
Lewis, P. S. Miller, G. C. Shurson and T. L. Veum 
G. M. Hill, D. C. Mahan, S. D. Carter, G. L. Cromwell, R. C. Ewan, R. L. Harrold, A. J.

an antibacterial agent on nursery pig performance
Effect of pharmacological concentrations of zinc oxide with or without the inclusion of

 2001. 79:934-941. J Anim Sci

 http://jas.fass.org
the World Wide Web at: 

The online version of this article, along with updated information and services, is located on

 www.asas.org

 at Wageningen UR BIbliotheek 63997 on April 21, 2011. jas.fass.orgDownloaded from 

http://jas.fass.org
http://www.asas.org/
http://jas.fass.org


Effect of pharmacological concentrations of zinc oxide with or without the
inclusion of an antibacterial agent on nursery pig performance1

G. M. Hill2, D. C. Mahan, S. D. Carter, G. L. Cromwell, R. C. Ewan, R. L. Harrold,

A. J. Lewis, P. S. Miller, G. C. Shurson, and T. L. Veum

NCR-42 Committee on Swine Nutrition3,4

ABSTRACT: A study involving nine research sta-

tions from the NCR-42 Swine Nutrition Committee

used a total of 1,978 crossbred pigs to evaluate the

effects of dietary ZnO concentrations with or without

an antibacterial agent on postweaning pig performance.

In Exp. 1, seven stations (IA, MI, MN, MO, NE, ND,

and OH) evaluated the efficacy of ZnO when fed to

nursery pigs at 0, 500, 1,000, 2,000, or 3,000 mg Zn/kg

for a 28-d postweaning period. A randomized complete

block experiment was conducted in 24 replicates using

a total of 1,060 pigs. Pigs were bled at the 28-d period

and plasma was analyzed for Zn and Cu. Because two

stations weaned pigs at < 15 d (six replicates) and five

stations at > 20 d (18 replicates) of age, the two sets of

data were analyzed separately. The early-weaned pig

group had greater (P < 0.05) gains, feed intakes, and

gain:feed ratios for the 28-d postweaning period as di-

etary ZnO concentration increased. Later-weaned pigs

also had increased (P < 0.01) gains and feed intakes as

the dietary ZnO concentration increased. Responses for

both weanling pig groups seemed to reach a plateau at
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Introduction

Nursery studies evaluating the efficacy of pharmaco-

logical concentrations of dietary Zn on postweaning pig

performance have generally demonstrated positive

growth responses (Holm, 1988, 1990; Poulsen, 1989;

Hahn and Baker, 1993). These responses have been
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2,000 mg Zn/kg. Plasma Zn concentrations quadrati-

cally increased (P < 0.01) and plasma Cu concentrations

quadratically decreased (P < 0.01) when ZnO concentra-

tions were > 1,000 mg Zn/kg. Experiment 2 was con-

ducted at seven stations (KY, MI, MO, NE, ND, OH,

and OK) and evaluated the efficacy of an antibacterial

agent (carbadox) in combination with added ZnO. The

experiment was a 2 × 3 factorial arrangement in a ran-

domized complete block design conducted in a total of

20 replicates. Carbadox was added at 0 or 55 mg/kg

diet, and ZnO was added at 0, 1,500, or 3,000 mg Zn/

kg. A total of 918 pigs were weaned at an average 19.7

d of age. For the 28-d postweaning period, gains (P <

0.01), feed intakes (P < 0.05), and gain:feed ratios (P <

0.05) increased when dietary ZnO concentrations in-

creased and when carbadox was added. These responses

occurred in an additive manner. The results of these

studies suggest that supplemental ZnO at 1,500 to

2,000 mg Zn/kg Zn improved postweaning pig perfor-

mance, and its combination with an antibacterial agent

resulted in additional performance improvements.

achieved at dietary concentrations of 2,000 to 4,000 mg

Zn/kg (Poulsen, 1995; Smith et al., 1997; Hill et al.,

2000). The oxide form of the mineral seems to be critical

in achieving these response benefits and is less toxic
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than other inorganic Zn sources (Hahn and Baker,

1993; McCully et al., 1995; Schell and Kornegay, 1996).

High dietary concentrations of ZnO increased liver Zn

(Schell and Kornegay, 1996; Carlson et al., 1999) but

decreased liver Fe concentrations (Cox and Hale, 1962).

Carlson et al. (1999), however, did not affect liver Cu

or Fe concentrations when high dietary ZnO concentra-

tions were fed to weanling pigs for a 2- to 4-wk period.

Copper sulfate provided at dietary concentrations

substantially higher (125 to 250 mg Cu/kg) than the

NRC (1998) requirement (6 mg Cu/kg) has also resulted

in improved nursery pig performance (Braude, 1967;

Prince et al., 1979; Edmonds et al., 1986). The data

from Beames and Lloyd (1965) demonstrated an addi-

tive growth response when a high dietary Cu concentra-

tion was fed in combination with an antibiotic. Studies

using various antibiotics or antibacterial agents in com-

bination with CuSO4 have also demonstrated an addi-

tive performance effect with weanling pigs (Stahly et

al., 1980; Roof and Mahan, 1982). When high concentra-

tions of CuSO4 (250 mg Cu/kg) or ZnO (2,000 or 3,000

mg Zn/kg) were tested, growth responses occurred with

each mineral source but were not additive (Smith et

al., 1997; Hill et al., 2000). Experiments were conducted

by the North Central Regional Swine Nutrition Com-

mittee (NCR-42) to further evaluate the 1) feeding of

various dietary concentrations of ZnO on postweaning

pig performance and blood Zn and Cu concentrations

and 2) feeding of an antibacterial agent in combination

with ZnO on weanling pig performance.

Materials and Methods

Experiment 1. The first experiment evaluated the ef-

ficacy of five dietary concentrations of supplemental

ZnO fed to postweaning pigs in a randomized complete

block design. The concentrations evaluated were 0, 500,

1,000, 2,000, and 3,000 mg Zn/kg using a common

source of ZnO that contained 72% Zn (Prince Agri Prod-

ucts, Quincy, IL). Seven university research stations

(IA, MI, MN, MO, NE, ND, and OH) participated in the

experiment for a total of 24 replicates (each contributed

a minimum of two replicates). The experiment included

1,060 crossbred pigs of various genetic crosses that were

weaned at an average age of 19.1 d (range 11 to 25 d)

and an average BW of 6.0 kg (range 3.9 to 8.4 kg). Upon

weaning, pigs were allotted to treatment pens on the

basis of weight, sex, and litter using an equal number

of pigs per pen within each replicate. Each station dif-

fered in its facility, management, and laboratory meth-

odology, but the procedures followed within each repli-

cate were identical. Pigs were housed in nursery facili-

ties that contained either slotted concrete or plastic-

covered wire, mesh-floored pens, with room tempera-

tures adjusted when needed to meet the comfort zone

of the pig. Pig information and other experimental con-

ditions for the seven stations that conducted the experi-

ment are presented in Table 1.

Postweaning diets contained both animal and vegeta-

ble protein sources and were formulated to provide a

dietary lysine concentration of 1.35% (total) for the ini-

tial 14-d postweaning period and 1.15% (total) lysine

for the 14- to 28-d postweaning period. Vitamin and

trace mineral premix compositions differed among sta-

tions but each premix met or exceeded NRC (1988)

requirements. Each station added the antibiotic chlor-

tetracycline at 220 mg/kg to the nursery diets. Supple-

mental ZnO was added to treatment diets at the appro-

priate concentration at the expense of corn. The compo-

sition of the basal diets is presented in Table 2. Diets

were subsampled at mixing and subsequently analyzed

for Zn, Fe, and Cu. The analyzed basal diets averaged

291 and 300 mg Zn/kg, 265 and 280 mg Fe/kg, and 16

and 15 mg Cu/kg for the two production phases, respec-

tively.

Pigs consumed their treatment diets on an ad libitum

basis in meal form during the 28-d experimental period.

Pig weights and feed intakes were collected weekly. At

the end of the 28-d study, blood was collected from

the vena cava from all or from randomly selected pigs

within each treatment pen; a similar number of pigs

was bled in each pen for each replicate. Pigs from six

replicates (n = 350 pigs) in the early-weaned group and

14 replicates (n = 480 pigs) in the later-weaned group

were bled, and the blood was centrifuged and the

plasma separated, frozen, and subsequently analyzed

for Cu and Zn.

Experiment 2. Because of the positive growth re-

sponse to added ZnO in Exp. 1, this experiment was

conducted to evaluate whether there was an interaction

between ZnO and an antibacterial agent. The experi-

ment was a 2 × 3 factorial arrangement of treatments

and was conducted in a randomized complete block de-

sign. Carbadox (Mecadox; Pfizer Animal Health, Terre

Haute, IN) inclusion (0 or 55 mg/kg) was the first factor

and the dietary concentration of ZnO (0, 1,500, or 3,000

mg Zn/kg) was the second factor tested. The experiment

was conducted at seven university research stations

(KY, MI, MO, NE, ND, OH, and OK). Each station

contributed a minimum of two replicates for a total of

20 replicates. A total of 918 crossbred pigs of differing

genetic crosses were weaned at an average age of 19.7

d (range 14 to 21 d) and an average BW of 6.5 kg (range

5.8 to 7.0 kg). Although cooperating stations were not

identical to those of Exp. 1, experimental conditions

were generally similar to those in the previous experi-

ment and identical within replicate. Pig and experimen-

tal facility information for the cooperating stations is

presented in Table 1.

Basal diets contained various dietary protein sources

for each production phase; their compositions are pre-

sented in Table 2. The diets for the initial week post-

weaning contained 1.50% (total) lysine, followed by a

1.30% (total) lysine concentration during the subse-

quent 7 to 28-d period. The composition of the vitamin

and trace mineral premixes differed among stations but

all met or exceeded NRC (1988) standards. Dietary ZnO

 at Wageningen UR BIbliotheek 63997 on April 21, 2011. jas.fass.orgDownloaded from 

http://jas.fass.org


Hill et al.936

Table 1. Pig and experimental facility information

Pen

No. of Total Pigs/pen, space/pig, Initial age, Initial wt, Daily gain,

Stationa replicates pigs, no. no. m2 d kg g

Experiment 1

1 4 120 6 0.25 23.0 7.0 425

2 4 200 10 0.21 24.5 7.5 400

3 4 155 7.75 0.19 24.9 8.4 421

4 3 90 6 0.25 19.9 5.2 382

5 3 300 20 0.30 11.0 3.9 239

6 3 120 8 0.28 21.0 6.3 416

7 3 75 5 0.30 14.6 4.5 268

Total 24 1,060 — — — — —

Averageb — — 8.7 0.25 19.1 6.0 351

Experiment 2

1 3 90 5 0.35 21.0 6.1 381

2 3 90 5 0.30 18.0 6.0 320

3 2 240 20 0.30 21.0 7.0 345

4 5 240 8 0.28 21.0 6.7 331

5 3 90 5 0.30 14.0 5.8 425

6 2 72 6 0.31 20.0 6.3 344

7 2 96 8 0.38 19.0 6.1 334

Total 20 918 — — — — —

Averageb — — 7.7 0.31 19.7 6.5 349

aIndividual stations are not identified.
bWeighted average.

was added to treatment diets at the appropriate concen-

tration at the expense of corn. Diets were sampled at

the time of mixing and subsequently analyzed for Zn.

The basal diets analyzed an average of 142 and 194

mg Zn/kg for the two phases, respectively. Diets were

provided in meal form and the pigs were allowed to

consume the diets on an ad libitum basis. Performance

responses were evaluated for the 0- to 7- and 7- to 28-

d periods.

Analytical Methods. Each station followed the ap-

proved experimental and bleeding procedures of their

respective animal care committees. Subsamples of

treatment diets and the individual plasma samples

were sent to Michigan State University for analysis.

Diet samples of Exp. 1 were ground, digested in nitric

and perchloric acid, and analyzed for Fe, Zn, and Cu

as outlined by Hill et al. (1983), whereas the treatment

diets of Exp. 2 were analyzed only for Zn. Plasma sam-

ples were diluted 1:7 with deionized water, and Zn and

Cu concentrations were determined by flame absorption

spectrophotometry (Smith-Hieftje 4000, Thermo Jar-

rell Ash Corp., Franklin, MA). Standards for Fe, Zn,

and Cu obtained from the National Institute of Stan-

dards and Technology were used for instrument stan-

dardization and quality control.

The data of both experiments were statistically ana-

lyzed using the analysis of variance procedures of Steel

and Torrie (1980) and the GLM procedures of SAS (SAS

Inst. Inc., Cary, NC). For the statistical models of both

experiments the treatment, station, and replicate ef-

fects were considered fixed. In Exp. 1, two stations had

weaned their pigs at < 15 d of age, whereas five stations

weaned their pigs at > 20 d. Consequently, the perfor-

mance and blood mineral data from these two station

groups were analyzed and reported separately. The ef-

fect of ZnO concentration for all measurement variables

in both experiments were contrasted by regression

analysis. Pen averages were considered the experimen-

tal unit for all traits in both experiments.

Results

Experiment 1. The performance data partitioned into

the early (11 to 15 d) and later (21 to 25 d) weaning

age groupings are reported in Tables 3 and 4, respec-

tively. Pigs weaned at the earlier age did not have an

increased gain or feed intake response to dietary ZnO

concentrations during the initial week postweaning.

However, during the following 7- to 14-d period the gain

responses to dietary ZnO concentrations were linear (P

< 0.01), whereas during the 14- to 21-d and 21- to 28-

d periods the gains increased in a quadratic manner (P

< 0.05). Feed intake during the 7- to 14-d and 14- to

21-d periods increased linearly (P < 0.01) to added ZnO,

and from 21 to 28 d the response was quadratic (P <

0.01). Gain:feed ratio also increased linearly (P < 0.01)

for the 7- to 14-d period and quadratically (P < 0.05)

during the 14- to 21-d period, but there was no signifi-

cant treatment effect during the 21- to 28-d period. For

the overall 28-d period pig gains and gain:feed ratio

showed a quadratic (P < 0.05) increase to ZnO concen-

trations. These responses seemed to indicate that the

plateau occurred when the 2,000 mg Zn/kg concentra-

tion was provided. When the 28-d performance response

of pigs fed 2,000 mg Zn/kg was compared to that of pigs
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fed the basal diet, gains increased an average of 29%,

feed intake 20%, and the gain:feed ratio 7%.

In contrast to the earlier weaned group, the pigs that

were weaned at the older age (21 to 25 d) had increased

gains, feed intakes, and gain:feed ratios as the dietary

ZnO concentration increased during the initial week

postweaning for each measurement variable (P < 0.01).

During the 7- to 14-d and the 14- to 21-d periods gains

increased (P < 0.01) as the dietary ZnO concentration

increased, but the gain response for the 21- to 28-d

period was not significant (P > 0.15). Feed intakes were

greater at each weekly measurement period as dietary

ZnO concentration increased, but treatment differences

were not significant (P > 0.15) for the 7- to 28-d period.

Gain:feed ratios increased as dietary ZnO concentration

increased at each weekly measurement period and were

significant (P < 0.01) for the 14- to 21-d period. The

response was quadratic (P < 0.01) for the overall 28-d

period. As with the early-weaned group, performance

responses seemed to plateau at the 2,000 mg Zn/kg

concentration. For the overall 28-d period, pig gains,

feed intakes, and gain:feed ratios increased by approxi-

mately 10, 5, and 5%, respectively, when the pigs fed

the 2,000 mg Zn/kg diet were compared to those that

Table 2. Composition of basal diets (%, as-fed basis)

Exp. 1 Exp. 2

Ingredient d 0 to 14a d 14 to 28b d 0 to 7c d 7 to 28d

Ground corn 41.69 55.70 35.70 47.70

Soybean meal (44% CP) 18.50 18.50 — —

Soybean meal (48% CP) — — 14.00 20.00

Dried whey 20.00 20.00 25.00 20.00

Spray-dried animal plasmae 6.00 — 6.00 —

Spray-dried blood cellse — 2.00 1.00 3.50

L-Lysine�HCl 0.15 0.15 0.10 0.10

DL-Methionine 0.11 0.06 0.05 0.05

Soy protein concentratef — — 4.80 —

Lactoseg 10.00 — 10.00 5.00

Corn oil 1.00 1.00 1.00 1.00

Dicalcium phosphate 1.45 1.52 1.10 1.55

Ground limestone 0.55 0.52 1.00 0.85

Salt 0.35 0.35 0.25 0.25

Trace mineral premixh
+ + + +

Zinc oxide (72% Zn)i
+ + + +

Vitamin premixh
+ + + +

Antibioticj 0.20 0.20 — —

Antibacterial agentk — — + +

aDiets were calculated to contain 1.35% lysine (total) and analyzed 291 (121 to 539) mg Zn/kg, 265 mg
Fe/kg, and 16 mg Cu/kg.

bDiets were calculated to contain 1.15% lysine (total) and analyzed 300 (83 to 506) mg Zn/kg, 280 mg Fe/
kg, and 15 mg Cu/kg.

cDiets were calculated to contain 1.50% lysine (total) and analyzed 142 (47 to 219) mg Zn/kg.
dDiets were calculated to contain 1.30% lysine (total) and analyzed 194 (59 to 223) mg Zn/kg.
eSpray-dried animal plasma (AP 920) and spray-dried blood cells (AP 301G) were obtained from American

Protein Corp., Ames, IA.
fSoy protein concentrate (Profine E) obtained from Central Soya, Decatur, IN.
gLactose was obtained from International Ingredients Corp., St. Louis, MO.
hTrace mineral and vitamin premixes were added at different levels at the various stations but each met

or exceeded NRC (1988) standards. Premixes were added at the expense of corn.
iZinc oxide was added to the treatment diets at the expense of corn.
jProvided 220 mg of chlortetracycline/kg of diet in Exp. 1.
kCarbadox (Mecadox) was added at 55 mg/kg of diet to appropriate treatment diets at the expense of corn

in Exp. 2.

were fed the basal diets. Plasma Cu and Zn concentra-

tions at the end of the 28-d postweaning period re-

sponded in an inverse manner to each other as dietary

ZnO increased for both weaning age groups (Table 5).

Plasma Cu decreased quadratically (P < 0.01) whereas

plasma Zn increased quadratically (P < 0.01) as dietary

ZnO increased; the greatest change occurred between

the 2,000 to 3,000 mg Zn/kg concentration.

Experiment 2. From 0 to 7 d postweaning there was

no gain response to dietary ZnO when carbadox was

added to the diet, but there was a positive (17%) growth

response to ZnO concentrations when the diet did not

contain carbadox (Table 6). This resulted in a carbadox

× ZnO concentration interaction response (P < 0.05) for

the initial week postweaning. During the 7- to 28-d

period (P < 0.01) and for the overall 28-d postweaning

period (P < 0.05), daily gains increased when carbadox

was added to the diet, with quadratic increases (P <

0.01) to added ZnO. There was no interaction (P > 0.15)

between the two treatment variables during either

measurement period, indicating that the responses to

ZnO and carbadox were additive.

Feed intake from 0 to 7 d postweaning was not af-

fected by carbadox or by ZnO concentration (P > 0.15).
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Table 3. Performance of pigs fed various dietary ZnO concentrations
and weaned before 15 d of age (Exp. 1)a

Added ZnO, mg Zn/kg

Period 0 500 1,000 2,000 3,000 SEM

0 to 7 d

Daily gain, g 110 119 93 99 95 10

Daily feed, g 199 200 182 188 186 8

Gain:feed, g/kg 553 595 511 527 511 48

7 to 14 d

Daily gain, g 210 237 232 309 296 8b

Daily feed, g 342 368 342 406 390 10b

Gain:feed, g/kg 614 644 678 761 769 20b

14 to 21 d

Daily gain, g 196 231 230 278 233 14c

Daily feed, g 324 383 348 416 391 14b

Gain:feed, g/kg 605 603 661 668 596 25c

21 to 28 d

Daily gain, g 422 468 465 527 489 18c

Daily feed, g 650 660 708 807 777 21c

Gain:feed, g/kg 649 709 657 653 629 26

0 to 28 d

Daily gain, g 230 259 259 298 273 6c

Daily feed, g 370 397 386 446 429 9b

Gain:feed, g/kg 622 652 645 668 636 12c

aTwo stations with six replicates (75 pigs per treatment group) with an average weaning age of 12.8 d
and BW of 4.15 kg.

bLinear response to dietary ZnO concentrations (P < 0.05).
cQuadratic response to dietary ZnO concentrations (P < 0.05).

Table 4. Performance of pigs fed various dietary ZnO concentrations
and weaned after 21 d of age (Exp. 1)a

Added ZnO, mg Zn/kg

Period 0 500 1,000 2,000 3,000 SEM

0 to 7 d

Daily gain, g 165 164 179 195 190 7b

Daily feed, g 247 237 255 267 254 7b

Gain:feed, g/kg 668 692 702 730 776 24b

7 to 14 d

Daily gain, g 382 378 399 415 406 12b

Daily feed, g 547 527 543 580 563 15

Gain:feed, g/kg 698 717 735 716 721 19

14 to 21 d

Daily gain, g 392 389 427 465 441 11b

Daily feed, g 733 694 732 787 761 17b

Gain:feed, g/kg 535 560 583 591 580 13b

21 to 28 d

Daily gain, g 611 605 594 627 617 13

Daily feed, g 1,056 1,022 1,042 1,081 1,096 25

Gain:feed, g/kg 579 592 570 580 563 11

0 to 28 d

Daily gain, g 466 462 490 513 501 10b

Daily feed, g 656 621 650 679 669 14b

Gain:feed, g/kg 721 744 754 756 749 8c

aFive stations with 18 replicates (137 pigs per treatment group) with an average weaning age of 22.7 d
and BW of 7.09 kg.

bLinear response to dietary ZnO concentrations (P < 0.01).
cLinear response to dietary ZnO concentrations (P < 0.05).
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Table 5. Effect of feeding various dietary ZnO
concentrations on plasma Cu and Zn concentrations

at 28 d postweaning in early- (< 15 d) and
later- (> 21 d) weaned pigs (Exp. 1)

Plasma mineral

Added Zn, Cu, Zn,

mg/kg �g/mL �g/mL

Early-weaned pigs (< 15 d)a

0 1.57 0.93

500 1.63 0.99

1,000 1.67 1.09

2,000 1.37 2.01

3,000 1.06 3.18

SEM 0.10 0.12

P < 0.01c 0.01c

Later-weaned pigs (> 21 d)b

0 1.56 0.99

500 1.68 1.09

1,000 1.60 1.13

2,000 1.44 1.66

3,000 1.07 2.53

SEM 0.04 0.04

P < 0.01c 0.01c

aTwo stations involving a total of six replicates. Each mean repre-
sents 70 observations.

bFour stations involving a total of 14 replicates. Each mean repre-
sents 96 observations.

cQuadratic response (P < 0.01).

For the 7- to 28-d period, feed intake increased when

carbadox was added to the diet (P < 0.05) with a qua-

dratic increase (P < 0.01) in feed intake as the ZnO

concentration increased. For the overall 28-d period

daily gains and feed intakes both increased (P < 0.01)

Table 6. Effect of feeding various dietary ZnO concentrations with or without an
antibacterial agent on postweaning pig performance (Exp. 2)a

No carbadox 55 mg Carbadox/kg

Period 0b 1,500 3,000 0 1,500 3,000 SEM

0 to 7 d

Daily gain, g 153 178 181 165 170 163 7c

Daily feed, g 230 240 252 235 234 235 7

Gain:feed, g/kg 665 742 718 702 726 694 22d

7 to 28 d

Daily gain, g 389 426 405 405 444 430 10ef

Daily feed, g 615 664 649 649 684 667 12fg

Gain:feed, g/kg 633 642 624 627 649 645 12

0 to 28 d

Daily gain, g 328 364 351 346 374 367 7fg

Daily feed, g 525 551 551 541 571 560 10e h

Gain:feed, g/kg 625 661 637 640 655 655 10h

aEach treatment mean represents 153 pigs in a total of 20 replicates. Average weaning age was 19.7 d
and 6.5 kg BW.

bDietary Zn concentration, mg/kg.
cCarbadox × ZnO concentration interaction (P < 0.05).
dCarbadox × ZnO concentration interaction (P < 0.10).
eCarbadox response (P < 0.01).
fQuadratic response to dietary ZnO concentration (P < 0.01).
gCarbadox response (P < 0.05).
hQuadratic response to dietary ZnO concentration (P < 0.05).

when carbadox was added, with quadratic improve-

ments (P < 0.01, P < 0.05, respectively) for both variables

as the ZnO concentration increased. Gain:feed ratios

tended (P < 0.10) to improve during the 0- to 7-d period

when both ZnO and carbadox were added to the diet but

quadratically (P < 0.05) when the ZnO concentration

increased. For the 0- to 28-d period, these measure-

ments seemed to reach a plateau at the 1,500 mg Zn/

kg concentration, and the responses were generally con-

sistent with those of Exp. 1.

Discussion

Much of the early work that evaluated high dietary

concentrations of ZnO centered on the hypothesis that

this inorganic mineral source reduced postweaning pig

mortality and diarrhea that was attributable to E. coli,

whereupon pig gains increased (Holm, 1988, Poulsen

1989). Subsequent research with weanling pigs in the

United States demonstrated increased pig growth re-

sponses when high concentrations of ZnO were fed to

weanling pigs without conditions of diarrhea (Hahn and

Baker, 1993; Carlson et al., 1999; Hill et al., 2000).

Consequently, ZnO is now generally included in many

nursery pig diets at dietary concentrations of > 3,000

mg Zn/kg as a growth promotant and as an aid in pre-

venting postweaning diarrhea.

Our experiment evaluated the efficacy of dietary ZnO

at nine different university research stations using a

total of 1,978 pigs that involved various genotypes, facil-

ities, management conditions, and weaning ages. The

results clearly demonstrated a growth response to

added ZnO that reached a plateau at dietary concentra-

tions of 1,500 to 2,000 mg Zn/kg.
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When pigs were weaned early (< 15 d of age) the

growth response to 2,000 mg Zn/kg averaged 29% for

the 28-d feeding period, whereas the growth response

with later-weaned pigs was somewhat lower, averaging

10%. In the early-weaned pig group, no growth response

to ZnO occurred during the 1st wk postweaning, but

increased growth, feed intake, and feed efficiency re-

sponses occurred during the subsequent 21-d period.

At those stations where pigs were weaned at 20 d of

age or later, most of the growth response occurred dur-

ing the initial 21-d postweaning period, with a positive

but smaller response during the 21- to 28-d period. The

reason for the differing time responses to supplemental

ZnO between the two weaning ages is unclear. Carlson

et al. (1999) reported that both early- and later-weaned

pigs also responded in a beneficial manner to supple-

mental ZnO from weaning to 14 d postweaning with

minimal differences in responses thereafter.

The efficacy of supplemental carbadox on postwean-

ing pig performance responses has been well estab-

lished (Thrasher et al., 1969; Yen et al., 1976; Roof and

Mahan, 1982). In our study the response to ZnO seemed

to reach a plateau at 1,500 mg Zn/kg and was indepen-

dent of the added carbadox. Our data thus indicated

that the addition of the antibacterial agent (i.e., carba-

dox) and ZnO each resulted in an independent growth

response, but when added together the responses were

additive. Whether this effect would occur with other

antibacterial agents is not known.

Although the basal diets contained an average of 295

mg Zn/kg in Exp. 1 and 168 mg Zn/kg in Exp. 2 (both

in excess of NRC [1998] requirements), the performance

responses achieved from ZnO inclusion at all stations

occurred only when a high supplemental concentration

of ZnO was provided. Consequently, even with the wide

range of Zn concentrations in the various basal diets

(range of 47 to 506 mg Zn/kg) the addition of ZnO at

dietary concentrations of ≥1,500 mg Zn/kg was essential

to achieve improved nursery pig performances. Envi-

ronmental and management conditions that existed in

the various nursery facilities differed, but growth re-

sponses to the combination of ZnO and carbadox during

the 28-d postweaning period occurred at each station

and averaged 10% in Exp. 2.

The increase in plasma Zn and the concurrent decline

in plasma Cu began when dietary Zn concentrations

were > 1,000 mg/kg and was exacerbated as the dietary

Zn concentration increased. This effect occurred in both

early- and later-weaned pigs and suggests that the

plasma homeostasis of Zn and Cu might be disturbed

when dietary Zn concentrations are > 1,000 ppm. Hahn

and Baker (1993) and Carlson et al. (1999) demon-

strated that plasma Zn concentration increased as the

dietary concentration of Zn increased, particularly

when diets contained > 1,000 mg Zn/kg. The form of Zn

in the diet can, however, affect its bioavailability and

subsequent plasma Zn concentration (Hahn and Baker,

1993). These latter workers reported that ZnO had a

lower bioavailability, which resulted in lower plasma

Zn concentrations compared to Zn sources chemically

bound with sulfate, carbonate, or the ligands of lysine

or methionine. Cox and Hale (1962) demonstrated that

when high Zn concentrations were fed liver Fe concen-

trations were reduced and anemia developed. Carlson

et al. (1999) reported that although metallothionein in

the intestinal tract and liver increased when high-ZnO

diets were fed, no effect on liver Fe or Cu concentrations

occurred when high concentrations of ZnO were fed for

relatively short periods postweaning.

Our results therefore suggest no benefit when supple-

menting nursery pig diets with ZnO at dietary concen-

trations in excess of 1,500 to 2,000 mg Zn/kg. Because

many commercial feed companies are incorporating

higher dietary concentrations of Zn that could disturb

the body’s homeostasis of these or other elements, this

continued practice is questionable. With the low bio-

availability of Zn from ZnO much of the Zn is excreted

in the feces. Consequently, lower dietary concentrations

of ZnO (1,500 to 2,000 mg Zn/kg) when fed for relatively

short periods (≤ 28 d) would seem to pose fewer environ-

mental concerns than the current practice of supple-

menting higher concentrations of the mineral.

Implications

Adding ZnO to nursery pig diets resulted in increased

pig performance responses that reached a plateau at

dietary concentrations of 1,500 to 2,000 mg Zn/kg. The

performance responses to ZnO and the antibacterial

agent carbadox were additive. Earlier-weaned pigs may

benefit more from high dietary ZnO concentrations, but

a positive growth and feed response also occurred in

later-weaned pigs.
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