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Simple Summary

Low-temperature long-time pasteurization (LTLT) is widely used on dairy farms to re-
duce microbial contamination of milk fed to calves. This study comprised two related
experiments. Experiment 1 evaluated the effects of LTLT on selected vitamins in bovine
colostrum and mature milk. Experiment 2 independently evaluated the effects of dietary
[3-carotene supplementation in preweaning calves. LTLT reduced (3-carotene concentration
in colostrum under the conditions evaluated. In the feeding experiment, 3-carotene supple-
mentation affected several antioxidant indicators, reduced cortisol concentrations and the
frequency of severe diarrhea scores, and altered fecal microbial composition.

Abstract

This study comprised two related experiments. Experiment 1 evaluated the effects of
low-temperature long-time pasteurization (LTLT, 63 °C for 30 min) on selected vitamins
in bovine colostrum and mature milk. Experiment 2 independently evaluated the effects
of dietary [3-carotene supplementation on growth performance, fecal scores, oxidative
status, cortisol concentrations, and fecal microbiota in preweaning calves. In Experiment 1,
colostrum and mature milk were collected from four primiparous and four multiparous
Holstein cows before and after LTLT. Concentrations of vitamin A, 3-carotene, vitamin B1,
vitamin B2, vitamin B9, and vitamin B12 were determined. In Experiment 2, 128 neona-
tal Holstein heifer calves were randomly assigned to a control group or a (3-carotene-
supplemented group (100 mg/day/calf) for 56 days. Growth performance, fecal scores,
serum antioxidant indicators, cortisol concentrations, and fecal microbiota were evaluated.
Colostrum contained substantially higher (3-carotene concentrations than mature milk,
particularly in primiparous cows (p < 0.001). LTLT reduced {3-carotene concentrations by
30% in colostrum(p = 0.034) and significantly decreased vitamin Bl (p < 0.001), whereas the
remaining vitamins were only minimally affected. Dietary f-carotene supplementation
stabilized antioxidant enzyme activities, reduced serum malondialdehyde and cortisol
concentrations (p < 0.001), decreased the occurrence of severe diarrhea (p = 0.046), increased
the relative abundance of Blautia, and reduced Fusobacterium and Parabacteroides. Average
daily gain did not differ between treatments (p = 0.154). Under the conditions evaluated in
Experiment 1, 3-carotene was the vitamin most affected by LTLT in colostrum. In the sepa-
rate feeding experiment, dietary 3-carotene supplementation affected several antioxidant
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indicators, reduced cortisol concentrations and the frequency of severe diarrhea scores, and
altered fecal microbial composition, but did not affect average daily gain.

Keywords: calf; 3-carotene; pasteurization; oxidative stress; fecal microbiota

1. Introduction

Healthy calves are the foundation for the stable productivity and sustainable develop-
ment of dairy farms, and nutritional management is essential for maintaining calf health.
Therefore, neonatal calf colostrum management and nutritional regulation during the
preweaning phase have become focal points in modern dairy farming [1]. Diarrhea is
the primary health problem faced by calves before weaning, and it is closely related to
oxidative stress (OS), a condition that occurs when the generation of reactive oxygen species
exceeds the clearance capacity of the body’s endogenous antioxidant defense system [2—4].
During this growth phase, calves are exposed to multiple stress factors, leading to exces-
sive free radical production [5]. When free radical accumulation exceeds the clearance
capacity of the endogenous antioxidant system, oxidative imbalance arises [5]. At this
stage, the calf’s immune system is not fully mature. OS exacerbates cell damage, sup-
presses immune responses, and disrupts intestinal barrier integrity, significantly increasing
susceptibility to pathogens [6,7]. It particularly induces intestinal mucosal damage and
subsequent diarrhea [8]. Therefore, ensuring sufficient intake of antioxidant nutrients
during the preweaning phase is crucial for improving intestinal health and reducing calf
diarrhea incidence.

The primary nutritional sources for preweaning calves are whole milk (or milk replac-
ers) and starter feed. However, starter feed intake is relatively low, and rumen function
remains underdeveloped, making it difficult for calves to acquire adequate antioxidant
nutrients from conventional diets [9]. Additionally, most commercial dairy farms apply
low-temperature long-time pasteurization (LTLT, 63 °C for 30 min) to raw milk, which
inevitably degrades certain antioxidant nutrients such as vitamins and (3-carotene [10-12].
In this context, dietary supplementation with exogenous antioxidants to alleviate OS and
improve calf health holds important research value and application prospects [13].

-carotene is a naturally present in colostrum and has two main physiological func-
tions [14]. It serves as a precursor for vitamin A (VA) synthesis and can quench singlet
oxygen and scavenge peroxyl radicals [15]. Previous cattle studies have reported effects of
[3-carotene supplementation on antioxidant and immune indicators, although the results
have varied among experimental designs and animal populations [16,17]. Condron et al.
found that increased dietary [3-carotene elevated plasma retinol and 3-carotene isomer
concentrations in beef cattle, but did not improve growth performance [18]. Kadek et al.
reported changes in several serum antioxidant indicators after intramuscular administra-
tion of 3-carotene and a-tocopherol to growing heifers [19]. However, the animals and
administration routes used in these studies differed from those of dietary supplementation
in preweaning dairy calves. (3-Carotene may also be associated with changes in fecal
microbial composition, but evidence in neonatal ruminants remains limited [20]. To date,
direct evidence regarding the effects of dietary (-carotene supplementation on growth
performance and health status of preweaning dairy calves is still limited, representing a
notable research gap.

This study comprised two related experiments addressing distinct research questions.
Experiment 1 evaluated the effects of parity and LTLT on the concentrations of selected
vitamins in colostrum and mature milk. The results of Experiment 1 informed the selection
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of 3-carotene for further evaluation, but did not establish (3-carotene deficiency in calves.
Otomaru et al. supplemented preweaning calves with 20 mg (3-carotene per day and
observed a significant between-group difference in an oxidative stress indicator only at
week 4 [21]. An existing feeding guideline recommends adding 100 mg (3-carotene per
kilogram of dry milk replacer for young calves [22]. Based on the estimated daily intake
of approximately 1 kg of milk replacer powder, 100 mg/day/calf 3-carotene was selected
as an exploratory dose. Experiment 2 independently evaluated the effects of this dose on
growth performance, fecal score (FS), serum OS biomarkers, cortisol concentrations and
fecal microbial composition in preweaning calves.

2. Materials and Methods
2.1. Animal Ethics

The animal procedures conducted in this study was approved on 15 August 2022,
by the Laboratory Animal Welfare and Animal Experiment Ethics Committee of China
Agricultural University (Approval No. AW21214202-2-01).

2.2. Animals, Diet, and Experimental Design

This randomized controlled experiment tested a basal diet with or without 3-carotene
supplementation. The R Trialsize Package (Version: 1.4.1) was used to determine the sample
size [23]. The primary outcome was preweaning calves’ average daily gain (ADG). From
pilot data, we set the standard deviation at 98.3 g/d and the minimum detectable difference
at70 g/d. A two-sided t-test was planned, with a significance level of 0.05 and power of
95%. Under these assumptions, 51 calves per group were required. We anticipated a 15%
attrition rate, which raised the target to 121 calves. A total of 128 calves were ultimately
enrolled and randomly assigned to two groups, with 64 calves in each.

This feeding experiment was conducted between January 2022 and December 2023 at a
commercial dairy farm in Hebei, China. The study comprised two experiments. Experiment
1 assessed parity and LTLT effects on milk vitamin content. Four primiparous and four
multiparous cows (2-3 parities) were monitored. Colostrum was collected immediately
after calving, and mature milk was sampled on day 5 postpartum. High-performance
liquid chromatography was used to evaluate changes in VA, 3-carotene, vitamin B1 (VB1),
vitamin B2 (VB2), vitamin B9 (VB9), and vitamin B12 (VB12) pre- and post-LTLT. Based on
Experiment 1’s findings, 3-carotene was selected for Experiment 2’s investigation into its
effects on preweaning calf growth, OS, and intestinal microbiota. A total of 128 healthy
Holstein heifers (3045 kg; 1 day of age; total serum protein > 5.0 g/dL) were selected
from a single farm and randomly assigned to two groups (1 = 64 per group): control
group (CON; no -carotene supplementation) and (3-carotene-supplemented group (BC;
100 mg/day/calf). Standard health assessments, including evaluation of mental status,
nasal and ocular discharge, and coughing frequency, were performed prior to enrollment.
Following parturition, all calves received colostrum and were individually housed. The
addition of beta-carotene was carried out from a product with a concentration of 10%
(ROVIMIX B-carotene, DSM (China) Co., Ltd., Shanghai, China). The carrier matrix con-
sisted mainly of gelatin. Calves were housed in individual sand-bedded pens within a
naturally ventilated barn starting one day after birth. Fresh water was provided ad libitum,
with troughs cleaned daily. Bedding was replaced, and pens were disinfected every two
days according to farm protocols. Baseline calf characteristics and feeding schedules are
presented in Table 1, while the composition and nutrient profile of the basal diet are shown
in Table 2.
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Table 1. Basic information and feeding scheme of preweaning calves !.

Category Items CON BC Remarks
Basic information Sample size (n) 64 64 Number of calves in each group, female
Parity (times) 248 £1.91 219 +£1.97 95% CI: —0.98 to 0.38, p = 0.388
Feeding scheme d1 6.0L 6.0L 4 L colostrum at birth,
; ) then 2 L after 6-8 h.
(Pasteurized milk 3 meals/day,
volume/meal) d2-7 30L 30L Colostrum:mature milk = 1:1,
d 8-15 30L 30L 3 meals/day, mature milk
d 16-49 35L 35L 3 meals/day, mature milk
d 50-52 3.0L 3.0L 2 meals/day, mature milk
d 53-56 20L 20L 2 meals/day, mature milk
Starter feed d 3-56 Free intake Free intake 24-h availability
Water d 3-56 Free intake Free intake 24-h availability
p-carotene d 2-56 None 50 2 meals/day, add to milk
(mg/meal)

Parity defines cows’ mean pregnancies, expressed as mean + SD. ! CON, control group without B-carotene,
addition; BC, 3-carotene-supplemented group (100 mg/day/calf); 95% CI, 95% confidence interval.

Table 2. Ingredients, chemical composition and nutrient levels of the basal diet (Dry matter basis).

Items ! Content/% Nutrient Levels Content/%
Mature milk ingredients Nutrient levels
. Metabolic
Milk fat 3.67 Energy/(MJ/kg) 13.42
Milk protein 3.35 Crude Protein 22.98
Total solid 12.93 Total Digestible Nutrient 82.11
Lactose 4.52 Neutral Detergent Fiber 22.33
Starter feed ingredients Acid Detergent Fiber 13.52
Corn 50 Crude Ash 5.99
Soybean meal 16 Crude Fat 3.48
Wheat bran 6.5 Calcium 1.29
Rice bean 8 Total Phosphorus 0.62
Cottonseed meal 3
Sliced corn 10
Molasses 2
Premix 2 1
CaHPO4 1.5
NaCL 0.5
Whey powder 1.5
Total 100

! Metabolic energy and total digestible nutrient are calculated according to the NRC (2021), while the other
nutrient levels are measured values [24]. 2 Each kilogram of premix (dry matter basis) contains: VA, 26,000 IU;
VD, 8000 IU; VE, 500 IU; Cu, 10 mg; Zn, 30 mg; Fe, 11 mg; Mn, 30 mg; I, 1 mg; Co, 1.5 mg.

2.3. Sample Collection and Analysis
2.3.1. Vitamins and (3-Carotene Analysis in Milk

Eight healthy Holstein cows with similar body condition scores were selected and
divided into two groups: primiparous (first parity) and multiparous (>second parity).
Colostrum (harvested within 24 h postpartum) and mature milk (sampled on day 5 postpar-
tum) were collected. Each sample was immediately split into two aliquots upon collection:
one was retained as raw milk, and the other was heat-treated at 63 °C for 30 min to sim-
ulate LTLT. All samples were stored in the dark at 04 °C, transported under cold chain
conditions, and analyzed at the Dairy Quality Inspection Station of Beijing Dairy Cattle
Center. All analyses were completed within 3 days of sampling. VA [25] and (3-carotene [26]
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were determined according to standard methods. Briefly, after saponification, extraction,
purification, and concentration, samples were separated on a C30 reversed-phase liquid
chromatography column and detected with an ultraviolet detector. VA and (3-carotene were
quantified using the external standard method. VB1 [27], VB2 [28], VB9 [29], and VB12 [30]
were determined according to standard methods. VB1 and VB2 were analyzed after acid
hydrolysis and enzymatic digestion. VB9 and VB12 were quantified by microplate micro-
biological assay. Lactobacillus thamnosus was used as the indicator strain for VB9, while
Lactobacillus reuteri was applied for VB12. Key instruments used included: a MAXX4
colostrum pasteurizer (Calvex A/S, Skive, Denmark); a 1260 high-performance liquid
chromatograph (Agilent Technologies, Santa Clara, CA, USA); a ELx800 microplate reader
(BioTek Instruments, Winooski, VT, USA); a 2500 UV-visible spectrophotometer (Shimadzu,
Kyoto, Japan); and VitaFast assay kits (VB9: KF-44852; VB12: K1244880; R-Biopharm AG,
Darmstadt, Germany).

2.3.2. Performance Measurement

All calves were weighed on an electronic scale on an empty stomach at birth and at
56 d of age to calculate ADG during the experiment. FS was performed daily using the Uni-
versity of Wisconsin 4-point scale [31]. Scoring criteria: 0 = normal feces; 1 = semi-formed,
pasty feces; 2 = loose feces retained on bedding; 3 = watery feces penetrating bedding.
Calves with scores of 0 or 1 were monitored continuously. A score of 2 indicated diarrhea,
and 3 indicated severe diarrhea. Calves with an FS of 2 were treated with oral electrolyte
supplementation as supportive therapy. Calves with an FS of 3 initially received oral
electrolyte supplementation, and ceftiofur sodium was administered by intramuscular in-
jection when antibiotic treatment was considered necessary. All treatments were performed
according to the manufacturer’s instructions and continued until clinical recovery. FS was
independently performed by two veterinarians who were blinded to treatment allocation
throughout the experimental period.

2.3.3. Oxidative Stress Marker Analysis

From each group, 24 calves were selected via simple random sampling for longitudinal
analysis. Blood samples were collected at 1, 28, and 56 days of age. To mitigate stress-related
artifacts, all sampling was performed prior to morning feeding, and calves were handled
with care during restraint. Six milliliters of blood was drawn from each calf into standard
vacuum collection tubes. Samples were centrifuged at 4000 r/min for 3 min, and the
resulting serum supernatant was aliquoted into cryovials. These samples were immediately
stored in liquid nitrogen and subsequently transported under cold chain conditions. All
analyses were completed within seven days of sample collection. Quantification of all
biomarkers was performed using commercial assay kits obtained from Beijing Solarbio
Science & Technology Co., Ltd. (Beijing, China). The parameters measured included total
antioxidant capacity (T-AOC; kit no. BC1315), superoxide dismutase (SOD; kit no. BC0175),
catalase (CAT; kit no. BC0200), malondialdehyde (MDA; kit no. BC0025), glutathione
peroxidase (GSH-Px, kit no. BC6275), and cortisol (kit no. SEKSM-0071). All procedures
were conducted in strict accordance with the manufacturer’s instructions. Each sample
was assayed in duplicate, and the mean value was recorded as the final result. Absorbance
was measured using a Sunrise microplate reader (Tecan, Médnnedorf, Switzerland).

2.3.4. Fecal Microbiota Analysis

Rectal fecal samples were collected from the same 24 calves in each group at 1, 28, and
56 days of age. These calves were the same individuals whose serum had been sampled
at the same timepoints. Before sampling, the calves’ perianal regions were disinfected.
Personnel wore disposable gloves. Each calf used a new sterile swab. Swabs were inserted

https://doi.org/10.3390 /ruminants6030063


https://doi.org/10.3390/ruminants6030063

Ruminants 2026, 6, 63

6 of 20

2-3 cm into the rectum, rotated 3-5 times, and collected 1-2 g of feces. Samples were placed
in RNase/DNase-free tubes, chilled at 0—4 °C, then flash-frozen in liquid nitrogen within
30 min. Samples were sequenced using 165 rRNA high-throughput methods.

Total genomic DNA was extracted from the samples using the CTAB and SDS
method. DNA concentration was determined with a NanoDrop 2000 spectrophotome-
ter (Thermo Fisher Scientific, Wilmington, DE, USA), and DNA purity and integrity
were evaluated by 1% agarose gel electrophoresis. Using diluted DNA (1 ng/uL) as
the template, the V3-V4 hypervariable region of the bacterial 165 rRNA gene was am-
plified with barcoded specific primers 341F (5'-CCTAYGGGRBGCASCAG-3') and 806R
(5'-GGACTACNNGGGTATCTAAT-3'). PCR was performed in a 30 pL reaction system
containing 15 uL High-Fidelity PCR Master Mix (New England Biolabs, Ipswich, MA,
USA), 0.2 uM forward and reverse primers, and 10 ng template DNA. Thermal cycling
conditions included an initial denaturation at 98 °C for 1 min, 30 cycles of denaturation at
98 °C for 10 s, annealing at 50 °C for 30 s, and extension at 72 °C for 30 s, followed by a final
extension at 72 °C for 5 min. PCR products were verified by 2% agarose gel electrophoresis,
mixed at equimolar concentrations, and purified using the TIANgel Purification Kit (TTAN-
GEN Biotech, Beijing, China). Sequencing libraries were constructed using the TIANSeq
Fast DNA Library Prep Kit (TTANGEN Biotech, Beijing, China). Library quality was as-
sessed using a Qubit 2.0 Fluorometer (Thermo Fisher Scientific, Wilmington, DE, USA)
and an Agilent Bioanalyzer 2100 system. Finally, 2 x 250 bp paired-end sequencing was
performed on the HiSeq 2500 platform (Illumina, Bejing, China) to characterize microbial
community diversity.

2.4. Statistical Analysis

All data were analyzed using SPSS 27.0 software. Significance was declared at p < 0.05
and trends at 0.05 < p <0.10.

Vitamins and (3-carotene data were subjected to three-factor general linear model
ANOVA undera 2 x 2 x 2 factorial design. Homogeneity of variance was confirmed by Lev-
ene’s test (p > 0.05). Bonferroni post-hoc tests were applied to significant interaction effects:

Yijkl =u+P;+ M] + Pasy + (P X M)ll + (P X Pas)ik + (M X Pas)jk + (P X M X Pas)ijk + €ijkl

where: Yijkl: observed vitamin content; p, overall mean; P;, parity effect; Mj, milk type
effect; Pasy, LTLT effect; (P x M)y, (P x Pas)j, (M x Pas)jy, second-order interaction effects;
(P x M X Pas)jjy, third-order interaction effect; ¢;j: random error.

Body weight (BW) data were compared using an independent-samples t-test. Diarrhea
incidence was analyzed by the Pearson ? test. The average number of diarrhea episodes
per calf and the average frequency of each FS per calf were analyzed by the Mann-Whitney
U test with Bonferroni correction for multiple comparisons:

Diarrhea incidence (%) = Nd/64 x 100; Average diarrhea episodes per calf = T4 /64;
Average FS i frequency per calf = Tgy3)/64 (=0, 1, 2, 3).

Here, Nd, number of diarrheal calves per group (1 = 64); Td, total diarrhea events per
calf; T, total times of FS i per calf.

Serum OS and cortisol levels were analyzed using repeated-measures general linear
model. Normality and homogeneity of variance were verified. Bonferroni post-hoc tests
were applied to significant interaction effects:

Yij = # + TRT; + Time; + (TRT x Time); + ey

where: Yi]-k, dependent variable; i, overall mean; TRT;, supplement group fixed effect; Time;,
time fixed effect; (TRT x Time)y, supplement x time interaction effect; ejy: random error.
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Fecal microbiome bioinformatics analyses were conducted in QIIME 2, following
standard official pipelines. Raw sequences were demultiplexed via the demux plugin,
and primer sequences were trimmed using cutadapt. The DADA?2 pipeline was used for
subsequent quality filtering, denoising, sequence merging, and chimera removal. Taxo-
nomic annotation was performed with the SILVA database for 16S sequences. Multiple
sequence alignment was conducted in QIIME 2 to characterize dominant taxa across sam-
ple groups. Six indices, including ACE, Chaol, Simpson, Shannon, Pielou and Good’s
coverage, were calculated to evaluate alpha diversity. All alpha diversity metrics were
generated in QIIME 2 and visualized using R software. Beta diversity was assessed based
on weighted UniFrac distances. Principal component analysis (PCA) was performed in
R to reduce dimensionality. PCoA was further applied to visualize microbial community
dissimilarity, with two-dimensional graphs plotted via R. LEfSe was adopted to screen
differential microbial taxa, and the LDA > 2.0 to identify signature differential genera.
The relative abundances of differential genera across three time points, together with six
alpha diversity indicators, including the ACE index, were analyzed by a repeated-measures
mixed-effects model. Group, age, and their interaction were defined as fixed effects, and
the individual calf was included as a random effect. The Bonferroni method was applied
for multiple comparison correction.

3. Results

3.1. Effects of Parity, Milk Type, and Low-Temperature Long-Time Pasteurization on Milk
Vitamin Concentrations

Vitamin concentrations in bovine milk were strongly influenced by parity, lactation
stage, and LTLT in Table 3. Detailed model-based contrasts for the effect of LTLT within each
parity and milk-type combination, expressed as estimated differences between post-LTLT
and pre-LTLT concentrations together with their 95% confidence intervals, are provided
in Supplementary Table S1. LTLT decreased VB1 concentrations (p < 0.001), whereas VB2
and VB9 were unaffected (p = 0.950 and p = 0.305, respectively). No significant main
effects of parity, milk type, or LTLT were observed for VB12 (all p > 0.153), although
the parity x milk type interaction showed a statistical tendency (p = 0.065). Significant
parity x milk type interactions were observed for VA, 3-carotene, VB1, and VB9 (p < 0.003),
indicating that the effect of parity differed between colostrum and mature milk. A signif-
icant milk type x LTLT interaction was observed for 3-carotene (p = 0.034). (-carotene
decreased after LTLT in colostrum, whereas its concentration in mature milk remained be-
low the detection limit. No three-way interactions were significant, although the three-way
interaction for (3-carotene showed a statistical tendency (p = 0.086).
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Table 3. Effects of parity, milk type, and low-temperature long-time pasteurization on concentrations of vitamin A, 3-carotene, and B vitamins in bovine
milk (ug/100 g) L.

Items Primiparous (1 = 4) Multiparous (1 = 4) SEM p-Value 2
. . . . Parity x Parity x Milk x Parity x
Colostrum Mature Milk Colostrum Mature Milk Parity Milk LTLT Milk LTLT LTLT Milk x LTLT
Before After Before After Before After Before After
Vitamin A 1236.72  1220.0& 175°¢ 16.1°¢ 342.7b  304.0P 208¢ 18.2°¢ 82.00 <0.001 <0.001 0.800 <0.001 0.921 0.827 0.929
[-carotene 35.38@ 24.75b <0.5 <0.5 9.66 € 8.46 ¢ <0.5 <0.5 1.86 <0.001 <0.001 0.034 <0.001 0.086 0.034 0.086
Vitamin B1 5792 53.2°b 1344 11.2¢ 52.74 440¢ 21.1f 18.6 8 1.49 0.878 <0.001 <0.001 <0.001 0.306 0.051 0.388
Vitamin B2  570.22 564.7 @ 103.5°¢ 102.1°¢ 3703b  3653P 962¢ 95.6 ¢ 70.43 0.049 <0.001  0.950 0.065 0.995 0.966 0.999
Vitamin B9 4102 3952 1.75¢ 1.61°¢ 4.062 4.022 2320 227b 0.13 0.002 <0.001 0.305 0.003 0.589 0.984 0.940
Vitamin B12  0.31 0.24 0.49 0.36 0.50 0.36 0.36 0.38 0.08 0.333 0414 0.153 0.065 0.664 0.620 0.335

For -carotene, concentrations in mature milk were below the limit of detection (0.5 ug/100 g), and thus were not labeled with superscript letters. Within the same vitamin, values with
different lowercase superscript letters differ significantly (p < 0.05). 1 The units of all indicators are ug/100 g. Heifers = primiparous cows (1st parity); Multiparous = cows at 2nd to 3rd
parity; Colostrum = milk collected immediately after parturition; Mature milk = milk collected on d 5 postpartum; LTLT = low-temperature long-time pasteurization. Before and After
refer to before and after LTLT, respectively. 2 p-value definitions: Parity = Primiparous and multiparous; Milk = Colostrum and mature milk; Treat = Before and after LTLT; Parity x Milk
= two-way interaction between parity and milk type; Parity x Treat = two-way interaction between parity and LTLT; Milk x Treat = two-way interaction between milk type and LTLT;
Parity x Milk x Treat = three-way interaction among parity, milk type, and LTLT.
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3.2. Body Weight Gain and Diarrhea Status

The effects of dietary (3-carotene supplementation on growth performance and
diarrhea-related parameters in calves during the 56-day experimental period are pre-
sented in Table 4. Initial BW was similar in the CON group (36.9 kg) and the BC group
(37.1 kg; p = 0.724). -carotene supplementation did not affect day 56 BW or ADG (p > 0.10).
Diarrhea incidence tended to be lower in the BC group than in the CON group (70.3% vs.
82.8%; RR = 0.85, 95% CI: 0.70 to 1.03; p = 0.095). However, the average number of diarrhea
episodes per calf did not differ between groups (1.7 vs. 2.2; p = 0.181). The frequency
of normal feces was higher in the BC group (p < 0.001), whereas the frequency of severe
diarrhea was lower (p = 0.046). No differences were observed for fecal scores 1 and 2
(p > 0.05).

Table 4. Growth performance and diarrhea-related outcomes of preweaning calves fed with f3-

carotene 1.

Items CON BC Effect Estimate (95% CI) p-Value
BW
Initial BW, kg 369 +04 371+ 04 MD = 0.20 (—0.93 to 1.34) 0.724
Day 56 BW, kg 86.5 + 0.7 87.8 £ 0.7 MD =1.27 (—0.60 to 3.13) 0.180
ADG, g/d 886.4 + 9.8 905.4 + 8.9 MD = 19.03 (—7.21 to 45.28) 0.154
Diarrhea !
Diarrhea incidence, n/N (%) 53/64 (82.8) 45/64 (70.3) RR =0.85 (0.70 to 1.03) 0.095
Diarrhea episodes per calf, n 22+£02 1.7+0.2 HL = 0.00 (—1.00 to 0.00) 0.181
Days with FS 0 per calf, n 52.8 + 0.0 53.7 + 0.1 HL =1.00 (1.00 to 1.00) <0.001
Days with FS 1 per calf, n 1.0£0.1 0.8+0.1 HL = 0.00 (0.00 to 0.00) 0.308
Days with FS 2 per calf, n 09 +0.1 0.8 +0.1 HL = 0.00 (0.00 to 0.00) 0.615
Days with FS 3 per calf, n 144+02 09+0.1 HL = 0.00 (—1.00 to 0.00) 0.046

CON, control group without (-carotene, addition; BC, 3-carotene-supplemented group (100 mg/day/calf,
n = 64 per group); BW = body weight; ADG = average daily gain; FS = fecal score. Values are presented as mean
+ SEM; MD, mean difference; CI, confidence interval. Mean differences were calculated as BC minus CON;
RR, risk ratio; The RR represents the risk of diarrhea in the BC group relative to that in the CON group. HL,
Hodges-Lehmann location shift; HL estimates were calculated as BC minus CON, positive values indicate higher
values in the BC group, whereas negative values indicate lower values in the BC group. p < 0.05, significant
difference; 0.05 < p < 0.10, statistical tendency. ! Diarrhea determination criteria: FS > 2.

3.3. Oxidative Stress Markers and Cortisol Concentrations

Dietary [3-carotene supplementation altered the temporal profiles of serum OS indica-
tors and cortisol in preweaning calves (Figure 1A-F). 24 calves per group were randomly
selected from 64 calves at day 1. The same individuals were continuously tracked and
sampled at day 1, 28, and 56. Repeated-measures ANOVA revealed significant time effects
for all six parameters (p < 0.05), significant group effects for SOD, GSH-Px, CAT, MDA,
and cortisol (p < 0.05), and significant group X time interactions for SOD, GSH-Px, MDA,
and cortisol (p < 0.05). A statistical tendency for a group x time interaction was observed
for T-AOC (p = 0.08), whereas the main effect of group was not significant (p = 0.213).
For T-AOC, both groups increased from day 1 to 28, but only the CON group declined
by day 56. No intergroup differences were significant at any time point. SOD rose in the
CON group by day 28 (p < 0.05 vs. day 1) and then fell by day 56, whereas the BC group
remained stable across time points. Consequently, SOD was higher in CON than BC at day
28 (p < 0.05). GSH-Px decreased over time in CON (p < 0.05), but increased in BC (p < 0.05),
resulting in higher levels in BC at days 28 and 56 (p < 0.05). CAT increased in both groups
(p < 0.05), but the rise was greater in BC, leading to significantly higher activity at days
28 and 56 (p < 0.05). MDA increased steadily in CON from day 1 to 56 (p < 0.05), while
remaining stable and lower in BC. MDA was significantly lower in BC at days 28 and 56
(p < 0.05). Similarly, cortisol rose progressively in CON (p < 0.05), but changed little in BC.
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Cortisol concentrations were lower in BC than CON at days 28 and 56 (p < 0.05), with no
difference at day 1.
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Figure 1. Dynamic changes of serum oxidative stress markers and cortisol in preweaning calves
fed with (-carotene. (A) T-AOC = total antioxidant capacity; (B) SOD = superoxide dismutase;
(C) GSH-Px = glutathione peroxidase; (D) CAT = catalase; (E) MDA = malondialdehyde; (F) Cortisol
= bovine cortisol. CON, control group without 3-carotene, addition; BC, 3-carotene-supplemented
group (100 mg/day/calf). Calves were sampled at days 1, 28, and 56 of the experiment. n = 24 calves
per group at days 1, 28 and 56. 95% CI, 95% confidence interval for the estimated mean difference
between the BC and CON. Values are presented as means &+ SEM. Main effects of time, group, and
their interaction are presented in the upper left corner of each panel. The p values shown at each
time point indicate between-group differences at the same sampling time, with p < 0.05 considered
statistically significant and 0.05 < p < 0.10 considered statistical tendency.

3.4. Microbial Composition and Differences

The same 24 calves per group randomly selected for serum OS detection were used
for fecal microbial analysis. Fecal samples were collected at d 1, d 28, and d 56. Partial
d 1 samples were excluded after bacterial culture identification due to sterile meconium.
Finally, valid d 1 samples were 13 in CON and 17 in BC, and all enrolled d 1 fecal samples
were confirmed non-sterile [32]. All samples were subjected to 16S rRNA gene sequencing
for fecal microbial analysis.

A total of 10,740,190 raw reads were generated, with a mean of 85,240 reads per sample
and a range of 58,058 to 95,523 reads. Of the 10,739,997 reads entering the DADA?2 pipeline,
9,779,391 after quality filtering, denoising, paired-end merging and chimera removal. The
final dataset contained a mean of 77,614 non-chimeric reads per sample, ranging from
54,058 to 93,243 reads, corresponding to an overall retention rate of 91.06%. The feature
table was rarefied to 51,355 sequences per sample, and all 126 samples exceeded this
threshold and were retained for diversity analyses. Detailed sample-level sequencing and
DADA?2 processing statistics are provided in Supplementary Table S2.

A flower plot was used to summarize the distribution of shared and group-specific
fecal bacterial OTUs among the six by-day groups (Figure 2A). A total of 120 OTUs were
shared by all six groups, whereas the number of group-specific OTUs ranged from 2235 to
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4277. Rarefaction curves of observed ASVs approached an asymptote for most samples
as sequencing depth increased (Figure 2B), indicating that the sequencing depth captured
most of the observed bacterial richness.
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Figure 2. Fecal bacterial community characteristics in dairy calves fed with or without 3-carotene
supplementation. (A) Flower plot showing the numbers of shared and group-specific OTUs among
the six by-day groups. The central value represents the number of OTUs shared by all six groups,
whereas the values in the petals indicate OTUs unique to the corresponding groups. (B) Rarefaction
curves of observed ASVs as a function of sequencing depth. Each curve represents one fecal sample.
(C) PCoA based on weighted UniFrac distance. Each point represents one fecal sample and is
colored according to treatment and sampling day. Ellipses represent the 95% confidence regions
of the corresponding groups. PCoA1l and PCoA2 explained 20.5% and 12.6% of the total variation,
respectively. Overall differences in bacterial community structure among the six by-day groups
were assessed using PERMANOVA (R? = 0.3256, p = 0.001). CON, control group with no p3-carotene
addition; BC, B-carotene-supplemented group (100 mg/day/calf). Calves were sampled at days
1, 28, and 56 of the experiment. At day 1, samples that did not yield sufficient bacterial DNA for
sequencing were excluded, resulting in 13 samples from the CON group and 17 samples from the BC
group; 24 samples per group were analyzed on days 28 and 56.

The results of alpha diversity are presented in Table 5. Time exerted significant effects
on all alpha diversity indices. No significant overall group effects were observed for ACE,
Chaol, Shannon, Pielou, or Good’s coverage, whereas the group effect for the Simpson
index showed a statistical tendency. Significant group x time interactions were observed
for the Simpson, Shannon, and Pielou indices. At d 1, the Simpson, Shannon, and Pielou
indices were higher in the BC than in the CON. No significant differences in these indices
were observed at d 28. At d 56, the Shannon index was lower in the BC, while the Simpson
and Pielou indices showed statistical tendencies toward lower values. ACE and Chaol
showed statistical tendencies toward lower values in the BC at d 28 and were significantly
lower at d 56. Good'’s coverage exceeded 0.999 at all sampling points, indicating adequate
sequencing depth. A statistically significant but numerically small difference in Good’s
coverage was observed at d 56.

PCoA based on weighted UniFrac distance was performed to visualize differences in
fecal bacterial community structure among the six groups (Figure 2C). PCoAl and PCoA2
explained 20.5% and 12.6% of the total variation, respectively. Visual inspection of the
ordination plot showed pronounced age-related clustering, with samples collected on day
1 separated from those collected on days 28 and 56. Overall bacterial community structure
differed among the six by-day groups (PERMANOVA, R? = 0.3256, p = 0.001).
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Table 5. Alpha diversity indices of the fecal microbiota in preweaning calves fed with B-carotene !.

. CON BC Fixed Effects
Items Times p-Value 95% CI
Group Time Group x Time
1d 283 + 583 356.4 + 52.7 0.29 —67.0t0213.6
ACE 28d 325.2 4 32.0 277.4 + 32.0 0.05 —96.1 to 0.4 F(1,33.0)=0.13,p=0.719 F(2,37.3)=158.12,p<0.01  F(2,37.3)=155,p=0.225
index 56 d 632.5 + 32.5 579.6 + 32.5 0.04 ~1033to —2.5
1d 277.9 + 1185 352.6 + 115.9 0.28 —633t0212.8
Chaol 28d 322.7 + 108.4 275.2 + 108.4 0.05 —95.6 to 0.4 F(1,332)=0.12,p=0.73 F(2,375)=159.52,p<0.01 F(2,37.5) =164, p=0.207
index 56 d 631.2 4 108.6 578.0 4+ 108.6 0.04 —103.8 to —2.5
, 1d 0.655 + 0.036 0.787 =+ 0.032 0.01 0.0t0 0.2
Simpson 28d 0.929 + 0.011 0.913 + 0.011 0.28 0.0 to 0.0 F(1,31.4)=343,p=0071 F(2,385)=6236,p<001  F(2,385) =552, p=0.008
index 56 d 0.973 + 0.004 0.962 =+ 0.004 0.07 0.0 to 0.0
1d 2.81 +0.45 3.92 +0.43 0.01 0.3t01.9
Shannon 28d 5.39 + 0.37 5.10 & 0.37 0.19 —0.7t00.1 F(1,40.9)=096,p=0332 F(2,381)=178.81,p<001 F(2,38.1)=6.63,p=0.003
index 56 d 6.90 + 0.35 6.62 & 0.35 0.04 —0.6t00.0
1d 0.359 + 0.034 0.469 =+ 0.031 0.01 0.0t0 0.2
Pielou 28d 0.651 + 0.024 0.633 = 0.024 0.38 —0.1t00.0 F(1,422)=192,p=0.173 F(2,38.6)=15521,p<0.01 F(2,38.6)=6.74, p = 0.003
56 d 0.745 + 0.021 0.724 + 0.021 0.08 0.0 to 0.0
1d 0.9996 = 0.000 0.9995 =+ 0.000 0.44 0.0 to 0.0
Good’s coverage ~ 28d 0.9996 == 0.000 0.9997 = 0.000 0.11 0.0 to 0.0 F(1,325)=0.40,p=0532 F(2,39.1)=15.04,p<0.01  F(2,39.1)=1.42,p=0254
56 d 0.9994 = 0.000 0.9995 =+ 0.000 0.02 0.0 to 0.0

The p-value in the table refer to pairwise comparisons between CON and BC groups at each time point. Fixed effects of Group, Time, and their interaction (Group x Time) were assessed
using a linear mixed-effects model, with individual calf included as a random effect. F-statistics and corresponding p-value for each fixed effect are presented. p < 0.05, significant
difference; 0.05 < p < 0.10, statistical tendency. ' CON, control group without B-carotene, addition; BC, B-carotene-supplemented group (100 mg/day/calf). At 1 d, some samples were
excluded due to sterile feces, resulting in n = 13 (CON) and n = 17 (BC); nn = 24 per group at 28 and 56 d.
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To further determine the effects of [3-carotene on the fecal microbial structure of
preweaning calves, the composition of fecal bacterial communities at the phylum and
genus levels was compared between CON and BC groups across different time points. At
the phylum level, as shown in Figure 3A, the dominant phyla in all groups were Firmicutes,
Bacteroidota, and Proteobacteria, with minor phyla including Fusobacteriota, Actinobacteriota,
and Spirochaetota also detected at low abundances. At the genus level, as shown in Figure 3B,
the fecal microbiota was dominated by genera including Bacteroides, Escherichia-Shigella,
and Faecalibacterium, with clear age-related shifts in community composition observed in

both groups.
(B)
I
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Figure 3. Effect of 3-carotene on the dominant fecal bacterial phyla and genus bacteria flora in dairy
calves. (A) The phylum level; (B) The genus level. CON, control group with no (3-carotene addition;
BC, B-carotene-supplemented group (100 mg/calf/d). Calves were sampled at days 1, 28, and 56 of
the experiment. At day 1, samples with sterile feces were excluded, yielding n = 13 (CON) and n = 17
(BC); n = 24 calves per group at days 28 and 56.

LEfSe analysis was performed to identify bacterial taxa with differing relative abun-
dance between CON and BC groups at each sampling time point (Figure 4A-C). A total
of 8, 19, and 25 taxa were identified across the three time points, each showing higher
relative abundance in one of the two groups. Specifically, at d 1, 7 taxa had higher relative
abundance in BC calves, while 1 taxon had higher relative abundance in CON calves. At d
28, 14 taxa had higher relative abundance in CON calves, and 5 taxa had higher relative
abundance in BC calves. At d 56, 19 taxa had higher relative abundance in CON calves,
and 6 taxa had higher relative abundance in BC calves.

The dynamic changes in the relative abundance of key genera identified by LEfSe
were further analyzed (Figure 4D-N). Linear mixed-effects models were applied to assess
the effects of time, group, and their interaction on the relative abundance of these genera.
All genera showed significant main effects of time (p < 0.05). Significant group x time in-
teractions were observed for Bacteroides, Rikenellaceae_RC9_gut_group, Erysipelatoclostridium,
Blautia, Fusobacterium, Parabacteroides, and Prevotellaceae_UCG-003 (p < 0.05). A significant
main effect of group was detected for Rikenellaceae_RC9_gut_group, Erysipelatoclostridium,
Ruminococcus gnavus group, Blautia, Fusobacterium, Parabacteroides, and Prevotellaceae_UCG-
003 (p < 0.05). Notably, the mean relative abundance of Blautia was higher in the BC

https://doi.org/10.3390/ ruminants6030063


https://doi.org/10.3390/ruminants6030063

Ruminants 2026, 6, 63 14 of 20

group at all three sampling time points. However, the between-group difference was
significant only at d 28 (p = 0.003). At d 28 and 56, Fusobacterium, Parabacteroides, and
Prevotellaceae_UCG-003 showed higher mean relative abundances in the CON group than
in the BC group. Some of these pairwise comparisons met the predefined criterion for a
statistical tendency (0.05 < p < 0.10).
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Figure 4. LEfSe analysis of fecal bacterial flora in dairy calves. (A-C) LDA scores of CON and
BC groups at days 1, 28, and 56. Biomarkers were identified across all taxonomic ranks (kingdom
to species) with a LDA score > 2.0. From the biomarkers identified by LEfSe at each time point,
only genus-level taxa were selected for subsequent relative abundance comparisons across the three
sampling days. (D-N) Relative abundance of the selected differential genera at three sampling
time points. CON, control group with no f3-carotene addition; BC, 3-carotene-supplemented group
(100 mg/calf/d). Calves were sampled at days 1, 28, and 56 of the experiment. At day 1, samples
with sterile feces were excluded, yielding n = 13 (CON) and n = 17 (BC); n = 24 calves per group at
days 28 and 56.
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4. Discussion

Preweaning calves undergo rapid development and are highly responsive to dietary
factors, which influence health and disease resistance during early life [33,34]. Our study
combined two sequential experiments. Experiment 1 evaluated the effects of parity and
LTLT on milk vitamins. [B-carotene was detected only in colostrum and declined by
about 30% after LTLT. Experiment 2 showed that supplementing calves with 100 mg/d (3-
carotene improved antioxidant status, reduced severe diarrhea, and altered fecal microbiota.
Together, these findings indicate that 3-carotene supplementation may help support early-
life health in dairy calves.

To explain the rationale for (3-carotene supplementation, we first assessed the effects
of parity and LTLT on the vitamin profile of milk. Experiment 1 showed that (3-carotene
was only detectable in colostrum. Its concentration was more than three times higher in
primiparous cows than in multiparous cows. Calderén et al. reported similar findings,
noting that the 3-carotene concentration in colostrum was 9.9 times higher than in mature
milk [35]. They also showed that plasma [3-carotene increased during early lactation,
whereas milk (3-carotene remained low [35]. This suggests that 3-carotene transfer from
blood to milk is tightly regulated by the mammary gland. The secretion efficiency of 3-
carotene is much lower than that of VA [35]. As a result, mature milk naturally contains only
small amounts of 3-carotene. This has practical importance for calf nutrition. Preweaning
calves depend mainly on milk as their liquid diet, while concentrate intake remains limited
during early life. Because mature milk contains little 3-carotene, the dietary supply of
this antioxidant is already low under normal feeding conditions. LTLT further reduced
colostrum (-carotene by approximately 30% in the present study. In contrast, VA and B
vitamins showed much smaller losses. These results indicate that 3-carotene is the vitamin
most susceptible to LTLT among those evaluated. Previous studies mainly focused on the
effects of LTLT on VB and fat-soluble vitamins [11,12,36,37]. Our study extends previous
findings by quantifying the reduction in 3-carotene concentration in bovine milk. This
finding is relevant because LTLT is widely used on commercial dairy farms to improve
milk hygiene and reduce pathogen transmission. Its benefits for milk safety remain clear.
Under the conditions evaluated, however, LTLT reduced the p-carotene concentration
in colostrum. Experiment 1 did not measure 3-carotene intake or circulating (3-carotene
concentrations in calves. Therefore, it cannot determine whether this reduction resulted in
[3-carotene deficiency.

In a separate feeding experiment, we evaluated whether dietary (3-carotene supple-
mentation affected antioxidant status, cortisol concentrations, FS, growth performance, and
fecal microbial composition in preweaning calves. During the 56-day feeding period, calves
in the control group showed a progressive decline in antioxidant status. GSH-Px activity de-
creased over time, whereas MDA and cortisol concentrations increased. In contrast, calves
receiving (-carotene maintained relatively stable activities of SOD, GSH-Px, and CAT. They
also had lower MDA and cortisol concentrations. Significant group x time interactions for
SOD, GSH-Px, MDA, and cortisol indicate that continuous 3-carotene supplementation
helped maintain antioxidant capacity during early life. These findings agree with previous
studies showing that 3-carotene supplementation improves antioxidant status under differ-
ent physiological and environmental stress conditions, including weaning, transport, heat
stress, and the periparturient period [17,19,38-40]. The antioxidant effect of (3-carotene is
likely related to its ability to scavenge reactive oxygen species and protect cellular lipids
from oxidative damage. MDA is a widely used indicator of lipid peroxidation. Previous
studies reported higher MDA concentrations in diarrheic calves than in healthy calves,
and MDA declined after clinical recovery [6-8]. In the present study, MDA increased from
6.60 to 11.82 nmol/mL in the control group between days 28 and 56. In contrast, MDA
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remained much lower in the (3-carotene group (1.45 and 2.77 nmol/mL at days 28 and 56,
respectively). At the same time, calves receiving (3-carotene experienced fewer episodes of
severe diarrhea. These findings suggest an association between improved antioxidant sta-
tus and better intestinal health. A similar pattern was observed in the CON group, whereas
[3-carotene supplementation was associated with a more stable oxidative status and re-
duced diarrhea severity. Cortisol is another important indicator of physiological stress.
Elevated cortisol concentrations have been associated with impaired immune function
and increased disease risk in calves [41-43]. In our study, cortisol increased steadily in the
control group throughout the experimental period. In contrast, cortisol remained relatively
stable in calves supplemented with 3-carotene. On day 56, the cortisol concentration in the
(3-carotene group was only 55.7% of that in the control group (2726.96 vs. 4898.71 pg/mL).
This reduction may have contributed to the lower incidence of severe diarrhea observed in
supplemented calves.

The improvement in oxidative status was accompanied by changes in the fecal mi-
crobiota. Among the differentially abundant genera identified by LEfSe, Blautia was the
most consistently enriched genus in calves receiving 3-carotene. Its relative abundance was
higher at all three sampling points and reached the greatest difference on day 28. Blautia is
widely recognized as a beneficial intestinal bacterium and has been associated with gut
health in both humans and animals [44]. Recent studies also suggest that Blautia contributes
to intestinal homeostasis through the production of short-chain fatty acids (SCFA) and
maintenance of the mucus barrier [45]. Although these mechanisms were not evaluated
in the present study, the consistent enrichment of Blautia suggests that 3-carotene supple-
mentation favored the establishment of a healthier gut microbial community. In addition to
Blautia, Rikenellaceae_RC9_gut_group, Erysipelatoclostridium, and Ruminococcus gnavus group
were also enriched in the 3-carotene group. These genera have previously been associated
with SCFA production and intestinal homeostasis in ruminants [46—48]. However, SCFA
concentrations were not measured in this study. Therefore, the functional significance of
these microbial changes requires further investigation. In contrast, calves in the control
group showed greater enrichment of Fusobacterium on days 28 and 56. Previous studies
have consistently reported higher abundances of Fusobacterium in diarrheic calves and have
linked this genus to intestinal inflammation and opportunistic infection [49-51]. The lower
relative abundance of Fusobacterium in supplemented calves, together with the enrichment
of Blautia and other potentially beneficial genera, suggests that dietary [3-carotene supple-
mentation was associated with a more favorable microbial profile. Significant group x time
interactions were observed for several bacterial genera. The differences between CON and
BC became more evident as calves aged, especially by day 56. This pattern is consistent with
the gradual development of the calf gut microbiota during the preweaning period. It also
suggests that continuous (3-carotene supplementation may influence microbial succession
during early life. Because neither microbial metabolites nor intestinal barrier function were
measured, the mechanisms responsible for these changes remain unclear and should be
explored in future studies.

This study has several limitations. First, Experiment 2 did not include a raw-milk-fed
comparison group, and the 3-carotene status of calves was not evaluated. Second, SCFA
concentrations and intestinal barrier function were not measured, preventing direct evalua-
tion of the functional consequences of the microbial changes. Third, the feeding experiment
was conducted on a single commercial dairy farm and evaluated only one supplementation
dose. Future studies should confirm circulating carotenoid status, evaluate different supple-
mentation doses, and use experimental designs that more directly examine the relationship
between LTLT-associated nutrient changes and calf responses.
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5. Conclusions

In conclusion, this study identified (3-carotene as the vitamin most affected by LTLT
among those evaluated in bovine milk. Daily dietary supplementation with 100 mg/d
[3-carotene improved antioxidant status, attenuated cortisol accumulation, reduced the
occurrence of severe diarrhea, and altered the fecal microbiota by increasing the rela-
tive abundance of beneficial genera, particularly Blautia, while reducing Fusobacterium in
preweaning calves. Although growth performance was not significantly improved during
the study period, these findings support dietary (3-carotene supplementation as a practical
nutritional strategy to improve health and oxidative resilience in preweaning dairy calves.
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(O3] Oxidative stress

PCA Principal component analysis
SCFA Short-chain fatty acids

SOD Superoxide dismutase
T-AOC  Total antioxidant capacity
VA Vitamin A

VB1 Vitamin B1

VB2 Vitamin B2

VB9 Vitamin B9

VB12 Vitamin B12
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