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Abstract
Thirty-six first or later lactation

Holstein cows were grouped according to
their 305-d mature equivalent milk yield
and used in a 240-d 2 × 3 factorial
design experiment.  Objectives were to
determine the effect of supplemental Zn-
Met and ruminally undegraded protein
(RUP) on milk production, hoof growth
and composition, and selected plasma
metabolites of high producing dairy cows.
During the dry period, cows received
rations supplemented with 1) ZnSO4
(DT1) or 2) Zn-Met (DT2). Treatments
during lactation were 1) soybean meal
(SBM) (LT1), 2) ZnSO4-treated SBM (LT2)
(Consolidated Nutrition L. C., Ft.
Wayne, IN), and 3) ZnSO4-treated SBM
plus supplemental Zn-Met (LT3) (Zinpro
Corp., Eden Prairie, MN).  All rations

were formulated to contain equal
amounts of Zn.  Cows receiving DT1 had
higher 3.5% fat-corrected milk (FCM)
and milk fat percentage when compared
with those receiving DT2 (P<0.05).  Hoof
growth was greater during the dry period
for cows receiving DT2 (0.22 mm/d) than
for those receiving DT1 (0.20 mm/d).
The ZnSO4-treated SBM and LT3 had no
effect on hoof growth during lactation.
Mean hoof CP content was lowest at
peak lactation (85.6%) and highest at
calving (90.4%).  Cows receiving LT3
had the highest hoof Zn content during
lactation.  Glucose was higher later in
lactation and at feeding; whereas, insulin
and plasma essential amino acids (AA)
were highest at peak lactation.  For high
producing dairy cows, especially those
with hoof problems, supplemental RUP
and Zn-Met may provide nutrients
needed for hoof growth and increase
production by helping maintain hoof
health and DMI.

(Key Words: Hoof, Lameness, Plasma
Metabolites, Zinc Methionine, Zinc
Sulfate.)

Introduction
Over the past 30 yr, dairy cattle

have been moved from a pasture
management system to a confined
management system.  These cattle are
housed in free-stall barns, and, unless
resting, they stand or walk on con-
crete floors.  Waste removal via water
flushing and heat-stress control
sprinkling systems are frequently used
in the confined management sys-
tems; therefore, dairy cows are
exposed to a wet concrete environ-
ment during much of the year.

High producing dairy cows today
are fed high concentrate rations to
meet the demands of increased milk
production (26).   Acidosis is com-
mon in cows fed rations with high
concentrate to roughage ratios, and
acidosis is noted to be a primary
condition that predisposes cows to
lameness (19).  Lameness is the
inability to walk normally because of
a defect of, or injury to, a foot or leg
and is currently the third highest
reason, behind mastitis and repro-
ductive problems, for cows to be
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culled from the herd (23).  Some
major causes of lameness include
laminitis, hairy heel warts, bruised
sole, and sole ulcers (4). Wells et al.
(35) reported that, in herds with
complete health records, 14 to 17% of
cows were affected with lameness.
Some problems associated with
lameness include decreases in feed
intake and milk production, prema-
ture culling, and increased veterinary
medical expenses (1).  Overall, net
income for the producer is decreased.

Lameness in high producing dairy
cattle may be related to changes in
plasma metabolic hormone concen-
trations, changes in nutrient parti-
tioning [amino acids (AA) and
glucose], and certain mineral defi-
ciencies during early lactation, which
can lead to a decrease in overall hoof
growth and health.  During early
lactation, growth hormone (GH)
increases (31) and insulin insensitiv-
ity may occur, resulting in nutrient
partitioning away from body tissues
and toward the mammary gland (36).
Lameness and hoof growth may be
linked to a deficiency in vitamins
and minerals and possibly to
metabolizable AA supply.  Zinc and
Cu are essential elements for the
production of the keratinized protein
in horn (15).  Zinc plays an impor-
tant role in immune function, and a
deficiency interferes with the synthe-
sis of keratin, the major protein in
hooves (1, 21).

Ruminally undegraded protein
(RUP) has been studied to a great
extent to determine its effect on
metabolizable AA supply and subse-
quent milk production or growth.
By-passing the rumen changes sites of
nutrient digestion and absorption
and provides a mechanism for
supplementing outflow of nutrients
from the rumen to the small intestine
(10).   Nutrients that are ruminally
undegraded have been shown to
improve the performance of lactating
dairy cows, growing steers, and sheep
(8, 11, 13).  In studies conducted by
Wheeler et al. (36) and Baker et al.
(5), RUP  increased DMI and milk
production.

On the basis of previous work, the
objectives of this study were to
determine the influence of supple-
menting dry cow diets with ZnSO4 or
Zn-Met and supplementing lactation
diets with ZnSO4, ZnSO4-treated
soybean meal (SBM), or ZnSO4-
treated SBM plus supplemental Zn-
Met on hoof growth and composi-
tion; milk production and
composition; and plasma AA, insu-
lin, and glucose concentrations of
high producing dairy cows from the
beginning of the dry period to 180 d
postpartum.

Materials and Methods
Thirty-six first or later lactation

Holstein cows, managed under
guidelines approved by the University
of Georgia IACUC (approval
#A960102), were used in a 240-d 2 × 3
factorial design experiment.  All cows
were turned dry 60 d before their
projected calving dates.  Immediately

following the final milking, each
quarter was treated for mastitis (Cefa-
dri, Cephapirin sodium, Fort
Dodge Laboratories, Inc., Fort Dodge,
IA) and vaccinated with J-5 strain E.
coli bacteria (Upjohn Co.,
Kalamazoo, MI) and Vira-Shield 5 +
H. somnus (Grand Laboratories, Inc.,
Larchwood, IA).

Cows were divided into two
groups of 18 cows each based on the
adjusted mature-equivalent milk yield
(mean of Group 1 = 9521 kg; mean of
Group 2 = 9618 kg).  During the dry
period, cows were confined to small
paddocks (four to six cows per
hectare) containing common
Bermudagrass and KY-31 fescue.
Rations were fed once daily and
formulated to provide 11.0 kg DM/
cow per d for the first 46 d of the dry
period.  The sources of DM were 6.4
kg from wheat silage, 2.3 kg from
concentrate, and 2.3 kg from
chopped wheat hay.  Two dry cow
rations (Table 1) were formulated to

TABLE 1.  Concentrate ingredient composition for dry and lactating cow
diets (DM basis).

Drya Lactationb

Ingredient DT1 DT2 LT1 LT2 LT3

 (%) 

Ground shelled corn 42.7 42.3 23.3 23.3 23.3
Corn gluten feed 19.1 19.1 17.2 17.2 17.2
Whole cotton seed 18.9 18.9 18.9
Soybean hulls 34.0 34.0 15.5 15.5 15.5
SBM 3.9 3.9 12.4 5.6 5.6
Zn SBM 6.9 6.9
RUP Blendc 10.3 10.3 10.3
Limestone 0.1 0.1 1.1 1.1 1.1
Trace mineral salt 0.2 0.2 0.5 0.5 0.5
Zn SO4 0.036 0.069 0.007
Zn Met 0.39 0.069
MgO 0.31 0.31 0.31
Dicalcium phosphate 0.42 0.42 0.42

aDT1 = Soybean meal (SBM) + ZnSO4; DT2 = SBM + Zn-Met (ZinPro Corp., Eden
Prairie, MN).
bLT1 = SBM + ZnSO4, LT2 = ZnSO4-treated SBM (Consolidated Nutrition L. C., Ft.
Wayne, IN) + ZnSO4, and LT3 = ZnSO4-treated SBM + Zn-Met.
cRUP blend = Ruminally undegraded protein consisting of Menhaden fish meal, corn
gluten meal, and extruded SBM (Soyplus, Ralston, IA); each source provided equal CP.
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meet the NRC (24) recommendations
for NEl, CP, Ca, P, Zn, Cu, Mg, S, and
K for a pregnant Holstein cow
weighing 658 kg.  The control dry
cow concentrate (DT1) differed from
the second dry cow concentrate
(DT2) in that DT1 contained 0.83 g
ZnSO4 per 2.3 kg DM and DT2
contained 9.0 g Zn-Met per 2.3 kg
DM.  During the last 14 d prepartum,
DT1 cows received 4.6 kg DM from
the dry cow control concentrate, 6.4
kg DM from wheat silage, and wheat
hay for ad libitum intake.  During
the last 14 d prepartum, DT2 cows
were fed 6.4 kg DM from wheat
silage, 2.3 kg control DM concen-
trate, 2.3 kg DM from the dry cow
concentrate containing 9.0 g  Zn-
Met, and wheat hay for ad libitum
intake.

At calving, six cows each from
Groups 1 and 2 of the dry period
were placed into one of three treat-
ment groups (LT1, LT2, and LT3) to
complete the 2 × 3 factorial.  Each
lactation group contained 12 cows
(six cows from Groups 1 and 2 of the
dry period).  Cows were housed in a
free-stall barn and group-fed a total
mixed ration (TMR) twice daily (0800
and 1600 h).  Three experimental
concentrates (Table 1) were prepared
for the lactating cows and formu-
lated to complete NRC (24) recom-
mendations for NEl, CP, Ca, P, Mg, S,
K, and Cu for a 658-kg cow produc-
ing 43.1 kg milk at 3.5% fat, which
were not provided by forages.  For-
ages and concentrates were fed as a
TMR twice daily throughout the
study. Cows in LT1 were fed a control
diet with all supplemental CP sup-
plied by solvent-extracted SBM.
Cows in LT2 were fed a similar diet to
LT1, but 55% of the SBM was re-
placed by ZnSO4-treated SBM .  The
LT3 cows were fed a similar diet to
LT2 plus 9.0 g Zn-Met/d.  All three
groups received 10.3% DM from an
RUP blend, which provided equal
amounts of CP from Menhaden fish
meal, corn gluten meal, and extruded
SBM (Soyplus, Ralston, IA).  The RUP
blend was fed based on results from
Wheeler et al. (36) in which lactating
cows supplemented with a similar

RUP blend had increased DMI and a
10 to 12% increase in milk produc-
tion.  Rations in the dry and lacta-
tion groups were formulated to
contain equal amounts of Zn by
addition of ZnSO4 to the diets as
needed.  Corn silage (CS) or sorghum
silage plus wheat hay provided all
forage.  The CS (11.3 kg DM/d per
cow) was fed for 0 to 90 d of lacta-
tion; whereas, the sorghum silage
plus wheat hay (7.7 kg and 3.6 kg
DM/d per cow, respectively) provided
the forage for 90 to 180 d postpar-
tum.

Hoof samples from the cows’ two
front hooves were taken from the
soles of the hoof when the cows were
turned dry, at calving, and at 60 and

180 d postpartum.  The outside toe of
each hoof was branded with a �
immediately below the periople line
when the hoof samples were taken.
Distance between the � was consid-
ered as rate of hoof growth during
the dry period, early lactation, and
peak to mid lactation when milk
production is reduced.  Location of
the brand was photographed and
used to locate subsequent brands to
maximize accuracy of growth mea-
surements over time.  Hoof samples
were frozen (–40°C) until analyzed.
Samples were analyzed for DM, CP,
ash, Cu, Zn, and AA.  Sample analy-
ses for DM and ash were conducted
as described by Association of Official
Analytical Chemists (3); CP content

TABLE 2.  Dry matter, selected nutrients, and amino acids (AA) offered to
lactating cows fed diets varying in ruminally undergraded protein (RUP)
and Met.

Dieta

Item LT1 LT2  LT3

DM, kg/d 23.6 23.6 23.6
CP, kg/d 4.3 4.3 4.3
RUP, kg/d 1.7 1.8 1.8
Zn, ppm 155.0 177.0 174.0
Cu, ppm 16.2 16.1 15.7
EAAb  (g AA/100 g CP) 

Arg 6.3 6.2 6.0
His 2.5 2.5 2.6
Ile 4.4 4.5 4.5
Leu 9.0 9.2 9.2
Lys 4.6 4.6 4.6
Met 2.2 2.2 2.3
Phe 5.3 5.4 5.3
Thr 4.4 4.4 4.3
Val 5.3 5.6 6.0

NEAAc

Ala 7.4 7.5 7.4
Glu 17.8 17.9 17.8
Gly 5.7 5.8 5.8
Pro 6.3 6.2 6.3
Cys 0.04 0.95 0.84
Tyr 3.6 3.6 3.6
Asp 9.6 9.6 9.4
Ser 5.0 4.9 4.9

aLT1 = Soybean meal (SBM) + ZnSO4, LT2 = ZnSO4-treated SBM (Consolidated
Nutrition L. C., Ft. Wayne, IN) + ZnSO4, and LT3 = ZnSO4-treated SBM + Zn-Met
(Zinpro Corp., Eden Prairie, MN).
bEAA = Essenial AA.
cNEAA = Nonessential AA.



271Dietary Effects on Hoof Growth, Plasma Metabolites, and Milk Yield

was determined using a Technicon
Autoanalyzer II system (Technicon
Instrument Corp., Tarrytown, NY)
after H2SO4 digestion on a block
digester.  Hoof samples were analyzed
for AA on a Beckman 6300 auto-
mated AA analyzer (Beckman Instru-
ments, Inc., Fullerton, CA) following
hydrolysis in 6N HCl for unprotected
Met in a 99.9% pure N2 atmosphere
for 24 h (2) or 6N HCl under N2 plus
2-mercaptoethanol (1:2000) for
protected Met (20).  Hoof samples
were prepared for analyses for Cu and
Zn by dry ashing at 550°C for 4 h.
The ashed sample was dissolved in 10
mL 3N HCl, boiled gently for 10 min,
filtered into a 100-mL volumetric
flask, and diluted to volume with
deionized water.  Analysis for Cu and
Zn was by atomic absorption spectro-
photometry on a AA-Scan 1 (Thermo
Jarrell Ash Corp., Franklin, MA).
Feed samples were collected daily and
composited weekly.  Samples were
dried at 60°C in a forced-air oven to a
constant weight and ground through
a Wiley mill  (2-mm screen; Arthur H.
Thomas, Philadelphia, PA).  Feed
samples were analyzed for DM, CP,
and AA as described previously.

Blood samples (10 mL) were
collected into heparinized tubes from
a tail blood vessel at 0800 h (feeding),
at 1000 h, and at 1200 h on 1, 14, 28,
56, 84, and 156 d postpartum.
Samples were chilled in ice immedi-
ately and refrigerated overnight.  The
following morning, blood samples
were centrifuged for 15 min at 3000 ×
G to isolate plasma, and plasma
samples were frozen until analyzed.
Plasma samples were deproteinized by
the addition of 0.5% (wt/vol) sul-
fosalicylic acid.  Concentrations of
AA in deproteinized plasma were
determined using a Beckman System
6300 high performance analyzer
(Beckman Instruments Inc., Fuller-
ton, CA). Plasma insulin was deter-
mined using an I131 porcine insulin
radioimmunoassay kit (ICN Biomedi-
cal kit, ICN Pharmaceuticals, Inc.,
Costa Mesa, CA).   Plasma insulin
concentration was determined using
a gamma counter (Packard Cobra II,
Meriden, CT).   Plasma glucose was

determined using the glucose oxidase
procedure in a Sigma kit (Sigma
Diagnostics, St. Louis, MO).  Glucose
concentration was determined at 505
nm on a Shimadzu UV16OU spectro-
photometer (Shimadzu Scientific
Instruments, Inc., Norcross, GA).

Cows were milked twice daily at
0800 and 2000 h, and milk weights
were recorded throughout the lacta-
tion study.  Milk samples (25 mL;
2× daily for 7 d) were taken on d 22
to 28, d 50 to 56, and d 162 to 168
postpartum and placed into 500-mL
bottles.  Samples were preserved with
1 mL 10% formaldehyde.  Bottles
were refrigerated between a.m. and
p.m. milkings and frozen at the end
of each sampling week until analyzed
for total solids (TS), CP, milk fat,
minerals, and lactose.  Milk CP was
determined by Kjeldahl as given
earlier, and milk fat was analyzed by
Babcock (3).  For TS analyses, 10 mL
milk was pipetted into porcelain
crucibles, frozen, and lyophilized
(Virtis, Freezemobile 12, The Virtis
Co., Inc., Gardiner, NY).  Milk
mineral content was determined by
ashing the lyophilized sample at
510°C for 4 h in a muffle furnace

(Lindberg, Watertown, WI).  Milk
lactose was determined by difference.

Statistical analyses were performed
using the general linear models
procedure of SAS (32) for a 2 × 3
factorial.  Three models for a 2 × 3
factorial with repeated measures (split
plot in time) were used in data
analyses.  Model 1 was used for
weekly milk production and 3.5% fat-
corrected milk (FCM).  Model compo-
nents were dry period treatment
(DPT), lactation period treatment
(LPT), DPT × LPT, cow (DPT × LPT),
week, week × DPT, week × LPT, week ×
DPT × LPT, and error; main effects
(DPT, LPT, and DPT × LPT) were tested
by using cow (DPT × LPT) as the error
term.  Model 2 was used to analyze
milk components, hoof components,
and plasma AA.  Model 2 compo-
nents were the same as in Model 1,
except  period was substituted for
week of trial; again, the cow (DPT x
LPT) was used to evaluate main
effects.  Finally, Model 3 was used to
evaluate plasma glucose and insulin
concentrations.  Model 3 was the
same as Model 2, but included time
of sampling postfeeding and appro-
priate added interactions.  The same

Figure 1.  Average weekly milk production of lactating cows as affected by dietary treatment.
Soybean meal (SBM), ◆ ; treated SBM (Zn-SBM), �; and treated SBM plus Zn-Met (Zn-SBM +
Zn-Met), ● . Pooled SEM = 0.49 kg.
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Figure 2.  Average daily hoof growth as influenced by dietary treatment and period.
Soybean meal (SBM) + ZnSO4, �; SBM + Zn-Met, �; SBM, �; treated SBM (Zn-SBM), �;
treated SBM plus Zn-Met, �. Pooled SEM = 0.005 mm.

term [cow (DPT × LPT)] was used to
evaluate main effects.  Mean separa-
tion was determined by  Duncan’s
new multiple range test (33); differ-
ences at P<0.05 were considered
significant.

Results and Discussion
Two cows (one from each dry

group treatment) were removed from
the trial for reasons unrelated to
dietary treatment. Dry matter, se-
lected nutrients, and AA offered daily
during lactation are shown in Table
2.  Dry matter (23.6 kg/d) and CP (4.3
kg/d) offered remained constant
among lactation diets.  However, RUP
offered to LT1, LT2, and LT3 cows
slightly differed (1.7, 1.8, and 1.8 kg/
d, respectively).  The higher amount
of RUP in the latter two treatments
was due to the additional RUP (~60%
of CP) available in the ZnSO4-treated
SBM, which replaced ~55% of the
SBM in LT1.  Actual Zn offered varied
slightly among the three lactation
treatments (LT1 = 155.0, LT2 = 177.0,
and LT3 = 174.0 ppm), even though
the rations were formulated to
contain equal amounts of Zn.  The
Cu content in the lactation rations

offered remained relatively constant
among treatments (LT1 = 16.2, LT2 =
16.1, and LT3 = 15.7 ppm).  All
essential AA and nonessential AA
remained fairly constant among
treatments, except for Cys (LT1 =
0.04, LT2 = 0.95, and LT3 = 0.84 g AA/
100 g CP).   Although Lightbody and
Lewis (22) reported that dietary Cys
was the chief limiting factor for hair
growth in rats, Womack et al. (37)
noted that Met can replace Cys
completely for purposes of growth.

Intakes of DM were not evaluated
statistically (group means reported)
because the cows were group fed, and
group feed intakes have been shown
to be inconclusive (25).  At any one
time over a period of 75 d, a fresh
cow could have entered an experi-
mental group that contained cows
that were reaching peak DMI.  How-
ever, Nianogo et al. (25) reported that
DMI for lactating cows increased
from 14 kg/d at 1 wk postpartum to

TABLE 3.  Milk yield and composition of cows receiving diets varying in
ruminally undegraded protein and amino acids during the dry period and
lactation.

Drya Lactationb

Item DT1 DT2 SE LT1 LT2 LT3 SE

 (kg/d) 

Milk 30.0 29.4 0.32 30.5 28.5 30.1 0.49
3.5% FCMc 33.5d 31.1e 0.43 32.2d 28.7e 33.9d 0.67
TSf 4.0 3.8 0.06 3.9 4.0 3.7 0.09
Lactose 1.3 1.3 0.03 1.4 1.2 1.3 0.05
Milk fat 1.3d 1.1e 0.02 1.2 1.2 1.3 0.03
Protein 0.97 0.92 0.01 0.98 0.91 0.94 0.02
Mineral 0.21 0.21 0.01 0.22 0.20 0.21 0.01

 (%) 

TS 12.4d 11.9e 0.04 12.1 12.1 12.2 0.05
Lactose 4.1 4.2 0.03 4.3 4.1 4.1 0.05
Milk fat 4.2d 3.8e 0.01 3.8 4.0 4.2 0.02
Protein 3.2 3.1 0.01 3.2 3.2 3.1 0.01
Mineral 0.64 0.66 0.01 0.67d 0.64e 0.65e 0.01

aDT1 = Soybean meal (SBM) + ZnSO4, DT2 = SBM + Zn-Met (ZinPro Corp., Eden
Prairie, MN).
bLT1 = SBM + ZnSO4, LT2 = ZnSO4-treated SBM (Consolidated Nutrition L. C., Ft.
Wayne, IN) + ZnSO4, and LT3 = ZnSO4-treated SBM + Zn-Met.
cFCM = Fat-corrected milk.
d,eMeans in the same row within main effects with unlike superscripts  differ (P<0.05).
fTS = Total solids.
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18 kg/d at 2 wk postpartum and
increased steadily thereafter until 10
to 15 wk postpartum and was related
to calving season.

Average weekly milk production of
lactating cows as affected by dietary
treatments is shown in Figure 1.
There were no effects of dry period
diet or lactation diet on actual milk
production.  However, milk produc-
tion was affected by week (P<0.0001).
Milk production peaked from 3 to 6
wk postpartum and declined thereaf-
ter following a typical lactation
curve.  There was also a lactation diet
� week interaction for milk produc-
tion noted (P<0.05).  This interaction
occurred because cows receiving LT1
had peak milk production at 3 wk
postpartum and cows receiving LT2
and LT3 did not reach peak milk
lactation until wk 5 or 6  postpartum.
Relative to RUP supplementation, the
increased milk yield reported by
Wheeler et al. (36) and Baker et al. (5)
was not noted in this study for cows
fed LT2 and LT3 where RUP offered
was 0.1 kg/d per cow from ZnSO4
SBM.  However, 10.3% of the DM in
each concentrate was provided by a
RUP supplement.  This supplement
was expected to provide �0.42 kg
RUP/d  (H. E. Amos et al., unpub-
lished data) at 13.6 kg/d DMI  from
concentrate.  These data indicate that
the metabolizable AA requirements
were met by the LT1 diet or the
additional protein provided by Zn
SBM did not supply the most limit-
ing AA.

Average daily milk yield and
composition are shown in Table 3.
Cows receiving DT1 produced more
3.5% FCM than did cows receiving
DT2 (33.5 and 31.1 kg/d, respec-
tively).  However, it is doubtful that
these data are of major biological
significance.  Milk production (3.5%
FCM) increased from 0 to 4 wk
postpartum, regardless of treatment.
There were no effects (P>0.05) on
milk component yield (kilograms per
day) for TS, lactose, or protein
because of  dry period or lactation
diets.  Cows that received DT1 had a
higher total  percentage of TS and
milk fat (P<0.05) than did cows

receiving DT2 (12.4 vs 11.9% and 4.2
vs 3.8%, respectively).  Milk fat yield
was higher (P<0.05) for cows receiving
DT1 in the dry period than for cows
receiving DT2 (1.3 and 1.1 kg/d,
respectively).   These milk fat and TS
data may be more related to genetic
ability (differences) than treatment
because cows were blocked only on
305-d mature equivalent milk produc-
tion and no consideration was given
to previous milk fat percentage or
production.  No data on previous TS
production or percentage were
available.   Percentage of milk min-

eral content was affected (P<0.05) by
lactation diets (LT1 = 0.67, LT2 = 0.64,
and LT3 = 0.65%). There were effects
caused by period for all milk compo-
nents [TS (P<0.0003), lactose (P<0.02),
milk fat (P<0.0001), CP (P<0.0001),
and mineral  (P<0.0001)].  Sampling
periods included 1) 22 to 28 d post-
partum, 2) 50 to 56 d postpartum,
and 3) 162 to 168 d postpartum.
These components were higher in
period 1 and  decreased thereafter. An
interaction of lactation diet and
period (P<0.004) was also noted for
milk mineral content.  Cows receiv-

TABLE 4.  Hoof composition of cows receiving diets varying in RUP and
Zn-Met during the dry period and lactation.

Drya Lactationb

Item DT1  DT2 SE LT1 LT2 LT3 SE

DM, % 71.0 71.1 0.19 70.6 71.5 71.1 0.3
CP, % 89.7 88.1 0.42 90.0 89.7 87.0 0.64
Zn, ppm 67.2 73.5 1.1 71.2cd 55.6d 84.3c 1.6
Cu, ppm 31.1 30.8 0.46 33.8 28.4 30.7 0.72

 (g AAe/100 g CP) 

Arg 9.4 9.5 0.03 9.4 9.5 9.5 0.05
His 1.2 1.2 0.01 1.2 1.2 1.2 0.01
Ile 3.7 3.8 0.03 3.8 3.7 3.7 0.04
Leu 8.8 8.7 0.05 8.8 8.7 8.7 0.08
Lys 5.0 4.8 0.02 5.0 4.9 4.8 0.04
Met 0.95 1.0 0.02 1.0 0.96 0.97 0.03
Phe 3.4 3.4 0.02 3.4 3.4 3.4 0.03
Thr 5.0 5.1 0.02 5.0 5.1 5.1 0.03
Val 6.0 5.9 0.04 5.8 6.2 5.8 0.06
EAAf 43.5 43.3 0.03 43.4 43.6 43.1 0.04
Ala 4.7 4.7 0.01 4.8 4.7 4.6 0.02
Glu 17.5 17.3 0.04 17.3 17.6 17.3 0.06
Gly 5.3 5.5 0.05 5.6 5.2 5.3 0.08
Pro 4.3 4.6 0.06 4.2 4.5 4.5 0.10
Cys 3.5b 3.8a 0.06 3.7 3.7 3.7 0.09
Tyr 4.6 4.7 0.03 4.8 4.5 4.7 0.05
Asp 8.8 8.7 0.03 8.8 8.6 8.6 0.04
Ser 7.5 7.6 0.02 7.5 7.6 7.6 0.03
NEAAg 56.2 56.8 0.04 56.5 56.6 56.3 0.06

aDT1 = Soybean meal (SBM) + ZnSO4, DT2 = SBM + Zn-Met (ZinPro Corp., Eden
Prairie, MN).
bLT1 = SBM + ZnSO4, LT2 = ZnSO -treated SBM (Consolidated Nutrition L. C., Ft.
Wayne, IN) + ZnSO4, and LT3 = ZnSO -treated SBM + Zn-Met.
c,dMeans in the same row within main effects with unlike superscripts differ (P<0.05).
eAA = Amino acid.
fEAA = Total essential AA.
gNEAA = Total nonessential AA.
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ing LT1 had higher milk mineral yield
(0.25 kg/d) during period 1; however,
cows receiving LT2 and LT3 had
higher milk mineral yield (0.25 and
0.24 kg/d, respectively) during period
2.  Clark and Rakes (12) reported an
increase in actual milk, milk fat, and
4% FCM in cows receiving sorghum
silage plus concentrate rations
supplemented with 30 g Met hydroxy
analog (MHA)/d over control cows.
Griel Jr., et al. (16) and Polan et al.
(28) fed MHA (40 or 80 g/d and 0,
0.2, 0.4, or 0.8% of the concentrate
DM, respectively) and reported
increases in both milk and fat pro-
duction; whereas, Rosser et al. (30)
fed 40 g MHA/d and reported in-
creases in milk fat production only.
Although the consistent response has
been increased milk fat or fat test,
Hutjens and Schultz (18), Olsen and
Grubaugh (27), and Wallenius and
Witchurch (34) fed MHA (1 g/454 g
concentrate;, 0, 0.3, 0.4, or 0.5% of
the concentrate DM; and 25 g/d,
respectively) and reported no effect
on milk production or fat from
MHA.  In the current study, the small
amount of Zn-Met (9.0 g/d) in the
LT3 diet apparently was not enough
to influence milk fat percentage or
yield.

Average daily hoof growth by
dietary treatment and period is
shown in Figure 2.  Hoof growth was
influenced by both the dry period
and lactation diets (P<0.05).  During
the dry period, cows receiving DT2
had a higher daily average hoof
growth than did cows receiving DT1
(0.22 and 0.20 mm/d, respectively).
During lactation, cows receiving LT1
had a higher daily average hoof
growth than did cows receiving LT2
and LT3 (0.23, 0.20, and 0.21 mm/d,
respectively).  These rates of growth
are ~1.4 times faster than the 4.6
mm/mo reported by Greenough et al.
(14).  Clark and Rakes (12) reported
faster hoof growth for lactating dairy
cows receiving rations supplemented
with 30 g MHA/d during spring and
summer months only.  Hoof growth
was also influenced by period
(P<0.0001).   In the current study,
hoof growth periods included 1 = 60

d prepartum to calving,  2 = calving
to 60 d postpartum, and 3 = 60 to 180
d postpartum.   Hoof growth was
greatest during period 3 compared
with periods 1 and 2 (0.285 compared
with 0.192 and 0.155 mm/d, respec-
tively).  The rate of hoof growth
appeared to be related to the stage of
lactation.  When milk production
was highest, hoof growth was slow-
est, and the negative relationship
with milk production suggested that
absorbed AA were being preferentially
used for milk protein synthesis rather
than for hoof growth.

 There were no effects from dry
period or lactation diets on hoof DM
or CP percentage (Table 4). There
were no significant effects on hoof
Zn composition caused by the dry
period diets; however, hoof Zn
content was significantly affected by
the lactation diets.  Cows receiving
LT3 had higher hoof Zn content
when compared with cows receiving
LT1 and LT2 (84.0 vs 71.2 and 55.6
ppm, respectively). The LT3 concen-
trate also had the highest Zn content
(84.3 ppm) compared with 71.2 and
55.6 ppm Zn for LT1 and LT2, respec-

TABLE 5.  Plasma amino acid (AA) composition of cows receiving diets
varying in RUP and Zn-Met during the dry period and lactation.

Drya Lactationb

Item DT1 DT2 SE LT1 LT2 TL3 SE

 (µmol/dL) 

Arg 3.6 3.8 0.04 3.6 3.8 3.8 0.06
His 2.7 2.8 0.03 2.9 2.7 2.6 0.04
Ile 6.1 5.7 0.09 6.4 5.9 5.3 0.13
Leu 9.4 8.5 0.12 9.1 9.2 8.6 0.18
Lys 4.6 4.2 0.06 4.6 4.3 4.4 0.10
Met 2.3 2.2 0.03 2.2 2.3 2.2 0.05
Phe 2.6 2.6 0.03 2.6 2.7 2.6 0.05
Thr 5.0 5.1 0.08 5.8c 5.0c,d 4.3d 0.13
Val 13.5 12.0 0.17 13.6 12.9 11.8 0.27
EAAe 54.7 51.5 0.07 55.8 53.8 50.0 0.11
Ala 13.5 12.0 0.17 13.6 12.9 11.8 0.27
Cit 3.8 3.8 0.04 4.1 3.7 3.6 0.06
Cys 4.0 4.0 0.09 5.0c 3.9c,d 3.2d 0.14
Gln 120.3 129.5 1.4 131.5 124.2 118.9 2.10
Glu 3.4 3.5 0.03 3.6 3.4 3.4 0.05
Gly 23.2 20.4 0.35 24.3 21.0 20.0 0.54
Hyp 7.9 8.0 0.14 7.5 8.2 8.1 0.21
Orn 2.7 2.4 0.05 2.9 2.4 2.4 0.07
Pro 8.7 7.5 0.13 7.8 8.4 8.0 0.19
Pser 0.16 0.20 0.01 0.22 0.17 0.16 0.01
Ser 5.3 5.1 0.08 5.2 5.5 4.9 0.13
Tau 3.0 2.7 0.04 3.2c 3.1c 2.3d 0.06
Tyr 3.0 2.5 0.06 2.8 2.6 2.8 0.09
NEAAf 199.1 202.0 0.20 211.3 199.7 190.3 0.30

aDT1 = Soybean meal (SBM) + ZnSO4, DT2 = SBM + Zn-Met (ZinPro Corp., Eden
Prairie, MN).
bLT1 = SBM + ZnSO4, LT2 = ZnSO4-treated SBM (Consolidated Nutrition L. C., Ft.
Wayne, IN) + ZnSO4, and LT3 = ZnSO4-treated SBM + Zn-Met.
c,dMeans in the same row within main effects with unlike superscripts differ
(P<0.05).
eEAA = Total essential AA.
fNEAA = Total nonessential AA.
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Figure 4.  Plasma insulin concentrations as influenced by days postpartum. Soybean meal
(SBM), �; treated SBM (Zn-SBM), �; and treated SBM plus Zn-Met (Zn-SBM + Zn-Met), �.
Pooled SEM = 1.0 µu/mL.

Figure 3.  Plasma glucose concentrations as influenced by hours postfeeding and days
postpartum. Soybean  meal (SBM),  �; treated SBM (Zn-SBM), �; and treated SBM plus Zn-
Met (Zn-SBM + Zn-Met), �. Pooled SEM = 0.64 mg/dL.

tively.  Because Zn is essential for
horn production and is associated
with wound healing, epithelial tissue
repair, hoof hardness, and mainte-
nance of cellular integrity (21, 15),
this additional hoof Zn content
could contribute to increased hoof
health.  There were no significant
effects on hoof Cu content caused by
dry period or lactation diets.  How-
ever, there was an interaction be-
tween dry period and lactation diets
on hoof Cu content (P<0.03).  This
interaction occurred because the dry
cows receiving DT1 and LT1 had a
higher mean hoof Cu content than
did cows receiving DT2 and LT1 (38.1
and 29.5 ppm, respectively).

Data in Table 4 show no signifi-
cant effects of diet during the dry
period or first 180 d of lactation on
hoof AA content (grams AA/100 g
CP), except for Cys in the dry period.
Dry cows receiving DT2 had higher
Cys hoof content than did cows
receiving DT1 (3.8 and 3.5 g AA/100 g
CP, respectively).  This increase in Cys
may reflect an increase in sulfur AA
intake from Zn-Met supplementation
for DT2.  Clark and Rakes (12)
reported lactating cows supplemented

with 30 g MHA/d had less Cys and
Pro in hoof than control cows and
greater percentages of Met, Lys, Tyr,
and Glu.  They suggested that a
decrease of disulfide bonding oc-
curred in the hoof tissue of cows fed

MHA.  In the current study, there
were no significant treatment effects
on hoof AA composition during
lactation; however, there was an
effect caused by period.  Hoof sam-
pling periods included 1) 60 d prepar-
tum, 2) calving, 3) 60 d postpartum,
and 4) 180 d postpartum.  Hoof
concentrations of Pro (P<0.003) were
highest during period 1.  Alanine
(P<0.01), Gln (P<0.0004), Asp
(P<0.0001), and Ser (P<0.002) hoof
concentrations were higher during
periods 2 and 3.  Lastly, hoof concen-
trations of Arg (P<0.0001), Met
(P<0.01), and Val (P<0.0001) were
higher during period 4.

Plasma AA composition of cows
receiving diets varying in RUP and
Zn-Met during the dry period and
lactation is shown in Table 5.  Plasma
AA concentrations were not  affected
by dry period diets; however, there
were effects from lactation diets for
Thr (P<0.03), Cys (P<0.03), and Tau
(P<0.04).  All had higher concentra-
tions for cows fed LT1 than for cows
fed LT2 and LT3.  Baker et al. (5)
reported higher concentrations of
coccygeal plasma AA for cows fed
rations supplemented with RUP (0.5

123
123
123
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kg/d) over control, but only Leu, Val,
and Pro concentrations were in-
creased significantly. Plasma AA
concentrations were also affected by
period (1 = calving, 2 = 28 d postpar-
tum, 3 = 56 d postpartum, and 4 =
180 d postpartum).  Plasma AA were
higher in the third and fourth
periods, when milk production was
declining, than in the first and
second periods, when milk produc-
tion was approaching peak yield.
The essential plasma AA affected by
period include Arg (P<0.0001), Ile
(P<0.05), Leu (P<0.01), Lys (P<0.001),
Thr (P<0.004), Trp (P<0.002), and Val
(P<0.0004).  The nonessential plasma
AA affected by period include Ala
(P<0.0004), citrulline (P<0.0001), Gly
(P<0.0001), ornithine (P<0.001), Pro
(P<0.0001), and Tau (P<0.0001).  In
the current study, we believe plasma
AA were lower in period 1 because AA
were being used for maintenance,
tissue growth, and milk production.
In period 2, AA were primarily used
for milk production.  In periods 3
and 4, DMI would be expected to
increase (25) and milk production to
decline (Figure 1); therefore, higher
concentration of AA in the plasma
could result.

 Plasma glucose concentrations as
influenced by hours postfeeding and
days postpartum are shown in Figure
3.  There were no effects on plasma
glucose (milligrams per deciliter)
because of dry period and lactation
diets; however, there were effects
caused by period and hour
(P<0.0001).  Plasma sampling periods
included:  1 = calving, 2 = 14 d
postpartum, 3 = 14 d postpartum, 4 =
28 d postpartum, 5 = 56 d postpar-
tum, and 6 = 184 d postpartum.
Plasma sample hours included 1 =
0800 h, 2 = 1000 h,  and 3 = 1200 h.
The regulation of metabolism is
primarily concerned with maintain-
ing constant levels of glucose in the
blood and is correlated with feed
intake.  Rook and Wood (29) re-
ported that glucose availability is a
limiting factor for milk production.
Herbein et al.  (17)  reported that
glucose concentrations increased in

lactating cows with increasing days in
milk.  In the current study, period 6
had the highest concentration of
plasma glucose (71.8 mg/dL) followed
by periods 4, 5, 1, 3, and 2 (71.1, 68.1,
65.8, 64.4, and 64.0 mg/dL, respec-
tively).  In normal situations in
ruminant animals,  glucose levels
increase after feeding when the
availability of gluconeogenic sub-
strates (propionate and AA) are
greatest (6).  In the current study,
plasma glucose at 0800 h was higher
than that at 0100 and 1200 (69.2 vs
67.8 and 65.6 mg/dL, respectively).
There was an interaction (P<0.003)
between dry period diets and period
for plasma glucose concentrations.
This interaction occurred because
cows receiving DT1 had the lowest
plasma glucose concentration (63.6
mg/dL) at calving; whereas, cows
receiving DT2 had one of the higher
concentrations for plasma glucose
(68.2 mg/dL) at calving.  There was
also an interaction (P<0.0001) be-
tween lactation diets and period for
plasma glucose concentrations.  This
interaction occurred because cows
receiving LT3 had a low concentra-
tion of plasma glucose (63.5 mg/dL)
in period 4, but cows that received
LT1 and LT2 had high concentrations
(67.8 and 81.4 mg/dL, respectively)
during period 4.

Insulin is the primary regulator of
metabolism in the resting animal.
Bines et al. (7) reported that GH and
insulin concentrations in blood
plasma appeared to be related to
glucose availability in lactating dairy
cows.  Plasma insulin concentrations
as influenced by days postpartum are
shown in Figure 4.  There were no dry
period or lactation diet effects on
plasma insulin concentration (mi-
crons per milliliter). However, period
and hour (like glucose) were signifi-
cantly affected. Period 3 had the
highest plasma insulin (46.3 �u/mL)
followed by periods 4, 6, 5, 2, and 1
(42.4, 30.4, 24.4, 13.2, and 13.1 �u/
mL, respectively). Plasma samples
taken 4 h postfeeding had higher
insulin concentrations than those
taken at 0800 and 0100 h (29.5 vs 26.1

and 26.2 �u/mL, respectively).
Brockman and Laarveld (9) reported
that GH and insulin are antagonistic.
Although the antagonism does not
involve minute-to-minute regulation
of metabolism, it can alter tissue
sensitivity to insulin with regard to
glucose metabolism. Sartin et al. (31)
reported that plasma insulin levels
were lowest during peak milk lacta-
tion, when GH was highest. However,
Wheeler et al. (36) reported that
plasma insulin concentrations were
highest during peak lactation in high
producing dairy cows. They proposed
that these data suggested insulin
insensitivity where insulin was
probably released from the pancreas
to meet the animal's requirement but
was ineffective. Insulin insensitivity
may be caused by GH antagonism to
insulin in early lactation. Perhaps
insulin was highest in the later parts
of lactation because of an increase in
DMI. When DMI increases, plasma
glucose increases, followed by in-
creased plasma insulin. Results in the
current study parallel the findings of
Wheeler et al. (36). There was an
interaction (P<0.0002) between dry
period diet and period for plasma
insulin concentration. This interac-
tion occurred because cows receiving
DT1 had higher plasma insulin
concentrations (46.5 �u/mL) during
period 4, whereas cows receiving DT2
had higher mean concentration (49.5
�u/mL) during period 3. There was
also an interaction (P<0.0001) be-
tween lactation diets and period for
plasma insulin concentration. This
resulted from cows receiving LT2 with
higher plasma insulin concentration
(47.4 �u/mL) during period 4; how-
ever, cows receiving LT1 and LT3 had
higher concentrations (39.4 and 63.8,
�u/mL, respectively) during period 3.
The apparent discrepancies of the
current study and those of Wheeler et
al. (36) with regard to plasma insulin
and glucose concentrations are of
particular interest. Elucidation of this
relationship and its relationship with
milk production and components
provide valid objectives for further
research.
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Conclusions
Results from this study show that

supplementing Zn-Met to dry cow
rations will increase hoof growth
during the dry period and offers a
method for increasing hoof health
by allowing repair of epithelial tissue.
Cows receiving the Zn-Met supple-
mentation during lactation also had
higher Zn hoof content when
compared with control cows or those
supplemented with ZnSO4.  This
additional hoof Zn content could
lead to increased hoof health because
Zn is essential for horn production
and is associated with wound heal-
ing, epithelial tissue repair, hoof
hardness, and maintenance of
cellular integrity.  Milk production
was highest for cows receiving a diet
in which all supplemental CP was
supplied by solvent-extracted SBM.
Plasma insulin concentrations were
higher in early lactation, and  these
responses occurred when the cows
were approaching peak milk yield;
thus, indicating signs of insulin
insensitivity during the early weeks of
lactation.
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