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Abstract Two experiments were conducted to examine the
effect of zinc (Zn) source on the performance, Zn status,
immune response, and rumen fermentation of lactating cows
to find the most available Zn source for dairy production. In
Experiment 1, a total of 30 multiparous Holstein cows were
randomly allocated by body weight and milk yield to one of
five treatments in a completely randomized design. Cows were
fed a total mixed ration (TMR) with no Zn addition (containing
37.60 mgZn/kg TMR by analysis), and the basal TMR supple-
mented with 40mgZn/kg TMR from either Zn sulfate or one of
three organic Zn chelates with weak (Zn-AA W), moderate
(Zn-Pro M), or strong (Zn-Pro S) chelation strengths, respec-
tively for 55 days. In Experiment 2, the in vitro rumen fermen-
tation method was used in a completely randomized design
involving a 4×3 factorial arrangement of treatments. The four
Zn sources were the same as those used in Experiment 1, and
the three supplemental Zn levels in the rumen fluid were 0, 10,
and 20μg/mL, respectively. The feed intake, milk composition,
and somatic cell count (SCC) were unaffected (P>0.05) by
treatments. However, the milk yield was increased (P<0.05) by
addition of Zn from both the Zn-AAW and Zn-Pro S. Plasma
Zn level at the end of the experiment was increased (P<0.05)

by addition of Zn from all three organic sources. Serum anti-
body titers on day 21 after vaccination with foot and mouth
disease (FMD) vaccine were increased (P<0.05) by both sup-
plemental Zn-AA W and Zn-Pro S. The organic Zn sources
with different chelation strengths supplemented at the added Zn
level of 10 μg/mL were more effective (P<0.05) in improving
the rumen fermentation than Zn sulfate, with the most effective
being Zn-AAW. In conclusion, Zn source had no influence on
the feed intake, milk composition, and SCC; however, both the
Zn-AA W and Zn-Pro S were more effective than Zn-Pro M
and Zn sulfate in enhancing the rumen fermentation, Zn status,
and humoral immune response as well as improving milk yield
of lactating cows. The improved milk production might be
attributed to the improved rumen fermentation, Zn status, and
immune function.
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Introduction

Zinc (Zn) is an essential trace element for animals, and it is
involved in many physiological functions in the body
through numerous metalloenzyme systems [1]. The use of
organic Zn sources in the feed industry has been receiving
increasing attention in recent years. Numerous studies have
been conducted to investigate the efficacies or relative bio-
availabilities of organic Zn sources in comparison to inor-
ganic Zn in ruminants [2–18]. Kellogg et al. [11]
summarized 12 trials on the efficacies of Zn–methionine
(Met) complex in dairy cows and reported that Zn–Met
could improve the lactation performance and milk compo-
nents as compared to the inorganic Zn. Cope et al. [17] also
found that Zn supplementation in an organic form of che-
lated Zn increased milk yield of dairy cows compared with
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Zn addition as Zn oxide. However, the results of unchanged
milk production were obtained in dairy cows fed on the diets
supplemented with Zn–Met in comparison with Zn sulfate
[18]. Zn is also crucial for maintenance of integrity and the
barrier function of skin, and it is involved in the immune
system through complex ways. Several studies have been
done to assess the effect of organic Zn source on somatic
cell count (SCC) and udder health in dairy cows [11, 17,
19–21]; however, the results have been inconsistent.
Researches in either lambs [22] or beef cattle [3, 14] indi-
cated that organic Zn sources of Zn proteinate, Zn–Met, or
Zn propionate were more effective in improving immunity
of these animals as compared to their inorganic forms.
However, no immune responses were observed upon sup-
plemental Zn from different forms in other studies of calves,
steers, or heifers [5, 8, 15]. Conflicting results in plasma Zn
[5–10, 12–16, 23] and alkaline phosphatase (ALP) activity
[2, 9, 12, 13, 22] were also reported in previous studies.
Such discrepancies might be due to the differences in animal
species, dietary Zn levels, and characteristics of tested or-
ganic Zn sources. It has been widely accepted that the
chelation strength is the most important factor for evaluating
the characteristics of organic mineral sources. Researches
either in ruminants or in chickens demonstrated that the
organic Zn sources significantly differed in their chelation
strengths [6, 24, 25]. Relative bioavailability of Zn, evalu-
ated in lambs supplemented with high concentrations of Zn,
appeared to differ among different organic Zn sources, with
only one of three organic Zn sources evaluated being more
bioavailable than reagent-grade Zn sulfate [6]. Another
study in steers also found that Zn-Gly was more bioavail-
able than Zn sulfate or Zn–Met [12]. A series of experiments
in chickens from our lab demonstrated that not all organic
Zn sources were more effective for chicks than its inorganic
form, and their efficacies were closely related to their che-
lation strengths [25–27]. To our knowledge, no studies have
been carried out yet to investigate the relative efficacies of
organic Zn sources with different chelation strengths in
influencing lactation performance, Zn metabolism, and im-
mune response of lactating cows compared to its inorganic
Zn sulfate.

The Zn source may also affect rumen microbes and their
degradation activities for feed fiber and protein in ruminants
[12]. If organic Zn sources remain complexed or chelated in
the ruminal environment, they may affect this rumen func-
tion differently from inorganic Zn. It has been reported that
steers supplemented with Zn proteinate had higher ruminal
soluble Zn concentrations than those supplemented with Zn
oxide [8]. Also, in steers, Zn–Met supplementation resulted
in the higher ruminal soluble Zn concentration and lower
ruminal volatile fatty acid proportion in comparison with Zn
sulfate and Zn-Gly [12]. Recent in vitro experiment from
our lab indicated that the organic Zn sources with different

chelation strengths were stable in the rumen, and the bypass
percentages of Zn from the organic Zn sources with strong,
moderate, and weak different complex strengths were
99.6 %, 92.2 % and 94.9 %, respectively [24]. It is assumed
that the ruminal fermentation might be differently affected
by the inorganic Zn source and the organic Zn sources with
different chelation strengths. However, no information on
this aspect has been available yet so far. Therefore, the
present study was conducted to evaluate the effect of organ-
ic Zn sources with different chelation strengths in compar-
ison to inorganic Zn sulfate source on the performance, Zn
status, and immune response as well as rumen fermentation
of lactating cows.

Materials and Methods

Two experiments were conducted, and a completely ran-
domized design was adopted in the present study. The first
experiment (Experiment 1) was an in vivo cow feeding trial,
and the second (Experiment 2) was an in vitro rumen fer-
mentation trial. All three organic Zn sources used in both
experiments had the same characteristics as those from the
previous studies [24, 25]. These Zn sources included Zn
amino acid chelate with a weak chelation strength (Zn-AA
W, Qf=6.55, containing 119.3 g of Zn per kilogram; Zinpro
Corp., Eden Prairie, MN, USA), Zn-proteinate chelate with
a moderate chelation strength (Zn-Pro M, Qf=30.7, contain-
ing 132.7 g of Zn per kilogram; Fenyahua Bioengineering
Co., Changzhi, China), and Zn proteinate chelate with a
very strong chelation strength (Zn-Pro S, Qf=944.0, con-
taining 186.1 g of Zn per kilogram; Alltech Inc.,
Nicholasville, KY, USA). Both Zn-Pro M and Zn-Pro S
are chelated Zn products between Zn, amino acids, and
small peptides. Reagent-grade Zn sulfate (ZnSO4·7H20)
was used as the inorganic Zn source. Three organic Zn
sources were chosen with similar solubility in buffers at
pH 2 or 5. Care, handling, and sampling of the animals used
in this study were approved by the Office of the Beijing
Veterinarian.

Experiment 1: In Vivo Feeding Trial

A total of 30 multiparous Holstein lactating cows with the
average body weight of 578.57±7.60 kg and milk yield of
25.60±1.91 kg/day at the same lactation period were select-
ed in this experiment and randomly allocated by body
weight and milk yield to one of five treatments with six
replicate pens of one cow each. All cows were housed in
individual pens equipped with automatic waterers and fed a
total mixed ration (TMR) based on corn silage but no Zn
addition for 15 days to accommodate the experimental feed-
ing system and also to deplete the body Zn storage of cows
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and, thus, enhance their sensitivity to Zn addition. After a
15-day adjustment and Zn depletion period, cows were then
fed the above Zn unsupplemented basal TMR (the control)
or the basal TMR supplemented with 40 mgZn/kg TMR
from either Zn sulfate or one of three organic Zn sources
(Zn-AA W, Zn-Pro M, and Zn-Pro S), respectively, for
55 days. Animals were vaccinated with type O-Asia I biva-
lent inactivated vaccines (Division of Biological Products,
Lanzhou Veterinary Research Institute, Lanzhou, Chinese
Academy of Agricultural Sciences, Lanzhou, China) against
foot and mouth disease (FMD) through neck intramuscular
injection (3 mL/head) on day 6 of the feeding trial. The
cows had been vaccinated for FMD 6 months before the
start of the experiment as recommended by the Ministry of
Agriculture of China because FMD has been ranked as one
of the most important infectious diseases today in China by
Chinese Veterinary Officials.

The ingredients and composition of the basal TMR
were shown in Table 1. It was formulated to meet all
nutrient requirements recommended by National
Research Council (NRC) [28] for lactating cows based
on the body weight of 580 kg, milk yield of 25 kg, and
milk fat of 3.5 % with the exception of Zn (containing
37.60 mgZn/kg TMR by an analysis). Zn in experimen-
tal diets was added as either Zn sulfate or one of three
organic Zn sources to the premix using finely ground
limestone as a carrier and mixed with the concentrate
twice a day before feeding. Cows were offered the

TMR diets daily at 0700 and 1700 h in two equal
portions. All animals had free access to water contain-
ing undetectable concentrations of Zn.

Feeds and refusals were weighed and sampled weekly for
calculation of the amount consumed and stored at room
temperature for subsequent analysis. Cows were milked
twice a day and milk yield was recorded automatically at
each milking. Samples were taken from each udder half for
analyses of composition and SCC on days 18, 36, or 54.
Blood samples were collected from each cow before morn-
ing feeding via jugular venipureture into heparinized and
nonheparinized vacuum tubes on day 27 or 55 of the exper-
iment and then centrifuged at 11,000×g for 15 min at 4 °C to
harvest plasma and serum for analyses of ALP activity and
the antibody titer against FMD, respectively.

Experiment 2: In Vitro Rumen Fermentation Trial

A 4×3 factorial arrangement of treatments was used in this
experiment. Four Zn sources were the same as in
Experiment 1, and three supplemental Zn levels in the
rumen fluid were 0, 10, and 20 μg/mL, respectively. The
basal diet in Experiment 1 was used as solid rumen fermen-
tation digesta. Because four Zn sources shared the same
basal diet control with no supplemental Zn, there were a
total of nine treatments in this experiment. There were three
replicate tubes of one fermentation vessel each for each
treatment.

In vitro rumen fermentation technique as described by
Zhao and Feng [29] was adopted. The fermentation
appratus was equipped with test tubes as fermentation
vessels with a capacity of 100 mL for each vessel. The
constant temperature bath oscillator was used to maintain
the fermentation temperature. Whole ruminal contents
(approximately 300 mL) were collected from three rumi-
nally fistulated Holstein lactating cows fed the basal
TMR for 7 days. The fluid from all three cows was
mixed, placed in preheated vacuum containers, trans-
ported to the laboratory, and strained through four layers
of cheese cloth. The artificial buffer saliva was prepared
as described by Baumgardt et al. [30]. The filtrated
rumen fluid was mixed with the artificial buffer saliva
as a ratio of 1:1 to form the mixed fluid and then to be
placed into a glass bottle providing carbon dioxide con-
tinuously and maintained at 39 °C by the circulating
water both. The basal diet was ground to pass a 1-mm
screen and preserved at 4 °C as solid rumen digesta. The
fermentation vessels were filled with 50 mL of mixed
fluid, 0.5 g of solid rumen digesta, 1 mL of Met [31],
1 mL of urea supplement, and 1 mL of Zn solution from
one of four Zn sources. The Zn concentrations in Zn
solutions added as one of four Zn sources were 0, 530,
or 1,060 μg/mL that provided 0, 10, or 20 μg/mL of Zn

Table 1 Composition of the basal total mixed ration (as-fed basis)

Ingredient Amount
(%)

Nutrient item Nutrient
level

Corn silage 50.00 Crude protein (%)c 15.35

Chinese wild rye
haya (DM, 88 %)

12.12 Ether extract (%)c 3.05

Alfalfa hay 5.86 Crude fiber (%)c 15.44

Concentrateb 32.02 Ash (%)c 4.70

Calcium (%)c 0.72

Total phosphorus (%)c 0.51

Net energy (MJ/kg)d 6.06

Total 100 Zinc (mg/kg)c 37.60

a Contained: DM, 91.6 %; ME, 7.41 MJ/kg; CP, 8.35 %; Ca, 0.43 %; P,
0.17 %; S, 0.15 %; Mo, 1.48 mg/kg DM; Fe, 167 mg/kg DM; Zn, 31
mg/kg DM; and Cu, 6.88 mg/kg DM
bContained (per kg, as-fed basis) corn 440 g, soybean meal 150 g,
rapeseed meal 100 g, wheat bran 270 g, dicalcium phosphate 20 g,
sodium chloride 10 g, and premix 10 g. The premix contained (per kg,
as-fed basis) 6.25 g of vitamin A, 41 g of vitamin D, 18.1 g of vitamin
E, 20.5 g of FeSO4·7H2O, 14.45 g of CuSO4·5H2O, 20.57 g of
MnSO4·5H2O, 0.0748 g of CoCO3; 0.3074 g of Ca(IO3)2, 0.2198 g
of Na2SeO3; and limestone 878.528 g
c Determined by analysis and each value based on triplicate determinations
d Value was estimated using data from NRC (2001)
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in the rumen fermentation fluid, respectively. All fermen-
tation vessels were placed into the constant temperature
bath oscillator after the ruminal contents were thoroughly
stirred and continually fermented for 2 days. Carbon
dioxide was bubbled into each tube initially to establish
an anaerobic environment.

After a 24-h period of fermentation, the fermentation
vessels were chilled by iced water and the ruminal contents
were filtrated with the weighed nylon bags and then the
filtrated rumen fluid was placed into two 50-mL vacuum
tubes. One part was used to measure pH, NH3-N, and the
total volatile fatty acids (TVFA), and another part was
centrifuged at 11,000×g for 15 min at 10 °C to obtain the
supernatant and excreta. The supernatant was used to deter-
mine Zn concentration, whereas the excreta was used to
determine the contents of Zn, bacteria, and bacteria protein.
The unfiltrated ruminal contents in nylon bags were dried to
analyze dry matter (DM) content.

Sample Analyses

Feed samples and the unfiltrated ruminal contents in nylon
bags were dried to a constant weight at 65 °C in a forced-air
drying oven, ground through a 1-mm stainless steel screen,
and analyzed for DM, crude protein (CP), crude fiber, ether
extract, ash, Ca, and P according to Association of Official
Analytical Chemists (AOAC) [32]. Zn concentrations in diets,
water, plasma, and the filtrated ruminal fluid (supernatant and
excreta) were determined by inductively coupled plasma
emission spectroscopy (Model IRIS Intrepid II, Thermo
Jarrell Ash Corporation, Waltham, MA, USA) as described
by Huang et al. [25]. Unhomogenized milk samples were
analyzed for contents of total solids (TS), fat, CP, and lactose
using a near-infrared spectrometer (Technicon InfraAlyzer
450, Bran and Luebbe SL, Nordersted, Germany) by the
method of Albanell et al. [33]. The milk SCC was determined
using an automatic cell counter (Fossomatic 250, Foss-
Electric, Hillerod, Denmark), serum ALP activity by a kinetic
assay (ALP 20, Sigma Diagnostics Inc., St. Louis, MO, USA),
and serum antibody titer by the liquid phase blocking enzyme
linked immunosorbent assay (ELISA) using commercially
available assay kits (Type O and Asia I antibody assay kits
against FMD, Division of Biological Products, Lanzhou
Veterinary Research Institute, Lanzhou, China). The pH in
filtrated ruminal fluid was determined immediately using a
portable pH meter within 4 to 5 min of sampling, the NH3-N
concentration by colorimetric method, and TVFA by gas
liquid chromatography (Model 3380, Varian, Walnut Creek,
CA, USA) using a Nikol fused silica column (15 m, 0.53 mm
i.d., and 0.50 μm film thickness; Supelco, Bellefonte, PA,
USA). The microbial fractions were separated by differential
centrifugation and bacterial counts were determined as de-
scribed by Frumholtz et al. [34] and expressed as colony

forming units (log10cfu) per gram. The bacterial N was
determined using the method of AOAC [32].

Statistical Analyses

The data from body weight, feed intake, and milk produc-
tion of lactating cows in Experiment 1 were analyzed by
one-way analysis of variance using the General Linear
Models (GLM) procedure of statistical analysis system
(SAS) [35], and the model included the effect of treatment.
Statistical analyses of milk composition and SCC, plasma,
and serum parameters were subjected to two-way analysis of
variance using the GLM procedure of the SAS, and the
model included the main effects of treatment, sampling time
point (days) and their interaction. Pen (individual cow)
served as the experimental unit. Differences among means
were tested by the least significant difference (LSD) meth-
od, and the significance was declared at P<=0.05. The
interactions (P<0.05) between treatment and the sampling
time point (days) were observed for plasma Zn and antibody
titer; therefore, the effect of treatment on these indices was
presented by the sampling time point (days). However, there
were no treatment×sampling time point (days) interactions
(P>0.05) observed for milk composition, SCC, and serum
ALP activity; therefore, these data were pooled across sam-
pling time points and the main effects of treatments were
reported. All data in Experiment 2 were analyzed by two-
way analysis of variance using the GLM procedure of the
SAS, and the model included the main effects of Zn source,
added Zn level, and their interaction. The replicate tube
served as the experimental unit.

Results

Feed Intake, Milk Yield, and Quality of Lactating Cows
(Experiment 1)

Data were listed in Table 2. Dietary treatment affected (P=
0.009) daily milk yield but did not affect (P>0.05) daily
feed intake, milk contents of fat, lactose, protein and TS, and
milk SCC. Compared to the control, the milk yield was
increased (P<0.05) by supplementation of Zn from either
Zn-Pro S or Zn-AA W but was not affected (P>0.05) by
supplementation of Zn from either Zn-Pro M or Zn sulfate.
Among Zn sources, the cows fed the TMR supplemented
with Zn-Pro S had a higher (P<0.05) milk yield than those
fed the TMR supplemented with Zn-Pro M or Zn sulfate,
and the cows fed on the Zn-AA W TMR had a higher (P<
0.05) milk yield than those fed on the Zn-Pro M TMR.
However, no differences (P>0.05) were observed between
the Zn-Pro S and Zn-AAW treatments or the Zn-Pro M and
Zn sulfate treatments.
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Plasma or Serum Parameters of Lactating Cows
(Experiment 1)

Data were listed in Table 3. Dietary treatment did not affect
(P>0.05) serum ALP activity. Plasma Zn concentration
(P=0.760) on day 27 did not differ among treatments but
reached the significant (P<0.015) level on day 55.
Compared to the control, plasma Zn concentration on day 55
was increased (P<0.05) by supplementation of Zn from any
of the three organic Zn sources, but was not affected (P>0.05)
by supplementation of Zn from the Zn sulfate. Among Zn
sources, the cows fed on the Zn-Pro S TMR had a higher

(P<0.05) plasma Zn concentration on day 55 than those fed on
the Zn-ProM or Zn sulfate TMR, but there were no differences
(P>0.05) among Zn-Pro M, Zn-AA W, and Zn sulfate treat-
ments or between Zn-Pro S and Zn-AAW treatments.

Immune Function (Experiment 1)

Data were given in Table 3. Dietary treatment affected (P=
0.003) the serum antibody titer on day 27 against the FMD
vaccine but did not affect (P=0.993) it on day 55. Compared
to the control, the serum antibody titer on day 27 was in-
creased (P<0.05) by supplementation of Zn from either Zn-
Pro S or Zn-AAW, but was not affected (P>0.05) by supple-
mentation of Zn from either Zn-Pro M or Zn sulfate. Among
Zn sources, the cows fed on the Zn-Pro S or Zn-AAW TMR
had a higher (P<0.05) serum antibody titer than those fed on
the Zn-Pro M or Zn sulfate TMR, and no difference (P>0.05)
was found between Zn-Pro S and Zn-AA W treatments or
between Zn-Pro M and Zn sulfate treatments.

In Vitro Rumen Fermentation Parameters (Experiment 2)

Data were given in Table 4. Zn source, level, and their inter-
action did not affect (P=0.940) the NH3-N concentration in
the filtrated rumen fluid. All other rumen fermentation indices
were influenced (P<0.001) by both Zn source and level. An
interaction between Zn source and level did not affect (P>
0.05) the pH and the soluble Zn concentration in the filtrated
rumen fluid but affected (P<0.001) all other indices. There
were no differences (P>0.05) in the rumen pH among Zn-Pro
S, Zn-Pro M, and Zn sulfate sources, but the rumen pH values
of these three Zn source treatments were all higher (P<0.05)
than that of the Zn-AA W treatment. Supplemental Zn de-
creased (P<0.001) the rumen pH, but no difference (P>0.05)

Table 2 Effect of zinc source on the feed intake, milk yield, and quality of lactating cows (Experiment 1, n=6)

Treatment IBW (kg) IMY (kg) DFI (kg) DMY (kg) Milk composition (%) SCCd (cells/mL)

Fat Lactose Protein TS

Control 578 25.33 18.74 21.01c 4.29 4.78 3.69 13.45 5.484

Zn sulfate 580 25.92 18.74 22.45bc 4.12 4.73 3.54 13.08 5.549

Zn-AAW 579 25.75 18.77 23.95ab 3.71 4.76 3.34 12.54 5.423

Zn-Pro M 576 26.17 18.77 22.26c 3.94 4.79 3.59 13.08 5.342

Zn-Pro S 579 25.75 18.78 24.29a 4.02 4.83 3.50 13.01 5.130

Pooled SE 3.26 0.80 0.14 0.70 0.17 0.07 0.12 0.25 0.231

P value 0.782 0.964 0.143 0.009 0.186 0.917 0.384 0.176 0.743

IBW initial body weight, IMY initial milk yield, DFI daily feed intake, DMY daily milk yield, TS total solids, SCC somatic cell count,
Zn-AA W Zn-amino acid chelate with weak chelation strength, Zn-Pro M Zn-proteinate chelate with moderate chelation strength, Zn-Pro
S Zn-proteinate chelate with strong chelation strength
a,b,cMeans with different superscripts within the same column differ (P<0.05)
d Transformed data by log10

Table 3 Effect of zinc source on plasma and serum parameters of
lactating cows (Experiment 1, n=6)

Treatment Plasma Zn
(μg/mL)

Serum ALP
activity (U/L)

Serum antibody
titerd

D27 D55 D27 D55

Control 0.442 0.443c 58.34 9.57b 8.52

Zn sulfate 0.477 0.485bc 59.15 9.75b 8.71

Zn-AAW 0.480 0.513ab 63.06 10.66a 8.73

Zn-Pro M 0.482 0.504b 62.80 9.97b 8.59

Zn-Pro S 0.491 0.565a 63.74 10.77a 8.74

Pooled SE 0.028 0.022 3.49 0.23 0.40

P value 0.760 0.014 0.746 0.003 0.993

ALP alkaline phosphatase, Zn-AA W Zn-amino acid chelate with weak
chelation strength, Zn-Pro M Zn-proteinate chelate with moderate
chelation strength, Zn-Pro S Zn-proteinate chelate with strong chela-
tion strength.
a,b,cMeans with different superscripts within the same column differ
(P<0.05)
d Transformed data by log2

20 Wang et al.



was observed between the two supplemental Zn levels. There
was a higher (P<0.05) rumen soluble Zn concentration for the
Zn-AAW treatment than for all other Zn source treatments or
for the Zn-Pro S treatment than for the Zn sulfate treatment.
However, no difference (P>0.05) was found between Zn-Pro
S and Zn-Pro M sources or between Zn-Pro M and Zn sulfate
sources. The rumen soluble Zn linearly increased (P<0.05) as
the supplemental Zn increased.

As the rumen supplemental Zn increased from 0 to 10
μg/mL, both the rumen DM degradability and TVFA did not
increase (P>0.05) for Zn sulfate source but increased
(P<0.05) for all organic Zn sources, and both the rumen
bacteria and bacterial N concentrations increased (P<0.05)
for all Zn sources. However, as supplemental Zn increased
from 10 to 20 μg/mL, all of the above four indices decreased

(P<0.05) for all Zn sources, indicating that the supplemental
Zn level of 20 μg/mL regardless of Zn source was obviously
excessive for the in vitro fermented rumen microbes. The
three organic Zn sources were more effective (P<0.05) than
the inorganic Zn sulfate in improving the in vitro rumen DM
degradability, TVFA, and bacteria concentrations, but there
were no differences (P>0.05) in the rumen TVFA among the
three organic Zn sources. The Zn-AAW was more effective
(P<0.05) than both the Zn-Pro M and Zn-Pro S sources in
improving the DM degradability and bacteria concentration,
and the Zn-Pro M was more effective (P<0.05) than the Zn-
Pro S in improving the DM degradability, but no difference
(P>0.05) was observed in bacteria concentration between the
Zn-ProM and Zn-Pro S sources. At the supplemental Zn level
of 10 μg/mL, both the Zn-Pro M and Zn-Pro S sources were

Table 4 Effects of zinc source, level, and their interaction on in vitro rumen fermentation (Experiment 2)

Zn
source

Added Zn
level (μg/mL)

pH NH3-N
(mmol/L)

DMD (%) TVFA
(mmol/L)

Liquid Zn
(μg/mL)

Bacterial Zn
(μg/mL)

Bacteria
(log10cfu/g)

Bacterial N
(mg/g)

Controla 0 7.09 11.11 29.35h 79.73ef 1.71 0.13l 5.48g 3.32g

Zn sulfatea 10 7.08 11.09 30.77h 78.53f 5.82 0.58g 5.67f 3.52f

20 7.04 11.12 27.16i 71.74g 9.64 0.76d 4.60i 2.44i

Zn-AAWa 10 6.87 11.08 41.58d 84.28d 6.25 0.29k 6.15d 3.53f

20 6.88 11.04 34.00f 80.56e 9.98 0.51h 5.38h 2.69h

Zn-Pro Ma 10 6.96 11.10 35.61e 85.21d 6.03 0.42i 5.91e 3.64d

20 7.03 11.02 32.43g 80.21ef 9.66 0.70e 5.43gh 2.44i

Zn-Pro Sa 10 7.00 11.14 33.44fg 85.33d 6.12 0.32j 5.85e 3.60e

20 7.02 11.09 26.73i 79.59ef 9.75 0.65f 5.49g 2.69h

Pool SE 0.03 0.51 0.44 0.46 0.074 0.0065 0.02 0.01

Sourceb

Zn sulfate 7.07A 11.11 29.09D 76.67B 5.72C 0.49A 5.25c 3.09C

Zn-AAW 6.95B 11.08 34.98A 81.52A 5.98A 0.31D 5.67A 3.18A

Zn-Pro M 7.03A 11.07 32.46B 81.71A 5.80BC 0.42B 5.61B 3.13B

Zn-Pro S 7.04A 11.11 29.84C 81.55A 5.86B 0.37C 5.61B 3.20A

Pool SE 0.02 0.03 0.25 0.26 0.043 0.0038 0.01 0.01

Level

0a 7.09A 11.11 29.35C 79.73B 1.71C 0.13C 5.48B 3.32B

10c 6.97B 11.10 35.35A 83.34A 6.06B 0.408B 5.89A 3.57A

20c 6.99B 11.07 30.08B 79.02C 9.76A 0.65A 5.23C 2.56C

Pool SE 0.02 0.03 0.22 0.23 0.037 0.0032 0.01 0.01

P value

Source 0.001 0.702 0.001 0.001 0.001 0.001 0.001 0.001

Level 0.001 0.400 0.001 0.001 0.001 0.001 0.001 0.001

Source×level 0.058 0.940 0.001 0.001 0.084 0.001 0.001 0.001

DMD dry matter degradability, TVFA total volatile fatty acids, Zn-AA W Zn-amino acid chelate with weak chelation strength, Zn-Pro M Zn-
proteinate chelate with moderate chelation strength, Zn-Pro S Zn-proteinate chelate with strong chelation strength
a Values represent the means of 3 replicate tubes (n=3)
b Values represent the means of 6 replicate tubes (n=6)
c Values represent the means of 12 replicate tubes (n=12)
d,e,f,g,h,i,j,k,l Means with different superscripts within the same column differ (P<0.05)
A,B,C,DMeans with different superscripts within the same column for either Zn source or Zn level differ (P<0.05)
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more effective (P<0.05) than both the Zn-AAWand inorgan-
ic Zn sulfate sources, and the Zn-Pro M was more effective
(P<0.05) than the Zn-Pro S in increasing the rumen bacterial
N content, but no difference (P>0.05) was observed between
the Zn-AA W and inorganic Zn sulfate sources. The rumen
bacterial Zn content increased significantly and linearly
(P<0.05) regardless of Zn source as the supplemental Zn level
increased. At either of the two supplemental Zn levels, the
bacterial Zn contents were higher (P<0.05) in the inorganic
Zn sulfate treatment than in all other organic Zn treatments, in
the Zn-ProM treatment than in both the Zn-AAWand Zn-Pro
S treatments, or in the Zn-Pro S treatment than in the Zn-AA
W treatment.

Discussion

Feed Intake, Milk Yield, and Quality of Lactating Cows

The Zn supplementation, regardless of source, had no effect
on the feed intake of lactating cows in the present study, which
was in agreement with the results of earlier studies in dairy
cows [17, 18], in lambs [16], or in beef steers [7–9, 14, 15].
However, supplementations of Zn from inorganic source or
the organic sources with different chelation strengths had
different impacts on the milk yield. Both the Zn-Pro S and
Zn-AAW, instead of Zn-Pro M and Zn sulfate, increased the
milk yield and had similarly higher efficacies than the Zn-Pro
M, suggesting that the chelation strength of organic Zn sour-
ces might be one factor affecting their efficacies in milk
production. Similarly, different results have been reported
regarding the effect of organic Zn source on the performance
in comparison to inorganic Zn sources in dairy cows or dairy
goats [10, 11, 17–19, 36]. In addition, Cao et al. [6] reported
that one of three organic Zn sources was more available to
lambs than the inorganic Zn sulfate. In steers, Spears et al. [12]
also found that the Zn-Gly was more available than either Zn
sulfate or Zn–Met. A recent study [25] from our lab demon-
strated that not all organic Zn sources were more effective for
chicks than its inorganic form, and their efficacies were close-
ly related to their chelation strengths. Therefore, it was
thought that the disparities among different Zn sources in this
study and different reports might be due to the differences in
the chelation strengths of organic Zn sources.

The results of unaffected milk composition in the present
study were consistent with the previous reports in dairy goats
[10] or in dairy cows [11, 17, 18, 37], indicating that the milk
composition was not sensitive in response to dietary supple-
mentation of Zn from either the inorganic Zn source or the
organic sources with different chelation strengths. A number of
studies have shown that Zn supplementation could reduce milk
SCC [10, 17, 20, 21]. However, the conflicting results have
been reported on the effect of Zn supplementation from

different forms on milk SCC [3, 11, 17, 19]. In the present
experiment, Zn supplementation, regardless of Zn source, had
no influence onmilk SCC. The disparities among reports might
have resulted from the different initial levels of milk SCC as
described by Cope et al. [17] who concluded that beneficial
effects of inorganic or organic Zn on SCC were dependent on
its initial levels. Studies on the effect of the organic Zn sources
with different chelation strengths on milk yield and quality of
lactating cows have not been reported before.

Plasma or Serum Parameters of Lactating Cows

The present result indicated that the three organic Zn sources
were more effective than the inorganic Zn sulfate, and the Zn-
Pro S was the most effective in increasing plasma Zn concen-
tration at the end of the experiment. Conflicting results of Zn
source on plasma Zn have been reported in previous studies in
lambs [16], in calves [13], in beef steers [7, 8, 12, 15], or in
dairy cows [17]. Many factors might contribute to the discrep-
ancies among the above reports, such as chemical character-
istics of organic Zn sources used, animal species, dietary Zn
levels, duration of the trial, and factors affecting Zn absorption
in the gut. Limited information has been available regarding
absorptions and utilizations of Zn from different Zn sources in
ruminants [2, 38]. However, the differences in rumen bypass
and the small intestinal concentrations of Zn among the Zn
sources [24] were just in good agreement with the changing
trends of the plasma Zn concentration in the present study. It is
inferred that the rumen bypass of Zn into the intestine to be
absorbed or utilized might be the main factor affecting the
body Zn status and thus the alteration of immune response and
milk production. Therefore, the cows given the Zn-AAW or
Zn-Pro S TMR showed the improved Zn status, immune
response, and milk production as compared to the cows fed
on the Zn-AA M TMR.

The ALP is a Zn-containing metalloenzyme, and serum
ALP activity has been used as an indicator of animal Zn status.
However, the affected serumALP activity was not observed in
the current study. Similar results were also reported in several
earlier studies [2, 9, 12, 13]. It is speculated that the serum
ALP activity might not be the sensitive index for assessment
of Zn status, and more reliable measurements, such as tissue
Zn [12, 13], metallothionein (MT) concentration, and gene
expressions [6, 9, 25, 39], need to be detected to evaluate Zn
status of animals supplemented with different forms of Zn.

Immune Function of Lactating Cows

As Zn is needed to maintain the normal activity and integrity
of lymphocytes and immune system, its supplementation to
diets could improve immune functions. The results from the
present study indicated that the Zn addition as either the Zn-
Pro S or the Zn-Pro W significantly improved the serum
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antibody titer on day 27 compared to the control, Zn-ProM, or
Zn sulfate. Similarly, the different impacts on immune func-
tion among Zn sources were also observed in earlier studies
[3, 5, 8, 14, 15, 22]. Therefore, as mentioned above, the
chelation strength of organic Zn sources might be one of the
key factors affecting their efficacies in immune response.
Comparisons of the results of Zn status and humoral immune
response with those of milk yield suggested that the improved
Zn status and immune function in lactating cows fed the basal
TMR supplemented with either the Zn-AA W or Zn-Pro S
might be the reasons for the increased milk yield.

In Vitro Rumen Fermentation Parameters

The ruminal pH depends upon the TVFA and NH3-N degrad-
ed from fermented substrate in the rumen. Due to the incon-
sistent change patterns between ruminal pH and TVFA along
with unaffected NH3-N among Zn sources, it is inferred that
the ruminal pH might be affected by some other factors, such
as pKa of Zn sources that act as acids at neutral pH. Though
the ruminal pH was affected by Zn source or level, these data
were still within the normal range of 6 to 7, indicating that the
in vitro rumen fermentation was normal. Rumen TVFA is
related to the type of diet and mainly, results from the degra-
dation of fiber and other carbohydrates. Therefore, the present
results showed the similarly improved DM degradability and
TVFA production at Zn addition as either of the three organic
Zn sources compared to the control or Zn sulfate. However,
Spears et al. [12] found that the TVFA concentration was
lowered in steers fed the diets supplemented with Zn–Met or
Zn-Gly compared to the control or Zn sulfate. The NH3-N
production in the rumen is also connected with the type of diet
and comes from the degradation of feed protein or nonprotein
N. The unaffected NH3-N concentrations among treatments
reflected the balance among NH3-N degraded from dietary
protein, biosynthesis of bacterial protein, and removal via
absorption and passage to the omasum.

Rumen bacteria require N for growing and thus degrad-
ing carbohydrate. The primary forms of N that are trans-
ported into bacterial cells are ammonia, free amino acids,
and some short peptides produced mainly from degradation
of feed protein. Therefore, to some extent, bacteria yield and
bacterial protein measurements might reflect the greater
microbial efficiency in N incorporation and fermentative
activity. As like DM degradability and TVFA production,
the bacteria and bacterial N were higher at Zn addition as
either of the three organic Zn sources compared to the
control or Zn sulfate, suggesting that the improved DM
degradation and TVFA production might have resulted from
the increased bacteria growth or reproduction, and thus
better rumen fermentation. Among the three organic Zn
sources, the Zn-AA W appeared to be the most effective in
improving DM degradability and bacteria reproduction.

As expected, as more Zn was soluble in the rumen envi-
ronment, it was then taken up less by rumen microorganisms.
Both the Zn-AA W and Zn-Pro S in the present study had
more ruminal soluble Zn or less bacterial Zn compared to the
Zn-Pro M or Zn sulfate, suggesting that the Zn-AAWand Zn-
Pro S might have interacted to a lesser degree than Zn-Pro M
or Zn sulfate in the rumen to form insoluble chelates.
Similarly, earlier studies reported that steers receiving Zn
proteinate [8] or Zn polysaccharide complex [40] had higher
ruminal soluble Zn concentrations than those receiving Zn
oxide. Also, in steers, Zn–Met supplementation resulted in
higher ruminal soluble Zn concentrations in comparison with
Zn sulfate or Zn-Gly [12]. The more soluble Zn-AA W and
Zn-Pro S in the rumen might explain why Zn-AAWand Zn-
Pro S were more effective than Zn-Pro M or Zn sulfate in
enhancing rumen fermentation.

Despite of limited research on the effect of Zn source on
rumen fermentation, the above results from the in vitro
rumen fermentation in the current study clearly indicated
that the inorganic Zn sulfate or the three organic sources
with different chelation strengths did impact the rumen
fermentation differently. In general, the three organic Zn
sources with different chelation strengths were more effec-
tive than the inorganic Zn sulfate, and among the organic Zn
sources, both the Zn-AAWand Zn-Pro S, especially the Zn-
AAW, were more effective than the Zn-Pro M in enhancing
rumen fermentation through DM degradation, TVFA pro-
duction, bacterial growth, and protein biosynthesis. These
results could partially explain why the lactating cows fed the
TMR supplemented with either the Zn-AA W or Zn-Pro S
enhanced the immune function, and thus increased milk
production, which has not been reported before.

Conclusions

Zn source did not influence the feed intake, milk composition,
and SCC of lactating cows. However, both the Zn-AAW and
Zn-Pro Sweremore effective than the Zn-ProM and Zn sulfate
in enhancing the rumen fermentation, Zn status, and humoral
immune response as well as improving milk yield. The im-
proved milk production might be attributed to the improved
rumen fermentation, Zn status, and immune function. There
were similar efficacies between the Zn-AAWand Zn-Pro S or
between the Zn-Pro M and Zn sulfate in dairy cows.
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