
0.94+0.03B

0.003

1.28+0.01aA 0.84+0.01bB

1.30+0.032A
1.19+0.03aB

1.02 +£0.02aC

<.001

HSP70
HSP60
HSP90
P value

0.92+0.02
0.74+0.02

1.21£0.02
0.98+0.03

1.19+0.02
0.98+0,01
0.24

0.25
0.14

0.93+£0.01bA
0.78 £0.02bC

<.001

1.20+0.01aB
0.98+0.01aC

<.001

*Different lowercase letters within the line and different capital letters within the columns statistically differ by # test (P < 0.05). Results are the ratio between the HSP C; and the geometric mean of the

control cDNAs

(40 °C), HSP gene expression was stable. However, there was
a decrease in the amount of transcripts of all HSPs at heat
stroke (42 °C). HSP70 had the highest gene expression on
control and heat stress treatments, followed by HSP60 and
HSP90, respectively. The HSP70 is a highly induced chaper-
one and is very important in stabilizing native protein confor-
mation, maintaining cell survival and integrity when thermal
stressed (Moseley 1997). Although in the heat stroke the total
amount of transcripts reduced for all HSPs, the HSP60 was the
most expressed chaperone; that is, because it participates in
mitochondrial activity and bidirectional mitochondrial mem-
brane transport (Baraja-Vasquez et al. 2005). In our study, the
thermal stress at 42 °C leads to a decrease in cell protection
mechanisms by the reduction on all HSPs, but among them,
the HSP60 was the one with higher expression. This may be
explained by the fact that HSP60 is associated with the mito-
chondria with higher activity during heat stroke than com-
pared to the other treatments. Both HSP70 and HSP90 form
a complex of co-chaperone in the cytoplasm to restructure
protein conformation, and at heat stroke, both decreased their
amount of transcripts. These chaperones collaborate in protein
folding to restructure conformation, to promote stabilization,
and turnover by their grouping in multichaperone complexes
(Pratt etal. 2010). Comparing the amount of transcripts within
treatments, the HSP90 was the most constant HSP among the
others analyzed. This indicates that it is a good indicator of the
existence of heat stress, but it is not as discriminatory in rela-
tion to the intensity of heat stress such as HSP70.

In this way, the existing and de novo synthesis of HSPs
helps the cell to survive in the face of stress, especially for
HSP70. Besides, as observed in other studies, the heat stress
promoted cell instability by protein denaturation and degrada-
tion, compromising cytoskeletal components, membrane per-
meability, and inhibition of protein synthesis (Sonna et al.
2002). Controversially, our finding did not corroborate with
the results observed by Banuelos-Valenzuela and Sanchez-
Rodriguez (2005); Agnew and Colditz (2008); Mishra et al.
(2011) and Kishore et al. (2013).

The acclimatization process not only reduces body tem-
perature by increasing the heat flow to skin and heat dissi-
pation but also allows the body to tolerate high tempera-
tures, and the HSPs are involved in this process (Moseley
1997). Although, EF and NEF cows did not present changes
in gene expression, in warm conditions, a different pattern
of HSP accumulation can be observed between species and
this characteristic is associated with more or less thermo-
tolerance. Liver cells of lizards has greater amounts of
HSP70 when the animals were in high-temperature ecolog-
ical niches, even in non-stressful conditions (Ulmasov et al.
1992). The same was described in brain cells of ants
(Cataglyphis bombycina) inhabiting the Sahara Desert
(Gehring and Wehner 1995) and with fibroblast cells of
humans that inhabit Asia and Europe (Lyashko et al. 1994).
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However, as elucidated by Lepock (2005), the cellular re-
sponse to stress is related to the amount of proteins denatured
and aggregated by the effect of thermal stress. In our findings,
the conservation of HSPs at 40 °C compared to the control
was a protection mechanism used by cells against damage. We
know that HSPs and their regulation in PBMCs is one adap-
tation component of the heat stress response, and heat toler-
ance in the highly adapted Nellore breed also is encouraged in
vivo studies of thermotolerance for future researches.

Conclusions

In conclusion, the method used to discriminate the Nellore
cows by their heat loss capacity is reproducible and feasible.
In this breed, the efficiency to lose heat was mainly associated
with sweating capacity and the cellular adaptation was con-
firmed by the cellular maintenance of HSPs even at 40 °C. The
knowledge to understand the animal’s thermoregulation and
thermotolerance is long and requires more studies of cell sig-
naling, in vitro and in vivo. The information achieved in this
study contributes as a future key for genetic selection of
adapted animals in tropical conditions, when it is important
to consider the relation within the environment and
productivity.
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