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ABSTRACT
The objective of this study was to investigate the genetic polymorphisms and transcript levels of
antioxidant and metabolic markers for diarrhea monitoring in Holstein dairy calves. For DNA and
RNA extraction, blood samples were taken from 100 female calves (50 with diarrhea and 50
appearing healthy). DNA sequencing and real time PCR for and metabolic genes were
performed to identify genetic variants linked to diarrhea susceptibility. Results revealed that
there were nucleotide sequence variations in the investigated genes between healthy and
diarrheal calves. Keap1, HMOX1, CMPK2, ASPG, FPGT, TNNI3 K, and LPCAT1 were considerably
more highly expressed in diarrheic calves than resistant ones. The Nrf2, PRDX2, and PRDX6
genes, however, produced a different pattern. This study provides a practical control strategy to
lessen newborn diarrhea in Holstein dairy calves and emphasizes the significance of nucleotide
variations along with antioxidant and metabolic gene expression patterns as proxy markers of
diarrhea susceptibility/resistance.
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Introduction

Calves are essential to preserving animal wealth because
they act as a herd replacement or as a necessary source
of high-quality protein to satisfy the demands of a popu-
lation that is quickly growing (Zaki, 2003). Improved under-
standing of the biology of the digestive tract in newborn
dairy calves will lead to a reduction in health problems
such diarrhoea as well as an increase in feed efficacy and
average daily growth in pre-weaned dairy calves (Rosa &
Osorio, 2019). There were moderate to high incidences of
diarrhea, particularly in the Holstein breed (Becher et al.,
2004). Calves up to 30 days old are the primary age
group affected by enteric disorders (Cho & Yoon, 2014).

Calf diarrhoea (CD), one of the most common pro-
blems with young animals, has a huge detrimental econ-
omic and production impact on the global cattle

industry (Achá et al., 2004). Although farm management
has been optimized, including calf feeding techniques
alongside advancements in calf husbandry systems,
neonatal calf diarrhea (NCD) still accounts for between
27.4% and 55% of all young calf deaths in Egypt
(Younis et al., 2009). In addition to mortality, economic
losses also occur from remedy, diagnostics, labor interp-
olation, and reduced herd size, as well as succeeding
prolonged illness and poor growing performance, also
result in economic losses (Bazeley, 2003).

NCD is a complex syndrome that also involves non-
infectious problems with the cattle (such as food and
immune status), the management, or the environment
(Izzo et al., 2011). Effective control of NCD is challenging
due to its multifactorial character (Cho & Yoon, 2014).
Diarrhea instances are typically more common from
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October/November to March, when it rains, than from
March to October (Achá et al., 2004). Despite the
complicated causes of calf diarrhea, bacterial organisms
are still to blame for more than 50% of cases in newborn
calves (Kumar et al., 2012). Antibiotic use may lead to the
evolution of antibiotic resistance, risking both the
general public’s health and the ability to treat bacteria
that cause calf diarrhea in the future. Alternatives to anti-
biotics are desperately required for disease control and
prevention. It has been suggested that it may be poss-
ible to stop the virulence factors that the bacteria use
to produce diarrhea (Rasko and Sperandio, 2010).

The intestine is themain organ of the immune system.
Given that more than 70% of immune system cells are
found in the gastrointestinal tract; where there is a
higher concentration of immune cells than in any other
body tissue, making it a strong predictor of an animal’s
health when it is young (Wu & Wu, 2012). Redox has
become a key mode of chemical signaling in the intes-
tine, and it is particularly susceptible to oxidative stress
in immune cells (Cheng et al., 2021). Reactive oxygen
(ROS) concentrations inside of cells that are higher than
physiologic levels cause oxidative stress, which in turn
triggers oxidative injury and an inflammatory response
in the gut that eventually results in diarrhea (Bhattachar-
yya et al., 2014). Newborns are particularly susceptible to
perinatal diseases, which have high mortality rates,
because of their metabolic instability (Ramel et al.,
2014). Breeders can find genetic indicators for diarrhea
susceptibility by identifying antioxidant and metabolic
potential genes, as well as their mutations that alter
gene expression and phenotype (Hassan et al., 2002).

Marker aided selection (MAS) is a method for finding
genetic factors that influence susceptibility to common
diseases (Bishop et al., 1995; Ashwell et al., 1997). In the
time of genomic selection, the implementation of selec-
tion approaches for novel functional qualities, such as
disease resistance, ismade possible by great cow training
sets merging phenotypes with high-throughput
genomic SNP indicator information (Buch et al., 2012).
The significant shortening of generational intervals is a
second significant benefit of genetic selection
(Schaeffer, 2006). According to this viewpoint, character-
istics identified early in life, such as calf traits, may serve
as useful early indicators of future health or cow output.
Diarrhea in calves has an impact on the animal’s perform-
ance and productivity in later life. The likelihood of heifer
health disorders is typically increased when a calf illness
occurs (Sivula et al., 1996). According to Warnick et al.
(1994) dystocia at first calving was phenotypically associ-
ated with calf respiratory and diarrhea. The term ‘tran-
scriptome’ denotes all the genes in the genome that
are accurately and at high throughput during particular

physiological and pathological states (Kukurba & Mon-
tgomery, 2015). It is commonly applied to immunemoni-
toring in inflammatory disorders to uncover pathogenic,
diagnostic, and prognostic indicators, and it is essential
in the detection of novel diagnostic or therapeutic
goals (Tang et al., 2011; Banchereau et al., 2017).

Findinggenetic pathwayswith variedmanifestations of
disease resistance is now being done in livestock geno-
mics using the candidate gene technique (Feuk et al.,
2006). Utilizing genomic technology has enhanced mol-
ecular genetics and opened up intriguing possibilities
for the identification of useful genes. Thousands of
single nucleotide polymorphisms (SNPs) have been
found in the genomes of various livestock animals
thanks to genome sequencing programs (Tsuchida et al.,
2010). These genetic markers, or SNPs, can be used to
identify the genetic variation that underlies traits in live-
stock animals that are economically significant and to
better understand how genetic variants connect to
various phenotypes (Ateya et al., 2023). Our understand-
ing of the genetic pathways and genetic basis of numer-
ous phenotypic traits in different species, including
cattle, has significantly improved in recent years as a
result of the development of affordable sequencing tech-
nology and huge data processing tools (Essa et al., 2023).
In order to make it easier to choose breeding animals that
will actually boost disease resistance traits, genetically
based improvement programs should be created.

As there is little information on the antioxidant and
metabolic pathways that determine a Holstein dairy
calf’s resistance/susceptibility to diarrhea, it is important
to note that more research is necessary to follow pro-
spective indicators that might suggest mortality and
indisposition in neonatal calves from diarrhea (Perez
et al., 1990; Gulliksen et al., 2009). The molecular altera-
tions may also help to diagnose diarrhea and provide
decisive information about the interactions between
the physiology of the intestines, antioxidants, and meta-
bolic pathways (Klein-Jöbstl et al., 2015). This study used
PCR-DNA sequencing and real-time PCR approaches to
examine potential antioxidant and metabolic genes
efficacy as candidates for prediction and tracking diar-
rhea resistance/susceptibility in Holstein dairy calves.

Materials and methods

Dairy calves and experimental samples

This research used 100 female Holstein dairy calves
upraised on a private farm in the province of Ismailia,
Egypt, from November 2022 to January 2023, of which
50 were diarrheal and 50 appeared to be in good
health. The calves were 45 days old, weighed 69 ±
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4.5 kg, and were fed whole milk. After giving birth, calves
were separated from their mothers and moved to
different facilities where they received colostrum
through feeding tubes. A colostrometer was used to
gauge the grade of the colostrum, and colostrum
(1035 mg/ml) with a high specific weight was provided
to the calves. Within the first 24 h, calves received
about 5 liters of colostrum, after which they received
milk twice daily for the following days. All calves were
examined by the same veterinarian each day. The diar-
rheic calves were selected on the basis of physical exam-
ination during the early stages of the condition, giving
close attention to body temperature. The studied
claves experienced a medical inspection that involved
instantaneous recording of their body’s temperature,
pulse, respiration rate, mucous membranes, and
faeces’ consistency and color (Radostits et al., 2010).
The jugular vein of every calf were punctured to attain
five milliliters of blood. In order to recover DNA and
RNA, the samples were positioned into tubes filled
with anticoagulants in a vacuum to acquire whole
blood (EDTA or sodium fluoride). All animal manage-
ment procedures, tested trials collection, and sample
discarding were carried out underneath the supervision
of the University of Sadat City’s Veterinary Medical
school in accordance with IACUC guidelines (Code
VUSC-006-1-23).

Isolation and amplification of DNA

By means of the genetic material JET entire blood
genomic DNA isolation kit and the manufacturer’s
guidelines, total blood was used to extract the
genome’s DNA (Thermo scientific, Vilnius, Lithuania).
Using Nanodrop, DNA of high purity and concentration
was analyzed. The following genes for antioxidants (Nrf2,
Keap1, PRDX2, PRDX6, and HMOX1) and metabolic
(CMPK2, ASPG, FPGT, TNNI3K and LPCAT1) were
amplified. The Bos taurus genome that was accessible

in PubMed was employed to create the oligonucleotide
sequences for amplification. Table 1 contains a list of the
primers used during the PCR.

A heat cycler has a 150 mL final volume was used to
process the polymerase chain amplification mixture.
Each reaction container contained the following com-
ponents: 66 μL d.d. water, DNA with 6 microliters, each
matching primer with 1.5 microliters, and of master
mixture with 75 microliters (Jena Bioscience, Jena,
Germany). The PCR combinations spent four minutes
at a starting temperature of 95 °C for unwinding. The
35-cycles included 95 °C denaturation cycles lasting
one minute each, annealing cycles lasting one minute
at the temps listed in Table 1, 30-second rounds for
elongation at 72 °C, ten additional minutes of extending
occurred at 72 °C. The materials were saved at 4 °C. A gel
certification system was employed to find demonstrative
PCR findings using agarose gel electrophoresis and to
view PCR segment patterns under UV light.

Finding polymorphism in antioxidant and
metabolic genes

Prior to DNA sequencing, Jena Bioscience # pp-201s/
Munich, Hamburg, Germany, offered tools for purifying
PCR and eliminate primer dimmers, non-specific bands,
and other contaminants, producing the intended
amplified product of the predicted scope (Boom et al.,
1990).

Using a Nanodrop (Waltham, Massachusetts, USA, UV-
Vis spectrometer Q5000), satisfactory quality and good
concentrations were obtained for measuring PCR
output (Boesenberg-Smith et al., 2012). Healthy along-
side diarrheal heifers have been used to search for
SNPs using sequencing of the amplified PCR products.
The PCR yields were sequenced on an ABI 3730XL DNA
sequencer (United States: Applied Biosystems,
Waltham) operating the Sanger et al., 1977 described
enzyme chain terminator method.

Table 1. Oligonucleotide primer of Antioxidant and metabolic genes employed for genetic polymorphisms.

Investigated marker Sense Antisense
Annealing

temperature (°C)
Size of PCR
product (bp) Reference

Nrf2 5′-AGTCTTCACTGCTCCTCCTCAG-3′ 5′-CACTGTCAACTGGCTGGAGTCT-3′ 64 340 Current study
Keap1 5′-CGACGGAGGCGGAGCCCGAGC-3′ 5′-TGGACGCGGTGTAGGCAAACTC-3′ 60 515
PRDX2 5′-TACCCGCGACGACTCTGGCCCCT-3′ 5′- CCAGGTACTTCCCACGATAATC-3′ 62 315
PRDX6 5′-GCTAGTGGCTGTCGGTACTGCA-3′ 5′-CACCACACGAGCAGTCACAGGC-3′ 60 457
HMOX1 5′-GCCGTCGGAGCCGGAGTTCTC-3′ 5′- AGGTAGCGGGTGTAGGCATGG-3′ 64 489
CMPK2 5′-TCATCAGCACCTGCGGCAGCA-3′ 5′-TCCACTGGCTGATGCAAGAGG-3′ 62 536
ASPG 5′-GAGCGGCGGCTCCTGGCCGTCT-3′ 5′-GGCCATGGTGTCAGTGCCGTGGA-3′ 62 339
FPGT 5′-GAGCCTGAGTATGTCTACACAG-3′ 5′-CTCCACAACTGAGCCAGGTGTCA-3′ 60 471
TNNI3K 5′-GTGTCTCTGCAACATTGAGCT-3′ 5′-TGTGGAGTGCTGTCAGCTGCTA-3′ 62 358
LPCAT1 5′-GTCGTGGACGTGCTGCTCAGG-3′ 5′- CCACGTCCACGTGATGGTGTC −3′ 60 468

Nrf2 = erythroid 2-related nuclear factor 2; Keap1 = ECH-associated protein 1 that resembles kelch; PRDX2 = peroxiredoxin 2; PRDX6 = Peroxiredoxin 6;
HMOX1 = Heme oxygenase-; CMPK2 = Cytidine/Uridine Monophosphate Kinase 2; ASPG = Asparaginase; FPGT = Fucose-1-phosphate guanylyltransferase;
TNNI3K = TNNI3 interacting kinase and LPCAT1 = Lysophosphatidylcholine acyltransferase 1.
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The software programs Chromas 1.45 and BLAST 2.0
accustomed for examining the DNA sequence analysis
outcomes (Altschul et al., 1990). Polymorphisms have
been identified when comparing the antioxidant and
metabolic genes product produced by PCR to the refer-
ence gene sequences obtained from GenBank. Relying
on the sequence matching amongst the dairy calves,
the MEGA4 tool has the ability to recognize dissimilari-
ties in the examined genes’ amino acid sequences
(Tamura et al., 2007).

Transcript levels of antioxidant and metabolic
genes

Following the manufacturer’s instructions, the whole RNA
was extracted from the blood samples taken from the
investigated dairy heifers using the Trizol solution
(RNeasy Mini Ki, 74104, Product No.). We measured and
verified the quantity of the isolated RNA using a Nano-
Drop® ND-1000 spectrophotometer. The complementary
nucleic acid for each sample has been produced using
the producer’s method (Waltham, Massachusetts, USA:
Thermo Fisher, Product No. EP0441). SYBR Green PCR
Master Mix and quantifiable RT–PCR have been employed
to evaluate the expression profiles of the antioxidants
(Nrf2, Keap1, PRDX2, PRDX6, and HMOX1) and metabolic
(CMPK2, ASPG, FPGT, TNNI3K and LPCAT1) genes (2x Sensi-
FastTM SYBR, Bio-line, CAT No: Bio-98002). The SYBR Green
PCR Master Mix have been exploited for computing com-
parative amount possessed by the mRNA (Toronto,
Ontario, Canada: Quantitect SYBR green PCR reagent,
Catalog No. 204141).

Using the Bos taurus genome from PubMed, the sense
and antisense primer sequences were generated
(Table 2). The ß. actin gene served as the constitutive
reference. Overall RNA with 25 microliters, 1 microliter
of every matching primer, 8 microliters of water
without Nuclease, 0.5 microliter of inverse transcriptase,
12.5 microliters of Quantitect SYBR green reaction
master solution, and 3 microliters of Trans Amp buffer
made up the PCR combination. The finished reaction
mixture then underwent the following steps inside a
thermal cycler: inverse transcription for 30 min at
55 °C; preliminary denaturation aimed at 8 min at
95 °C; 40 cycles at 95 °C aimed at 15 s and the primer
binding temperatures specified throughout Table 2;
and extending aimed at 1 min at 72 °C. A melting
curve investigation was employed subsequent to the
amplifying step for proving specificity of the amplified
product. By comparing each gene’s expression in the
analyzed sample to that of the ß. Actin gene, the
2−ΔΔCt scheme has been exploited for considering the
differences in the expression of each gene (Livak &
Schmittgen, 2001; Pfaffl, 2001).

Statistical analysis

Ho: Exploring genetic polymorphisms and transcript levels
of antioxidant and metabolic markers could not
predict and monitor diarrhea in Holstein dairy calves.

HA: Exploring genetic polymorphisms and transcript levels
of antioxidant and metabolic markers could predict
and monitor diarrhea in Holstein dairy calves.

Table 2. Oligonucleotide forward and reverse primers for antioxidant and metabolic genes under investigation used in real time PCR.
Investigated marker Primer Product size (bp) Annealing Temperature (°C) GenBank isolate Origin

Nrf2 F5′- CCTCAAAGCACCGTCCTCAG −3′
R5′- GCTCATGCTCCTTCTGTCGT −3′

168 62 NM_001011678.2 Current study

Keap1 F5- GTCCCAGGAATGTCCAACGA −3′
R5′- AGACGCAGGGGATGAAAACC −3′

183 60 NM_001101142.1

PRDX2 F5′- ACCTTCCCGTGGGTAGATCC −3′
R5′- CTGGATCTGGGATTATTGTTTCACT −3′

129 64 NM_174433.2

PRDX6 F5′- CTAGTGGCTGTCGGTACTGC −3′
R5′- GATGCGGCCGATGGTAGTAT-3′

123 60 BT020967.1

HMOX1 F5′- CAAGCGCTATGTTCAGCGAC-3′
R5′- GCTTGAACTTGGTGGCACTG −3′

206 60 NM_001014912.1

CMPK2 F5′- GTGGACAGAAGCAACCGAGA-3′
R5-AGAAGCCTCAGACACAAGCC −3′

177 62 XM_002691489.5

ASPG F5′- CAGTTCTGAAGATGCTGCCCAT −3′
R5′- GTGTAGATGACCCTCTGGTCG-3′

115 60 NM_001305013.2

FPGT F5′- CAGCGAAGGTTGCTGAGGT-3′
R5′- TCGAAGGGCACAAAGGGTTG −3′

234 62 NM_001191283.2

TNNI3K F5′- GTTGGGTATGGTGGCCTCAC-3′
R5′- CTGCAATGTGCAGTGGAGTG −3′

136 64 NM_001078008.1

LPCAT1 F5′- CAGAAAGCGCCAGAATGACG-3′
R5′- GCCGCCCTCATCAAACAGG −3′

119 60 NM_001206811.2

ß. actin F5′- CACACGGTGCCCATCTATGA-3′
R5′- ATGTCACGGACGATTTCCGC-3′

155 58 AY141970.1

Nrf2 = erythroid 2-related nuclear factor 2; Keap1 = ECH-associated protein 1 that resembles kelch; PRDX2 = peroxiredoxin 2; PRDX6 = Peroxiredoxin 6; HMOX1
= Heme oxygenase-; CMPK2 = Cytidine/Uridine Monophosphate Kinase 2; ASPG = Asparaginase; FPGT = Fucose-1-phosphate guanylyltransferase; TNNI3K =
TNNI3 interacting kinase and LPCAT1 = Lysophosphatidylcholine acyltransferase 1.
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The substantial differences in the discovered genes’
SNPs between the examined calves were found using
a chi-square analysis. A statistical investigation have
been exploited for this reason using the Graphpad stat-
istical program (Graphpad prism for Windows version
5.1, Graphpad Software, Inc., San Diego, CA, USA) (p <
0.05). The Statistical Package for Social Science (SPSS)
version 17 computer program and the t-test have been
exploited for judging if it was present a statistically note-
worthy variance between healthy and diarrheal calves.
Mean and standard error (Mean ± SE) have been used
to present the findings. The significance of the variations
was assessed using p < 0.05.

Results

Genetic polymorphisms of antioxidant and
metabolic genes

Healthy and affected dairy calves in good health and
those who had diarrheal disease had different SNPs
in the amplified DNA bases, according to the results
of the PCR-DNA sequencing for the Nrf2 (340-bp),
Keap1 (515-bp), PRDX2 (315-bp), PRDX6 (457-bp),
HMOX1 (489-bp), CMPK2 (536-bp), ASPG (339-bp),
FPGT (471-bp), TNNI3K (358-bp) and LPCAT1 (468-bp)
genes. All the discovered SNPs were approved using
the DNA sequence differences between antioxidant
and metabolic markers investigated in the researched
heifers and the reference gene sequences obtained
from GenBank (Supplemental Figures S1–S10). Table

3 shows the dissemination of a single base variation
as well as a type of inherited change for antioxidant
and metabolic indicators in non-diarrheic and diar-
rheal dairy calves. According to the chi-square analy-
sis of the SNPs, the healthy and diarrheal calves did
demonstrate noticeably different occurrences of the
investigated markers (p < 0.05). The coding DNA
sequences of the diarrheal calves differed from
those of healthy calves due to the exonic region
mutations. Eleven SNPs were discovered using DNA
sequencing of antioxidant genes; 10 of them are
non-synonymous and one is synonymous. The DNA
sequencing of metabolic genes revealed eight SNPs,
5 of which are non-synonymous and 3 of which are
synonymous.

Patterns for transcript levels of antioxidant
and metabolic indicators

Figure 1 displays the measured antioxidant and meta-
bolic transcript patterns. The Nrf2, PRDX2, and PRDX6
genes were expressed at substantially lower levels in
diarrheal calves (P < 0.05). However, Keap1, HMOX1,
CMPK2, ASPG, FPGT, TNNI3 K, and LPCAT1 evoked an
opposite trend. For each gene examined in the diarrheic
heifers, FPGT had the highest potential mRNA level (2.54
± 0.15); Nrf2 had the lowest potential level (0.46 ± 0.07).
In the healthy calves, PRDX2 had the highest potential
amount of mRNA (2.43 ± 0.12), while TNNIK3 had the
lowest (0.37 ± 0.11).

Table 3. Single base difference dispersal as well as sort of inherited change for antioxidant and metabolic markers in non-diarrheic
and diarrheic dairy calves.

Gene SNPs
Healthy
n = 50

Diarrheic
n = 50

Total
n = 100 kind of inherited change Amino acid order and sort Chi score

Nrf2 G103A 36 – 36/100 Non-synonymous 35 G to R 90.74
Keap1 G46A 24 – 24/100 Non-synonymous 16 A to T 60.50

C214T – 29 29/100 Non-synonymous 72 L to F 73.09
C385G 19 – 19/100 Non-synonymous 129 L to V 47.89

PRDX2 A155 – 32 32/100 Non-synonymous 52 K to R 80.66
PRDX6 C157 T – 17 17/100 Non-synonymous 53 H to Y 42.85

C184T – 26 26/100 Non-synonymous 62 H to Y 65.53
HMOX1 G29C 35 – 35/100 Non-synonymous 10 G to A 88.22

T338G – 21 21/100 Non-synonymous 113 L to R 52.93
T418C 14 – 14/100 Non-synonymous 140 C to R 35.28
G444A 38 – 38/100 Synonymous 148 A 95.78

CMPK2 G199C – 33 33/100 Non-synonymous 67 G to R 83.18
G209T – 23 23/100 Non-synonymous 70 G to V 57.97
C379G 39 – 39/100 Non-synonymous 127 R to G 98.30
A409G 24 – 24/100 Non-synonymous 137 R to G 60.50

ASPG T87C 22 – 22/100 Synonymous 29 A 55.45
FPGT A156G – 42 42/100 Synonymous 52 E 105.86
TNNI3K G217A 27 – 27/100 Non-synonymous 73 V to I 68.06
LPCAT1 C45T – 33 33/100 Synonymous 15 L 83.18

Nrf2 = erythroid 2-related nuclear factor 2; Keap1 = ECH-associated protein 1 that resembles kelch; PRDX2 = peroxiredoxin 2; PRDX6 = Peroxiredoxin 6; HMOX1
= Heme oxygenase-; CMPK2 = Cytidine/Uridine Monophosphate Kinase 2; ASPG = Asparaginase; FPGT = Fucose-1-phosphate guanylyltransferase; TNNI3K =
TNNI3 interacting kinase and LPCAT1 = Lysophosphatidylcholine acyltransferase 1. A = Alanine; C = Cisteine; E = Glutamic acid; F = Phenylalanine; G =
Glycine; H = Histidine; I = Isoleucine = K = Lysine; L = Leucine; R = Argnine; S = Serine; T = Threonine; V = Valine; and Y = Tyrosine.
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Discussion

Diarrhea is one of the normal symptoms of disease in
animals. Strong emission or reduced absorption from
the gastrointestinal layer are physiological processes
caused by a variety of factors (Semrad, 2012). When
GIT peristalsis increases its reaction to an upsurge for
intestine fluid, thin faeces are excreted. Sometimes diar-
rhea is a digestive defense mechanism, but more often it
is caused by bacteria that inflame the digestive mucosa
and cause it to release excessive amounts of pus, blood,
and infrequently mucus (Lundgren & Svensson, 2001;
Kaper et al., 2004). Although there is a wealth of scientific
information regarding newborn ruminant livestock mor-
bidity and mortality, this knowledge did not significantly
improve survival (von Buenau et al., 2005; Celi et al.,
2017). The reason may be because studies have not
focused much on newborn morbidity, preferring to
uncover and assess remedies to issues brought on by

economic concerns (von Buenau et al., 2005). For enhan-
cing animal wellbeing, finding more powerful potential
biomarkers is important for the diagnosis of neonatal
diseases (Nataro and Kaper, 1998).

An understanding of the genes, the underlying
mutations, and the interactions with other factors that
impart resistance is required for the efficient exploitation
of disease-resistant livestock or the total eradication of
diseased livestock (Pal & Chakravarty, 2020). The antiox-
idants (Nrf2, Keap1, PRDX2, PRDX6, and HMOX1) and
metabolic (CMPK2, ASPG, FPGT, TNNI3K and LPCAT1)
genes in diarrhea-affected and healthy Holstein dairy
calves were characterized in this research using a PCR-
DNA sequencing technique. The findings show that
the SNPs involving both categories vary. The chi-
square study revealed that nucleotide polymorphism
dispersion amongst the inspected calves was significant
(p < 0.05). It is important to emphasize that the poly-
morphisms found and made available in this context

Figure 1. Differential transcript levels of Nrf2, Keap1, PRDX2, PRDX6, HMOX1 CMPK2, ASPG, FPGT, TNNI3 K, and LPCAT1 between healthy
and dairy calves with diarrhea. The symbol * denotes significance when P < 0.05.
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give additional data for the evaluated indicators when
compared to the corresponding datasets acquired
from GenBank.

There have been recent studies targeting novel genes
specific to livestock diarrhea susceptibility using
genome-wide association analysis (Casas et al., 2015;
Kirkpatrick et al., 2022), but up to this point no studies
have examined the link between the SNPs in these
genes and diarrhea risk. We are the first to show this con-
nection using the PubMed European cow (Bos taurus)
gene sequences. According to our knowledge, there
hasn’t been any prior research on the variation of the
antioxidants (Nrf2, Keap1, PRDX2, PRDX6, and HMOX1)
and metabolic (CMPK2, ASPG, FPGT, TNNI3K and
LPCAT1) markers and how they relate to diarrhea in Hol-
stein dairy calves. The candidate gene method, however,
has been employed to keep track of the soundness of
diarrheal newly born animals. Dairy heifers, for
example, did not demonstrate any association
between clinical intestinal disorders and CXCR1 SNPs
(Tsuchida et al., 2010). TLR4 gene polymorphisms was
associated with diarrhea onset in dairy calves (Judi
et al., 2020). The DRA gene for leukocyte antigen has
also been related to genetic variation in piglet diarrhea
(Yang et al., 2014). The relatedness between polymorph-
ism of the Nramp1 gene and swine diarrhea has also
been studied (Chen et al., 2021).

The term ‘transcriptome’ states that the genome’s
complete set of genes that are reliably and efficiently
expressed in various physiological and pathological con-
ditions (Kukurba & Montgomery, 2015). It is commonly
used to assess the immune system in inflammatory dis-
orders to locate pathogenic, diagnostic, and prognostic
signs, and it has aided in the discovery of new thera-
peutic or diagnostic targets (Burel et al., 2019).
Through measuring the mRNA levels of antioxidants
(Nrf2, Keap1, PRDX2, PRDX6, and HMOX1) and metabolic
(CMPK2, ASPG, FPGT, TNNI3K and LPCAT1) genes, we
examined the changes in the redox and metabolic
state in diarrheal dairy calves compared with healthy
ones. The Nrf2, PRDX2, and PRDX6 genes were expressed
at significantly lower levels in diarrheal calves, according
to the molecular changes. However, the expression
levels of the genes Keap1, HMOX1, CMPK2, ASPG, FPGT,
TNNI3K, and LPCAT1 were significantly greater in diar-
rheal calves than in resistant ones. Gene expression as
well as genomic SNP markers were employed to evalu-
ate genetic polymorphisms in order to address the limit-
ations of earlier studies. The mechanisms that were
investigated to regulate the antioxidant and metabolic
indicators in both healthy and diarrheic calves are thus
widely acknowledged. This study is the first to compre-
hensively analyze the transcript levels of the antioxidant

and metabolic indicators connected to the risk of calf
diarrhea. When related to the pattern of marker
expression in goats, bovine viral diarrhea virus-2-
infected peripheral blood mononuclear cells mRNA
investigation showed discrete activation of immunity
genes (Li et al., 2019). Furthermore, the downstream sig-
naling networks of TLR4 are similar in healthy and diar-
rheal neonatal goats (Cheng et al., 2021).

Antioxidants provide protection by removing or
detoxifying ROS, preventing their production, or secur-
ing transition metals, which are the source of free rad-
icals (Masella et al., 2005). Such mechanisms comprise
both enzymatic and non-enzymatic antioxidant resist-
ances formed within the body, known as endogenous
antioxidant indicators (Glasauer & Chandel, 2014). The
Keap1-Nrf2 stress response pathway, which regulates
cytoprotective gene expression, is the primary inducible
defense against oxidative stress (Baird & Yamamoto,
2020). Under normal conditions, Keap1 represents a sub-
strate adaptor for cullin-based E3 ubiquitin ligase, which
hinders Nrf2 transcriptional action via ubiquitination and
proteasomal degradation (Kobayashi et al., 2004). This
might explain the opposing expression pattern Keap1
and Nrf2 genes displayed in our investigation. Peroxire-
doxin (PRDX) is an antioxidant enzyme oxido-reductase
protein that possesses a preserved ionized thiol which
allows hydrogen peroxide degradation (H2O2)
(Wadleya et al., 2016). Heme oxygenase (HMOX), which
converts heme into equimolar amounts of carbon mon-
oxide (CO), free iron, and biliverdin, is the rate-limiting
enzyme in the heme catabolic pathway (Consoli et al.,
2021). With antioxidant, anti-inflammatory, anti-apopto-
tic, anti-coagulation, anti-proliferative, and vasodilator
properties, it is also acknowledged as a stress-responsive
protein and is postulated to perform a variety of protect-
ing roles counter to various stresses (Mohamed et al.,
2022).

Several regulatory enzymes of the intermediary
metabolism have variable gene expression, which can
offer helpful methods for enhancing genetic selection
for cattle adaptation to adverse environments (van
Harten et al., 2013). Cytidine/uridine monophosphate
kinase 2 (CMPK2) was shown to be the candidate gene
for immunomodulatory signaling pathways in many
species (Zhang et al., 2020). This holds true for bacterial
diseases in particular (Feng et al., 2021). In addition to its
role in nucleotide synthesis, mitochondrial CMPK2 also
takes part in DNA repair processes and the production
of amino acids, which helps activated proinflammatory
macrophages survive (Kanehisa et al., 2018). L-asparagi-
nases, like ASPG, are essential for the biosynthesis of
amino acids because they can catalyze the conversion
of asparagine into aspartic acid and ammonia
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(Karamitros and Konrad, 2014). According to Butty et al.,
2021, the ASPG gene was connected to Holstein dairy
cattle’s susceptibility to digital dermatitis (DD). Fucose-
1-phosphate guanylyl transferase (FPGT), an essential
sugar in complex carbohydrates associated with
immunological responses, inflammation, and cell-to-
cell communication, is a component of the L-fucose
pathway (Becker & Lowe, 2003). The reasons of inflam-
mation are also related to the serine/threonine protein
kinase (TNNI3K) (Wiltshire et al., 2011). Durán Aguilar
et al., 2017 state that the genomic region on BTA20
has been earlier recognized in Holstein and connected
to SCS, which raises the possibility that its gene, Lyso-
phospha-tidylcholine acyltransferase 1 (LPCAT1), may
have an effect on the resistance to mastitis and meta-
bolic disorders.

Because it is the primary place for the existence of
several pathogens, nutrition, and communications
between immune cells, the intestine is more susceptible
to peroxidation than healthy tissues, which may explain
the considerable change in the expression pattern of
antioxidants (Nrf2, Keap1, PRDX2, PRDX6, and HMOX1)
and metabolic (CMPK2, ASPG, FPGT, TNNI3K and
LPCAT1) markers in diarrheal calves (Gutteridge, 1993;
Fabiana et al., 2015; Wei et al., 2016; Aslan et al., 2017).
Neutrophils and macrophage action may be triggered
by the attack of GIT pathogens, which could be a power-
ful oxidizing inducer, in order to mount an immune
defense against the pathogen attack. Due to the for-
mation and accumulation of extremely large amounts
of ROS, oxidative stress results (Pisani et al., 2009).
Since the downstream signaling networks of TLR4
greatly modify method of organizing abdominal
barrier purpose and could surge gut permeability to
pathogens, they are obviously essential for triggering
the discharge of inflammatory cytokines when there is
infectious diarrhea (Fischer et al., 2016; Morrison et al.,
2017; Shi et al., 2019). According to recent research,
the amount of ROS in the colon increased along with
the number of E. coli (Nathan & Cunningham-Bussel,
2013; Spees et al., 2013), which suggested that ROS
additionally elaborate in the inter-bacterial antagonism.
Thus, we assume that an infectious etiology is to blame
for the neonatal diarrhea in the study’s heifers. Our Real-
Time PCR findings demonstrated a significant antioxi-
dant response in the diarrheal calves. The ‘free radical
induction hypothesis’ asserts that oxidative stress is
what triggers the inflammatory process, therefore it’s
likely that excessive ROS formation in newborn diarrhea
happened before the immunological response (Fischer
et al., 2016). Alterations in antioxidant and metabolic
indicators were also connected to the processes of
tissue damage repair. Gene expression disruption can

be used to characterize the common pathological pro-
cesses, whereas normal gene expression controls the
bulk of physiological mechanisms (Nathan & Cunning-
ham-Bussel, 2013; Shi et al., 2019). So it should be able
to investigate gene transcript levels and associated mol-
ecular pathways in order to identify and categorize the
genes that produce phenotypes.

Conclusions

Single nucleotide variants (SNPs) in the genes were dis-
covered using PCR-DNA sequencing for antioxidants
(Nrf2, Keap1, PRDX2, PRDX6, and HMOX1) and metabolic
(CMPK2, ASPG, FPGT, TNNI3K and LPCAT1) were found in
diarrhea-free and diarrhea-infected Holstein dairy
heifers. Furthermore, the levels of these indicators’
mRNA varied between healthy and diarrheal calves.
These distinct functional variations provide a promising
opportunity to reduce newborn diarrhea by using
genetic markers along with natural resistance
during cattle selection. The varying gene expression
patterns for diarrhea susceptibility and resistance in
calves may serve as both a guide and an indicator for
assessing their health. The gene domains identified
here may facilitate future approaches to the treatment
of diarrhea.
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