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This study aimed to evaluate the effects of milk supplementation with different zinc
(Zn) sources on growth rate, starter intake, diarrhea incidence, and nutrient
digestibility in dairy calves during the pre-weaning period. Forty newborn
Holstein heifer calves were assigned to four treatments: control (no Zn
supplementation; CON) or supplementation with 80 mg/day Zn from zinc
sulfate (Zn-Sul), chelated zinc (Zn-Bon), or zinc methionine (Zn-Met). The Zn
supplements were provided via milk from days 3 to 14 of age. Body weight (BW)
and starter intake (SI) were monitored until weaning on day 70. Serum metabolite
concentrations were determined in blood samples collected on days 15 and 70.
Fecal consistency index (FCI) and frequency of medical treatments were measured
during the first 21 days of life. Apparent total tract digestibility (ATTD) was
determined in the 10th week of life. Although the effects of Zn supplementation
on BW gain or body measurements were non-significant, a tendency for treatment
X time interaction on BW was observed, with variations among the experimental
groups becoming more pronounced on days 56 and 70, showing higher values in
Zn-supplemented calves compared to CON. S| was improved by Zn
supplementation, with the greatest response in the Zn-Bon group. Compared to
control, ATTD of organic matter, neutral detergent fiber, and starch tended to
increase with Zn supplementation. Blood metabolites and FCI did not differ among
the experimental treatments. Although no significant difference was detected
between Zn-Met and CON, the frequency of medical treatment was significantly
lower in Zn-Bon and Zn-Sul compared to CON calves. In conclusion, zinc
supplementation in milk, particularly with the organic chelated zinc source (Zn-
Bon), showed promising effects on increasing starter intake and reducing medical
treatments, along with trends toward enhanced growth and nutrient digestibility in
pre-weaned calves.
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1 Introduction

Raising dairy calves to become productive replacement heifers is
a critical component of successful dairy farming. The early growth
and development of these calves are fundamental to their future
productivity and overall health. Proper nutrition, care, and
management during the early stages of a calf’s life can significantly
impact its future milk yield, reproductive performance, and longevity
in the herd. The development and maturation of the rumen is a
crucial physiological challenge faced by young ruminants. At birth,
the forestomach of a calf, which include the rumen, reticulum, and
omasum, are underdeveloped and non-functional. Consequently,
newborn calves function primarily as monogastric animals, relying
on the abomasum for digestion. The transition from this monogastric
phase to a fully functional ruminant state involves significant
physiological, microbial, and nutritional changes (Baldwin et al,
2004). These changes encompass increases in rumen volume,
differentiation and proliferation of epithelial cells, shifts in rumen
microbial flora, and alterations in nutrient transfer patterns to the
intestines, liver, and surrounding tissues.

Zinc (Zn) is a vital trace element involved in numerous biological
processes, including protein structure and function, enzyme activity,
DNA and RNA metabolism, and gene expression. Additionally, Zn has
a regulatory function in apoptosis and signal transduction (Kincaid,
2000; Hambidge and Krebs, 2007). Research has demonstrated that
supplementing calves with 80 mg of Zn per day during their first two
weeks of life can stimulate growth, enhances immune responses, and
reduces the incidence of diarrhea (Feldmann et al., 2019; Chang et al,,
2020; Wo et al., 2022). The anti-diarrheal effects of Zn are attributed to
its ability to improve immune system activity, reduce pathogenic
bacterial populations, and promote the growth of beneficial gut
bacteria (Fairbrother et al, 2005; Sales, 2013). Moreover, Zn is an
essential component of many metalloenzymes involved in DNA and
RNA synthesis, and it influences the activity of thymidine kinase, an
enzyme critical for cell division (MacDonald, 2000). Recent studies
have highlighted a significant relationship between rumen
development and Zn uptake, underscoring the importance of
adequate Zn availability for the early establishment of rumen
microbial flora and the growth of villi in the rumen epithelium. It
has been reported that Zn absorption is crucial for the growth and
development of rumen villi in goats, particularly due to its role in zinc-
finger (ZNF) proteins (Cernik et al, 2013). Malmuthuge et al. (2019)
investigated the relationship between rumen microbial flora and gene
expression patterns in the rumen epithelium of Holstein calves aged 1,
3, and 6 weeks, discovering a significant positive correlation between
ZNF protein expression and rumen development. Although the effect
of Zn on the overall health and performance of dairy cows and calves
has been extensively researched (Spears, 1996), its specific impacts on
rumen growth and development during the early life stages are still not
fully defined. Furthermore, the comparative efficacy of various Zn
supplementation forms requires further investigation. Elucidating these
differences is crucial for determining the most effective Zn formulations
and optimizing supplementation strategies in dairy calf nutrition.

A variety of Zn dietary supplements are commercially available
for animal nutrition, including inorganic forms such as Zn oxide
and Zn sulfate, as well as organic forms. The organic Zn sources like
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Zn methionine have shown higher bioavailability and efficacy in
promoting growth and health compared to inorganic sources
(Nayeri et al.,, 2014; Ishaq et al., 2018). Chang et al. (2020)
suggests that Zn methionine promotes superior growth in dairy
calves compared to zinc oxide, while Zn oxide is more effective in
preventing diarrhea. Consequently, a strategic approach of
administering Zn oxide in the initial days of life, followed by Zn
methionine until 14 days of age, may optimize both growth and
health benefits in dairy calves. The authors, however, mention that
the enhanced growth observed with Zn methionine may be
attributed to both its higher bioavailability and the presence of
methionine, an essential amino acid, complicating definitive
conclusions regarding the efficacy of Zn from organic sources.
Recent advancements in chelating technology have led to the
development of organic mineral forms using organic acids as
ligands (Nazaran, 2012). Preliminary studies indicate that these
organic mineral forms exhibit higher bioavailability than their
inorganic counterparts in ruminants (Dehghan-Banadaky et al,
2021; Mousavi-Haghshenas et al., 2022) and poultry (Seyfori et al.,
2019; Ghasemi et al, 2020, 2022). We propose that using this
advanced organic chelated Zn source may help distinguish the
specific effects of the organic Zn form itself, without the
confounding influence of essential amino acids. We hypothesize
that early-life Zn supplementation will enhance growth
performance, solid feed intake, and nutrient digestibility during
the pre-weaning period by promoting rumen development and
preventing diarrhea. Furthermore, we expect that the magnitude of
these responses will vary depending on the Zn source, with the
organic chelated form potentially showing superior effects
compared to inorganic source. Therefore, the present study aimed
to investigate the effects of early-life supplementation with different
forms of Zn on body weight (BW) gain, starter intake (SI), blood
metabolites, and apparent total tract digestibility (ATTD) of
nutrients in Holstein dairy calves from birth until weaning.

2 Materials and methods
2.1 Animals and housing

The present study was conducted at Pegah-E-Hamadan Dairy
Farm, a commercial dairy operation located in Hamadan, Iran (36°
16’16”N, 48°31’18”E). All procedures involving animals were
conducted in accordance with the guidelines set by Iranian
Council of Animal Care (1995). A total of 40 newborn Holstein
heifer calves (birth weight of 36.94 + 3.14 kg) born between June
and July 2021were enrolled in this study. The experiment lasted
until the end of September 2021, when all calves were weaned at 70
days of age. Within 2 hours after birth, calves were separated from
their dams and housed in individual indoor pens (I m wide X 2 m
deep). Within 24 hours, each calf received colostrum from its dam.
The first colostrum was fed as soon as possible after birth, with a
minimum 4 L provided within the initial 12 hours. Additionally,
calves received intramuscular injections of a vitamin A, D3, and E
supplement (2 mL) and selenium (1 mL; Rooyan Darou, Tehran,
Iran). From 3 days old until weaning at 70 days, calves were
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transferred to outdoor individual pens (1 m wide x 3 m deep) that
prevented physical contact but allowed visual and auditory
interaction with each other, not with their dams. The average
ambient temperature during this period was 38°C (maximum
43°C, minimum 32°C), with relative humidity ranging from 15%
to 22%. Pens were bedded with straw, which was replenished and
replaced as needed. The inside of the pens was cleaned weekly to

maintain proper sanitation.

2.2 Feeding and experimental treatments

Throughout the experimental period, all calves received fresh
whole milk according to the following structured feeding protocol:
calves received 1.5 L of milk per feeding from days 2 to 14, increased
to 3 L per feeding from days 15 to 50, and then reduced to 2 L per
feeding from days 51 to 63. During week 10 (days 64-70), the milk
quantity was progressively decreased daily to facilitate weaning, with
complete weaning achieved by day 70. From d 3 to d 14, calves
received fresh whole milk that was either un-supplemented (CON) or
supplemented with 80 mg/day zinc from one of three sources: zinc
sulfate heptahydrate (0.35 g ZnSO4-7H,0, Merck; Zn-Sul), chelated
zinc (0.5 g Bonza® Zn, Sodour Ahrar Shargh, Iran; Zn-Bon), or zinc
methionine (0.45 g Zinpr0® 180, Zinpro, US; Zn-Met). This zinc
supplementation level was selected based on previous studies (Chang
et al,, 2020; Wo et al., 2022). Zinc supplements were individually
mixed into the morning milk meal of each calf before being offered to
the calves. All calves had free access to a commercial starter feed
(Table 1) formulated to meet nutrient requirements according to
(NRC, 2001) recommendations from 5 days of age. Fresh water was
also made freely available to the calves.

2.3 Data collection

Body weights were recorded at birth and then fortnightly before
morning milk feeding. Average daily gain (ADG) was estimated as
the slope of body weight regressed on time. Offered starter and
refusal were weighed daily to calculate SI and average daily starter
intake (ADSI). Hip height, wither height, body length, heart girth,
and hip width were recorded as body measurements on days 3 and
70 of age. Fecal consistency was scored daily during first 21 days of
life by two trained technicians using the following scale (Larson
etal, 1977): 1 = normal (firm but not hard); 2 = soft (does not hold
form, piles but spread slightly); 3 = runny (spreads readily); 4 =
watery (liquid consistency, splatters). The following equation was
used to calculate the fecal consistency index (FCI) as described by
(Salazar et al, 2019) to provide an integrated measure of fecal
fluidity over the observation period.

(DS1 x 1) + (DS2 x 2) + (DS3 x 3) + (DS4 x 4)
TD x 4

Where DS1, DS2, DS3, and DS4 represent the number of days
with fecal scores of 1, 2, 3, and 4, respectively, and TD is the total

FCI =

number of observation days. Higher values indicate looser fecal
consistency. Moreover, intravenous fluid therapy and antibiotic
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TABLE 1 Ingredients and chemical composition of the starter diet.

Ingredients, g/kg

Alfalfa hay 70
Wheat straw 30
Barley grain 135
Corn grain 425
Soybean meal 238
Wheat milling 425
Salt 6.8
Sodium bicarbonate 12.75
Calcium carbonate 4.25
Magnesium oxide 2.55
Dicalcium phosphate 4.25
Trace mineral premix' 12.75
Vitamin premix” 14.45
Bentonite (toxin binder) 1.7

Chemical composition, % of dry matter

DM 88.4
CP 19.0
NDF 241
ADF 18.4

'Mineral premix contained (per kg): Ca 290 g, Mg 15.3 g, Zn 11,250 mg, Mn 8,500 mg, Cu
3,200 mg, I 190 mg, Co 105 mg, and Se 80 mg.

2Vitamin premix contained (per kg): Vit A 1,200,000 1.U., Vit D3 250,000 I.U., Vit E 10,000
L.U., Monensin 3 g, Biotin 200 mg.

injections administered to calves following a veterinarian’s
recommendations were recorded during the first 21 days of age
and analyzed as the frequency of medical treatment (FMT) data.

2.4 Sample collection and analyses

Blood samples were collected on d 3 (as a baseline), 15, and 70
of age before the morning milk feeding. Serum was separated by
centrifugation at 3000 g for 10 minutes and storied at -20°C until
analysis. The serum concentrations of glucose (Glu), blood urea
nitrogen (BUN), triglycerides (TG), total protein (TP), Albumin
(Alb), aspartate aminotransferase (AST), and alanine
aminotransferase (ALT) were determined in the serum samples
using commercial kits (Pars Azmoun, Iran) according to
manufacturer’s instructions. The concentration of globulins
(Glob) was calculated as difference between TP and
Alb concentrations.

Fecal samples were collected from all calves via rectal palpation
twice daily on days 66 (0800 and 1200 h), 67 (0900 and 1300 h), 68
(1000 and 1400 h), and 69 (1100 and 1500 h) of age. Additionally,
samples were obtained from the starter feed and refusals during
these four days. For each calf, fecal, starter feed, and refusal samples
were dried at 70°C for 48 hours to determine dry matter (DM). All
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samples were then ground through a mill equipped with a 2 mm
screen, and subsamples were subjected to chemical analysis.
Organic matter (OM) was determined by ashing the samples at
600°C for 6 h. Neutral detergent fiber (NDF) was determined with
o-amylase and excluding residual ash, but without sodium sulfite
(Van Soest et al, 1991). Acid detergent fiber (ADF) was also
determined following the method of Van Soest et al. (1991).
Starch content was determined using the perchloric acid method
as described by Rose et al. (1991). Acid-insoluble ash was used as an
internal marker to calculate nutrient digestibility (Block et al,
1981). All analyses were performed in triplicate.

2.5 Statistical analysis

Data were subjected to analysis of variance (ANOVA) using
PROCMIXED procedure of SAS (SAS 9.4). For repeated measures
(BW, SI, ADSI, FCI, and blood metabolites), the model included the
fixed effects of treatment, time and their interaction as well as the
random effect of individual animal within treatment. Birth BW (for
BW and ADG) and mid-test metabolic BW (for SI and ADSI) were
included in the model as covariates. Baseline values (measured on d
3 of age) were also used as covariates factors for body measurements
and blood metabolites. Data for ATTD were analyzed using the
same model without the main effect of time and interactions, and
ADSI during the sampling period was included in the model as a
covariate. Two variance-covariance structures (auto-regressive type
1 and compound symmetry) were tested and the covariance
structure with the best fit according Schwarz’s Bayesian
information criterion was chosen. The analysis of medical
treatment data was performed using a mixed-effects logistic

10.3389/fanim.2024.1462245

regression model with PROC GLIMMIX procedure of SAS. The
model included experimental treatment as a fixed effect and calf as a
random effect. Treatment comparisons were conducted by
comparing least square means using pairwise differences (pdiff) at
a significance level of P < 0.05. Significance was declared when P <
0.05, while comparisons with 0.05 < P < 0.10 were presented as
tendencies. When interactions were statistically significant or
showed a tendency toward significance, the results are
presented graphically.

3 Results

3.1 Growth rate, starter intake, and
body measurements

The results of growth performance are summarized in Table 2.
No significant differences were observed among the experimental
groups for initial BW (P = 0.536). Final BW in Zn-Bon calves was
numerically higher than other groups, but this difference was not
statistically significant (P = 0.240). Similarly, the highest ADG and
BW were observed in Zn-Bon calves, yet these differences among
the experimental groups did not reach statistical significance (P >
0.10). The main effect of time on BW was significant (P < 0.01), and
there was a tendency for a significant interaction between treatment
and time for BW (P = 0.104). As shown in Figure 1, variations in
BW among the experimental groups became more pronounced on
days 56 and 70, with Zn-Bon group exhibiting the highest values
and CON group the lowest.

Statistical analysis indicated no significant main effects of
treatment on SI (P = 0.216) and ADSI (P = 0.468). However,

TABLE 2 Effects of milk supplementation with different zinc sources on body weight gain, starter intake, and body measurements in dairy calves.

Parameters® Treatment (Treat)? P value

Zn-Bon Zn-Met Treat Treat X Time
IBW, kg 36.6 354 37.4 373 1.06 0.536 - -
FBW, kg 66.4 73.6 70.9 71.4 1.6 0.240 - -
ADG, kg/d 0.45 0.53 0.48 0.48 0.02 0.133 - -
BW, kg 49.7 53.1 51.9 51.1 1.81 0.583 <0.01 0.104
SI, kg 58.6 66.4 67.8 69.0 2.66 0.216 <0.01 0.048
ADSI, g/d 917.8 1045.8 1023.7 1053.2 33.1 0.468 <0.01 0.043
Body measurements, cm
Hip height 88.8 89.6 90.2 90.4 1.07 0.687 <0.01 0.207
Wither height 85.1 86.6 86.7 86.8 0.97 0.540 <0.01 0.106
Body length 87.6 89.3 91.0 90.6 1.98 0.678 <0.01 0.202
Heart girth 80.0 82.9 81.6 822 113 0.711 <0.01 0.185
Hip width 20.2 213 21.1 212 0.37 0.094 <0.01 0.140

'[BW, initial body weight; FBW, final body weight; ADG, average daily gain; BW, body weight; SI, starter intake; and ADSI, average daily starter intake.

2CON = milk without supplementation, Zn-Bon = milk supplemented with 0.5 g/day of Bonza® Zn, Zn-Met = milk supplemented with 0.45 g Zinpro® 180, and Zn-Sul = milk supplement with
0.35 g ZnSO4-7H20. All three Zn-supplemented treatments provided 80 mg Zn per day, dissolved in milk and administered to calves from day 3 to day 14 of age.

*Standard error of the mean.
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Effect of milk supplementation with different zinc sources on body weight in calves during the pre-weaning period. CON = milk without
supplementation, Zn-Bon = milk supplemented with 0.5 g/day of Bonza® Zn, Zn-Met = milk supplemented with 0.45 g Zimpro® 180, and Zn-Sul =
milk supplement with 0.35 g ZnSO4-7H,0. All three Zn-supplemented treatments provided 80 mg Zn per day, dissolved in milk and fed to calves

from day 3 through day 14 of age.

significant interactions between time and treatment were detected
for both ADSI (P = 0.048) and SI (P = 0.043). Figures 2 and 3
present the cumulative SI and ADFI of calves throughout the pre-
weaning period, respectively. Calves in the Zn-Bon group showed
higher SI and ADSI than the CON group throughout the
experimental period, while differences in SI between CON and
Zn-Met, as well as between CON and Zn-Sul, reached significance

Cumulative starter intake, kg
T T Y S
o o fe=} < <

L L L L L

—_
(=}
1

at days 56 and 70. Furthermore, no significant differences were
detected among CON, Zn-Met, and Zn-Sul groups for ADSI, except
from day 56 to day 70, where ADSI was higher in both Zn-Met and
Zn-Sul groups compared to CON (P < 0.05).

The results of body measurements are presented in Table 2.
Calves in the Zn-Sul group exhibited the highest numerical values
for hip height and wither height. Body length and hip width were

28 42
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FIGURE 2

56 70

Age, days

--4---- Zn-Met

------- o Zn-Sul

Effect of milk supplementation with different zinc sources on starter intake in calves during the pre-weaning period. CON = milk without

supplementation, Zn-Bon = milk supplemented with 0.5 g/day of Bonza® Zn, Zn-Met = milk supplemented with 0.45 g Zinpro® 180, and Zn-Sul

milk supplement with 0.35 g ZnSO4-7H,0. All three Zn-supplemented treatments provided 80 mg Zn per day, dissolved in milk and fed to calves

from day 3 through day 14 of age.
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Effect of milk supplementation with different zinc sources on average daily starter intake in calves during the pre-weaning period. CON = milk
without supplementation, Zn-Bon = milk supplemented with 0.5 g/day of Bonza® Zn, Zn-Met = milk supplemented with 0.45 g Z\'npro® 180, and
Zn-Sul = milk supplement with 0.35 g ZnSO,4-7H,0. All three Zn-supplemented treatments provided 80 mg Zn per day, dissolved in milk and fed to

calves from day 3 through day 14 of age.

numerically greater in the Zn-Bon group compared to other groups.
The highest heart girth measurement was observed in Zn-Met
calves. Despite numerically lower values for all body
measurements in the CON compared to the zinc-supplemented
calves, no statistically significant differences were detected among
the experimental treatments for these parameters (P > 0.05).

3.2 Fecal consistency and
medical treatment

FCI significantly decreased from week 1 to week 3 of age (P <
0.05; Figure 4). Although Zn supplementation, particularly in the
Zn-Bon group, numerically reduced FCI in calves during the first 21
days of age, no significant differences were observed among the
experimental treatments (P > 0.10). Moreover, the results indicated
that milk supplementation with Zn-Bon or Zn-Sul significantly
reduced the frequency of medical treatments during the first 21 days
of life compared to the CON group (P < 0.05; Figure 5). Although
Zn-Met showed a tendency to reduce the frequency of medical
treatments, there was no significant difference between the CON
and Zn-Met groups (P > 0.05).

3.3 Blood metabolites and
nutrient digestibility

Statistical analysis did not show any significant differences in
the serum parameters among the experimental groups on days 15
and 70 of age (Table 3). However, the effect of time was significant
for serum concentrations of Glu, BUN, TP, Alb, Glob, and ALT.

Frontiers in Animal Science

Additionally, there was a tendency for a time effect on serum TG
concentration. No significant treatment by time interactions were
observed for any of the measured blood metabolites. As presented
in Table 4, differences among the experimental group for ATTD of
DM, OM, NDF, and starch tended to be significant. The highest
digestibility values were observed in the Zn-Bon group, followed by
the Zn-Met and Zn-Sul.

4 Discussion

Although the Zn concentration in the milk used in this study
was not directly measured, the daily Zn intake for the CON group
from days 3 to 14 can be estimated at approximately 9 to 15 mg/day.
This estimation is based on previous reports indicating that whole
milk contains 3 to 5 mg/L of Zn (Arrayet et al., 2002; Chapelain
et al., 2023). Furthermore, ADSI during the first two weeks of life
was less than 25 g/day, resulting in negligible zinc intake through
the starter feed compared to the supplemental Zn provided in the
experimental groups. The minimal contribution of Zn from starter
feed during this period further emphasizes the importance of milk
as the primary Zn source for neonatal calves and highlights the
potential efficacy of milk-based Zn supplementation strategies.

Zn supplementation at a rate of 80 mg/day slightly improved
the growth rate and body measurements of dairy calves, especially
in the Zn-Bon group. However, these effects were non-significant.
Previous studies have reported that Zn supplementation of whole
milk (Arrayet et al, 2002) or milk replacer above the NRC
recommendations (Jenkins and Hidiroglou, 1991) had no
significant effect on the growth performance of dairy calves. For
instance, Arrayet et al. (2002) supplemented whole milk with 60
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Effect of milk supplementation with different zinc sources on fecal consistency index in calves during the first three weeks of life. CON = milk
without supplementation, Zn-Bon = milk supplemented with 0.5 g/day of Bonza® Zn, Zn-Met = milk supplemented with 0.45 g Zinpro® 180, and
Zn-Sul = milk supplement with 0.35 g ZnSO,4-7H,0. All three Zn-supplemented treatments provided 80 mg Zn per day, dissolved in milk and fed to

calves from day 3 through day 14 of age.

mg/L of Zn from various sources (Zn-sulfate, Zn-lysine, and Zn-
methionine) for dairy calves and reported no significant effect on
growth rate or skeletal development. In contrast, recent studies,
primarily focused on the diarrhea-preventing effect of short-term
Zn supplementation in milk for dairy calves, have shown that whole
milk supplemented with 80 mg Zn has the potential to reduce
diarrhea incidence and improve ADG in dairy calves (Feldmann

Frequency of medical treatments

et al., 2019; Chang et al., 2020; Ma et al., 2020; Wo et al., 2022).
However, the growth performance response to Zn supplementation
has been shown to be source- or sex-dependent. Feldmann et al.
(2019) investigated the effect of milk supplemented with 80 mg of
Zn in the form of Zn-methionine or Zn-sulfate on newborn dairy
calves up to 14 days of age. They reported a significant interaction
between Zn supplement and sex for growth rate; male calves in the

ab be

Con Zn-Bon

FIGURE 5

Zn-Met Zn-Sul

Effect of milk supplementation with different zinc sources on frequency of medical treatment in calves during the first three weeks of life. CON =
milk without supplementation, Zn-Bon = milk supplemented with 0.5 g/day of Bonza® Zn, Zn-Met = milk supplemented with 0.45 g Zinpro® 180,
and Zn-Sul = milk supplement with 0.35 g ZnSO4-7H20. All three Zn-supplemented treatments provided 80 mg Zn per day, dissolved in milk and
fed to calves from day 3 through day 14 of age. > Treatments not sharing a common superscript letter differ significantly (P < 0.05).
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TABLE 3 Effects of milk supplementation with different zinc sources on serum concentrations of blood metabolites in dairy calves.

Time (age) Treatment' Parameters?®
Glu,
mg/dL
d1s CON 80.0 96 308 60 31 29 434 17.7
Zn-Bon 88.4 100 318 55 31 24 468 200
Zn-Met 818 91 325 58 33 25 470 19.4
Zn-Sul 785 90 306 56 31 26 444 18.5
SEM? 28 05 38 0.1 0.1 01 45 28
70 CON 1038 82 268 64 33 30 190 127
Zn-Bon 1152 9.4 290 66 35 31 518 120
Zn-Met 1148 83 262 63 35 28 524 12.0
Zn-Sul 1099 8.4 294 64 35 29 488 135
SEM 32 04 12 0.1 00 01 34 1.0
P value
Treatment 0324 0.709 0. 621 0.466 0878 0415 0510 0.354
Time <0.01 0.018 0.065 <0.01 <0.01 <0.01 0381 0.031
TreatmentxTime 0.584 0.856 0.386 0.400 0.401 0615 0.428 0.673

'CON = milk without supplementation, Zn-Bon = milk supplemented with 0.5 g/day of Bonza® Zn, Zn-Met = milk supplemented with 0.45 g Zinpro® 180, and Zn-Sul = milk supplement with
0.35 g ZnSO4-7H20. All three Zn-supplemented treatments provided 80 mg Zn per day, dissolved in milk and administered to calves from day 3 to day 14 of age.
2Glu, glucose; BUN, blood urea nitrogen; TG, triglycerides; TP, total protein; Alb, albumin; Glob, globulins; AST, aspartate aminotransferase; and ALT, alanine aminotransferase.

*Standard error of the mean.

Zn-methionine group exhibited a 22 g/d higher (P = 0.042) growth
rate than the un-supplemented control group, while female calves
had a lower daily growth rate of 9 g/d (P = 0.037) compared to the
control group. Chang et al. (2020) conducted a similar study in
which dairy calves received 80 mg/day of Zn as Zn-methionine or
Zn-oxide dissolved in milk from the third day to 14 days of age.
Their results indicated that Zn-methionine significantly improved
the growth rate (0 to 14 days) compared to the control group. They

TABLE 4 Effects of milk supplementation with different zinc sources on
apparent total tract digestibility of nutrient in dairy calves during days 66
to 69 of age.

Parameters® Treatment?

CON Zn-

Bon
DM, % 6868 7784 7544 | 7123 | 3.68 0.109
oM, % 7040 7901 | 7694 | 73.08 346 0.103
NDF, % 3188 4164 3879 | 3428 | 3.00 0.096
ADF, % 2859 | 3609 3353 | 3152 | 3.52 0.375
Starch, % 7241 | 8020 | 7872 | 7565 | 283 0.074

DM, dry matter; OM, organic matter; NDF, neutral detergent fiber; ADF, acid detergent fiber;
Alb, albumin; Glob, globulins; AST, aspartate aminotransferase; and ALT,
alanine aminotransferase.

*CON = milk without supplementation, Zn-Bon = milk supplemented with 0.5 g/day of
Bonza® Zn, Zn-Met = milk supplemented with 0.45 g Zinpro® 180, and Zn-Sul = milk
supplement with 0.35 g ZnSO4-7H20. All three Zn-supplemented treatments provided 80 mg
Zn per day, dissolved in milk and administered to calves from day 3 to day 14 of age.
*Standard error of the mean.

Frontiers in Animal Science

suggested that the higher growth rate in the Zn-methionine group
compared to the control group, and the lack of significant difference
between the control group and Zn-oxide group, may be attributed
to the essential amino acid methionine present in Zn-methionine.

However, our results showed a trend toward a significant
interaction effect between treatment and time for BW, as the
difference in BW between CON and the Zn-supplemented groups
was more evident from day 56 onward. Although this positive effect
of Zn supplementation may be partly attributed to improved health
status of calves, these findings highlight the complexity of Zn
supplementation in dairy calves and underscore the need for
further research. Future studies should elucidate the mechanisms
by which different forms of Zn, particularly in combination with
essential amino acids or organic acids, influence growth and
development in dairy calves during pre- and post-weaning
periods. Elucidating the mechanisms governing the bioavailability
of different zinc forms is essential for optimizing supplementation
strategies. Zinc chelates, such as Bonza®Zn, may exhibit increased
bioavailability due to improved absorption and utilization.
Investigations into the specific absorption pathways and
interactions of zinc with other nutrients are necessary to refine
and enhance zinc supplementation protocols.

Promoting rumen development and starter intake in dairy
calves is crucial for the transition from a milk-based diet to solid
feed, as well as for optimal growth, health, and long-term
productivity. Stamey et al. (2012) demonstrated a strong
correlation (R* = 0.732) between pre-weaning starter intake and
post-weaning weight gain. Despite this, the effect of early-life Zn
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supplementation from various sources on the starter intake of calves
across per-weaning period has received less attention in previous
studies. However, the role of zinc in epithelial and mucosal health
suggests that it may contribute to more efficient rumen
development and function. Chang et al. (2020) observed no
significant difference in solid feed intake between the control
group and those received zinc methionine or zinc oxide during
the first 14 days of life. Similar results were also reported in calves
received either Zn methionine or Zn proteinate during the first two
or four weeks of life (Ma et al., 2020; Wo et al., 2022). Consistent
with our findings, Osorio et al. (2012) reported significant
differences in feed intake among calves fed either organic or
inorganic sources of minerals, including Zn, between weeks 3 and
8 of age. However no significant differences in solid feed intake were
found during the first two weeks or at week 9. Similarly, in our
study, differences among CON, Zn-Met, and Zn-Sul remained non-
significant until d 56, with significant differences detected only on d
70. These findings indicate that measuring solid feed intake should
be conducted over an extended period, ideally starting from two
weeks of age, as its role in meeting the nutritional needs of calves is
minimal before this time. However, the increased in ADSI between
Zn-Bon and CON were detected from d 28, indicating the higher
potential of Zn-Bon to promote solid feed intake compared to Zn-
Met and Zn-Sul.

The increased starter intake and tendency toward higher
nutrient digestibility observed in Zn-supplemented claves,
especially in Zn-Bon group, may be attributed to the positive
effect of Zn on rumen development. In young calves, the
digestibility of starter feed is dependent on the development of
ruminal fermentation and overall gastrointestinal functionality. It
has been suggested that the digestibility of NDF is influenced by
rumen development and fermentative capacity (Chapman et al,
2017), while starch digestion is affected by both ruminal
fermentation and enzymatic activity in the intestines (Harmon,
2009). The positive effects of Zn-Bon on SI and nutrient digestibility
suggest that this zinc source may have higher bioavailability or
biological activity, potentially contributing to enhanced growth and
development in pre-weaned dairy calves. Previous studies have
demonstrated that different zinc sources can variably affect rumen
epithelial development. For instance, Cernik et al. (2013) found that
zinc oxide stimulates greater rumen epithelial development
compared to other zinc sources, including zinc complexed with
amino acids and zinc-lactate. Conversely, Ma et al. (2020) reported
higher efficiency of Zn methionine on intestinal epithelium integrity
compared to zinc oxide. Future studies should investigate the
efficacy of milk supplementation with low doses of various zinc
sources, particularly those manufactured using chelate compound
technology, on rumen development and functionality. Research
could focus on histological examinations of the rumen epithelium
and measurements of rumen fermentation parameters to determine
how zinc supplementation from various sources influences
these aspects.

The immune-boosting properties of zinc, particularly its role in

enhancing immunoglobulin levels, are well-documented (Aggarwal
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et al, 2007; Tomasi et al., 2018; Wo et al,, 2022). Investigating how
different zinc sources influence immune markers in calves could
help tailor supplementation protocols to maximize health benefits,
especially in the critical early stages of life. In the present study, we
observed a decline in FCI from week 1 to week 3, with Zn-Bon
showing numerically lower FCI compared to CON. This trend
aligns with the typical pattern of diarrhea occurrence in dairy calves,
which is most prevalent during the first three weeks of life and
decreases as calves age. Notably, our results indicated that milk
supplementation with Zn-Bon or Zn-Sul significantly reduced the
frequency of medical treatments required during the first 21 days of
life compared to CON. Previous research has highlighted the
potential benefits of supplementing milk with 80 mg/day of zinc
from various sources during the first 14 days of life for diarrhea
prevention and overall health in dairy calves. Feldmann et al. (2019)
and Chang et al. (2020) reported significant reductions in diarrhea
incidence when using zinc oxide, zinc sulfate, or zinc methionine as
supplements. Corroborating these findings, Ma et al. (2020) and
Wo et al. (2022) observed similar positive effects when
supplementing milk with zinc methionine or zinc proteinate. This
preventive effect is primarily attributed to enhanced immune
responses and elevated blood immunoglobulin levels (Tomasi
et al, 2018; Chang et al., 2020; Wo et al.,, 2022). Moreover, Ma
et al. (2020) indicated that zinc methionine specifically contributes
to protecting the intestinal epithelial barrier in postnatal dairy
calves, further elucidating its anti-diarrheal mechanism. However,
it is important to note that our study did not demonstrate a
significant effect of various zinc sources on FCI, contrary to
findings in the previous studies. This discrepancy may be
attributed to differences in experimental design, including sample
size, rearing conditions, management practices, and the nutritional
status of the dams.

5 Conclusion

In conclusion, this study demonstrates that early-life zinc
supplementation in milk for dairy calves, particularly with the
organic chelated form (Zn-Bon), can positively influence starter
intake during the pre-weaning period, with more pronounced
effects observed in the second month of life. However, we found
minimal impact of the Zn supplementation on body weight gain or
skeletal measurements. Despite the absence of significant
differences in FCI among the experimental groups, the frequency
of medical treatments required during the first three weeks of life
decreased with Zn supplementation, with Zn-Bon showing the most
substantial impact. Furthermore, the observed tendency for
improved nutrient digestibility in zinc-supplemented calves
indicates potential benefits for rumen development. Further
research is warranted to elucidate the underlying mechanisms of
zinc supplementation, particularly organic chelated forms, on
rumen development, nutrient digestibility, and overall health of
dairy calves during both pre- and post-weaning periods. Although
our study focused on the pre-weaning period, the long-term effects
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of early-life zinc supplementation on post-weaning growth, health,
and productivity are not well understood. Longitudinal studies
following calves through to adulthood would provide valuable
data on the lasting impacts of zinc supplementation. The
interactions of zinc with other micronutrients, such as copper and
vitamin A, can influence its effectiveness. Investigating these
interactions could lead to more balanced and effective
supplementation strategies that optimize overall mineral nutrition.
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