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ABSTRACT This experiment compared the replacement of whey protein with isolated soy protein (ISP), or 2 levels
of a hydrolyzed vegetable protein mixture (Lo HVPM and Hi HVPM, containing a partially hydrolyzed blend of soy,
wheat, and other proteins) in liquid milk-replacer diets fed to neonatal pigs from 2 to 19 d of age. Piglets fed the
vegetable protein diets weighed 20% more (8179 � 211 g, P � 0.05) at the end of the study than piglets fed the
whey diet (6805 � 244 g). Growth rates were 35% higher for piglets fed the Hi HVPM diet than for piglets fed the
whey diet. Similarly, intakes of the vegetable protein diets exceeded that for the whey diet (P � 0.05). Although the
apparent ileal digestibilities of most amino acids were greater for the whey diet, digestible amino acid intakes
(especially Arg, Phe, Met, and His) were greater in pigs fed the Hi HVPM and ISP diets (P � 0.01). Furthermore,
carcasses of piglets fed the whey diet contained a higher percentage of fat and ash, whereas piglets fed the
vegetable protein–containing diets accreted protein 42% faster (P � 0.01). Villus height and area and leucine
aminopeptidase activity in the small intestine were greater in piglets fed the Lo HVPM diet than in those fed the ISP
diet. Collectively, these data support the conclusion that some processed vegetable proteins may be good
alternatives to whey protein in liquid diets formulated for neonatal pigs and that an appropriate balance of amino
acids is more important than the source of protein per se. J. Nutr. 135: 2137–2143, 2005.
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The piglet has gained much popularity as a pediatric re-
search model (1,2). Most infant formula companies routinely
use piglets as a preclinical model of infant nutrition. Indeed, in
2003, the NIH National Center for Research Resources estab-
lished a National Swine Research and Resource Center be-
cause of the dramatic increase in the use of pigs as models of
human disease. In particular, the gastrointestinal tract of pigs
is more similar to that of humans than other domestic and
research animal species (1). Our research efforts have thus
focused on defining better the nutrient needs of piglets both to
improve their utility as a biomedical model and to advance
production in agriculture.

Several alternative ingredients have been evaluated as
complete or partial replacements for milk-based ingredients to
reduce diet costs. In terms of protein, soybean meal, isolated
soy protein (ISP)4 (3), hydrolyzed soy proteins (4), and wheat

gluten (5) have been the more common alternatives. Overall,
the use of vegetable proteins usually results in lower growth
performance for young pigs (�14 d old). Poor performance has
been explained by a temporary enzymatic limitation on diges-
tion of vegetable nutrient sources and a transient intestinal
hypersensitivity to soy proteins (glycinin and �-conglycinin)
in young pigs (6). However, McCracken et al. (7) observed
that neither intact nor hydrolyzed soy proteins elicit intestinal
inflammation in neonatal pigs. Similarly, Moughan et al. (8)
reported no difference in digestive enzyme activity in piglets
fed ISP or bovine milk protein–based diets. Therefore, the
objective of this experiment was to evaluate the partial re-
placement of milk protein by a hydrolyzed vegetable protein
mixture (HVPM) in liquid diets fed to piglets from 2 to 19 d
of age.

MATERIALS AND METHODS

Animals and diets. Animal procedures were approved by the
Institutional Animal Care and Use Committee of North Carolina
State University. A total of 66 crossbred (Pig Improvement Company
genetics) 2-d-old mixed-gender piglets with a mean weight of 1.8 kg
were drawn from 8 litters (supplied by Murphy Family Farms). Piglets
received i.m. injections of iron-dextran within 24 h of birth. The
experiment was conducted in 2 replicates. In each replicate, 6 piglets
were used for initial body composition and intestinal measurements,
and 6 piglets were randomly assigned to each dietary treatment.
Piglets were housed individually in cages within an environmentally

1 Previously presented at the National Animal Science meetings, July 2004,
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controlled room (32°C). A gravity-flow feeding system (9) was em-
ployed, which consisted of a 2-L plastic bottle placed over the cage
with a tube connecting the bottle to a nipple attached to the cage; a
stir plate was used under each bottle. Using this feeding system, diet
spillage and waste were negligible.

Antibiotic-free diets were prepared by Milk Specialties as dry
powdered formulas, differing primarily in source of protein. In the first
replicate, 4 diets were utilized: 1) a positive control diet with whey as
the only protein source (whey diet), 2) a hydrolyzed vegetable protein
mixture (HVPM) replacing 31% of the whey protein (Lo HVPM
diet), 3) a hydrolyzed vegetable protein mixture replacing 62% of the
whey protein (Hi HVPM diet), and 4) a negative control diet with
isolated soy protein (ISP) replacing 62% of the whey protein (ISP
diet). The HVPM contained soy, wheat, and other proteins that were
subjected to partial enzymatic hydrolysis. Because the growth perfor-
mance of piglets fed the positive control (whey) diet was lower than
those fed the test diets in the 1st replicate, a 5th diet was included in
the 2nd replicate of the experiment. In that diet, 47% of the whey
protein was replaced by casein (casein diet). The data from piglets fed
the casein diet were used only as a reference for the positive control
(whey) diet and were not included in the statistical analyses. Diets
were formulated (Tables 1 and 2) to contain similar metabolizable
energy (ME) contents and total lysine levels to exceed the NRC
requirements for 3- to 5-kg piglets (10). Cobalt-EDTA was prepared
as described by Uden et al. (11) and was added (0.1%) to the diets
36 h before the end of the experiment to serve as an inert digestibility
marker. Diets were reconstituted (180 g/L) on a daily basis and kept
refrigerated at 4°C until feeding. Fresh liquid diet was added to the
bottles 4 times/d (at 0800, 1300, 1800, and 2300 h) to ensure that
piglets had free access to fresh feed.

On the final day of the experiment, all piglets (19 d old) were
killed for sampling of gastric and ileal digesta and small-intestine
mucosa; carcasses were frozen and ground for measurement of body
composition. Heparinized blood was collected via jugular venipunc-
ture and chilled on ice, and plasma was prepared (centrifugation at
824 � g for 10 min) and frozen at �20°C. Piglets were anesthetized
with 5% (v:v) halothane gas, and the gastrointestinal tract was

removed from the gastroesophageal junction to the distal rectum.
Gastric contents were collected and the pH was measured immedi-
ately. The contents of the terminal ileum were collected and stored
at �80°C. At 25, 50, and 75% of the small-intestine length (refer-
enced from the pyloric end), 2 adjacent segments 3 and 10 cm in
length were collected. The 10-cm segment was opened longitudinally
and the mucosa was scraped with a glass slide and weighed (12). The
mucosa was homogenized in 4 vol of ice-cold PBS and frozen at
�80°C. The 3-cm segment was placed into a tube containing chilled
fixative solution (formalin, 95% ethanol, and glacial acetic acid
solution) and stored at 4°C for 24 h. The remaining digesta were
removed from the intestines and the empty carcasses were stored at
�20°C.

Plasma and intestinal analyses. Plasma urea nitrogen (PUN)
was assayed by the quantitative urease/Berthelot procedure (Sigma
Diagnostics) based on published methods (13,14). Leucine amino-
peptidase (LAP) activity was measured in mucosal homogenates as
described by Goldbarg and Ruttenburg (15). The protein content of
the homogenates was determined by the biuret method (16). The
3-cm small-intestine segments were processed for histomorphology as
previously described (17); 6 villus height and width and crypt depth
measurements were made on each sample, and villus surface area was
calculated as follows: Area � (width � 3.14) � (2 � height �
radius).

Body composition, amino acid, and Co analysis. Carcasses were
ground twice through a fixed-die meat grinder. Subsamples of the
final mixture were stored at �20°C until analysis for dry matter, ash,
protein (nitrogen � 6.25), and fat (18). Amino acid and Co analyses
of diets and ileal digesta were performed by a commercial laboratory
(Experiment Station Chemical Labs), utilizing Association of Official
Analytical Chemists methods (18). Only the ileal digesta samples
from piglets fed the whey, Hi HVPM, ISP, and casein diets were
subjected to amino acid analysis. Digestibility values for the Lo
HVPM diet were assumed to be intermediate between those for the
whey and Hi HVPM diets. Tryptophan concentrations were not
determined. Apparent ileal digestibility of nutrients was calculated by

TABLE 1

Experimental diet formulas

Ingredient

Diet

Whey Lo HVPM Hi HVPM ISP Casein

g/kg

Dried whey 518.8 527.0 504.5 439.5 496.8
Dried whey protein concentrate 215.7 131.3 57.0 59.3 100.3
Delactosed whey1 — — — 42.5 —
Edible lard2 217.9 199.6 198.3 221.0 218.6
HVPM3 — 92.1 184.3 — —
Isolated soy protein — — — 181.3 —
Sodium caseinate — — — — 128.5
Dicalcium phosphate 13.9 12.5 11.9 10.0 11.5
Calcium chloride 6.2 8.6 11.0 12.6 8.2
L-Lysine (HCl) — 0.5 3.5 3.3 —
DL-Methionine 1.2 1.3 2.4 4.1 2.6
Sodium citrate — — — — 7.0
Other4 26.3 27.1 27.1 26.4 26.5

1 Dried whey product with a portion of the lactose removed.
2 Lard was added as a spray-dried, protein-encapsulated fat using either a whey plus whey protein concentrate mixture or HVPM as the protein

source. The mixture also contained an emulsifier package that is reflected in this row.
3 Hydrolyzed vegetable protein mixture, manufactured by Milk Specialties Company, contains a proprietary mixture of soy, wheat, and other

proteins, subjected to partial enzymatic hydrolysis (Matrix Enhanced Protein, MEP) and processed to improve solubility and dispersal within liquid
diets.

4 Consisted of the following: mineral premix 0.5%, vitamin premix 0.12%, potassium sorbate 0.45%, artificial flavor 0.05%, and citric acid 1.0%.
The mineral premix provided the following (g/kg premix): choline, 60; Zn, 23.5; Fe, 20.0; K, 20.0; S, 16.3; Ca, 10.0; P, 5.5; Mn, 5.0; Na, 2.8; Cu, 1.8;
Mg, 1.0; I, 0.4; Cl, 0.4; Co, 0.2; Se, 0.06. The vitamin premix provided the following (per kg premix): vitamin A, 33,000,000 IU; cholecalciferol, 6,600,000
IU; Vitamin E, 55,000 IU; vitamin K, 5.12 g; vitamin C, 117 g; niacin, 33.07 g; pantothenate, 29.98 g; riboflavin, 8.38 g; vitamin B-6, 4.00 g; folic acid,
2.76 g; thiamin, 2.04 g; biotin 66 mg; cobalamin, 44 mg.
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comparing the ratio of nutrient to Co in the diet to the ratio in the
ileal digesta (11).

Statistical analyses. Piglets were assigned to treatments accord-
ing to a completely randomized design, without regard to gender or
litter of origin. Two piglets were excluded from the trial because they
developed severe diarrhea and had very low feed intake. The effects
of dietary protein were assessed by ANOVA using the General Linear
Model procedure of SAS (version 8.1, SAS Institute); treatment
means were separated using Tukey’s test. For growth performance
variables, initial body weight was included in the model as a
covariable, and the reported values are the least-square (covariate-
adjusted) means � SEM. Differences were considered significant
when P � 0.05.

RESULTS

Piglet growth performance. At the end of the trial, piglets
fed the whey diet (6805 � 244 g, SEM) weighed only 83% as
much as piglets fed the vegetable protein–containing diets
(8180 � 210 g). The body weights of piglets fed the casein diet
(in the second replicate) were similar (7265 � 703 g) to those
of piglets fed the whey diet. Overall, piglets fed the whey diet
gained 100 g/d less than piglets fed the Hi HVPM diet (Fig. 1),
and the growth of piglets fed the ISP diet exceeded by 33% the
growth of those fed the whey diet. Even during wk 1 of the
experiment (data not shown), piglets fed the Hi HVPM diet
gained 60% more than piglets fed the whey diet. However,
piglets fed the Hi HVPM and ISP diets did not differ in growth
(P � 0.1). The overall growth rate of piglets fed the casein diet

(305 � 44 g/d) was similar in magnitude to that of piglets fed
the whey diet (291 g/d).

Piglets fed either the Hi HVPM or the ISP diet consumed

TABLE 2

Nutrient composition of experimental diets1

Item

Dietary protein source

Whey Lo HVPM Hi HVPM ISP Casein2

ME, MJ/kg 18.6 18.6 18.6 18.6 18.6

%

Crude protein 21.7 24.6 27.1 26.8 23.3
Fat 22.8 21.5 21.0 22.4 21.8
Lactose 39.6 37.7 35.8 35.2 38.6
Ash 6.4 8.1 7.8 8.3 8.4
Amino acids

Lysine 1.58 1.54 1.56 1.50 1.74
Tryptophan 0.35 0.35 0.35 0.35 0.35
Threonine 1.05 1.35 0.91 0.73 0.90
Methionine 0.52 0.55 0.61 0.65 0.71
Leucine 2.03 2.26 1.91 1.81 2.30
Isoleucine 1.22 1.31 1.14 1.03 1.17
Valine 1.13 1.28 1.13 1.04 1.27
Phenylalanine 0.63 0.91 0.92 0.96 0.91
Tyrosine 0.48 0.66 0.61 0.60 0.75
Arginine 0.49 0.90 0.90 1.28 0.66
Histidine 0.37 0.44 0.47 0.47 0.52
Aspartate3 2.00 2.12 1.98 2.22 1.72
Glutamate4 3.17 3.54 4.32 4.06 4.35
Serine 0.62 1.12 0.74 0.70 0.73
Proline 1.02 1.58 1.38 1.01 1.72
Glycine 0.28 1.32 0.52 0.60 0.31
Alanine 0.87 1.01 0.83 0.76 0.70

1 Values were calculated for ME, fat, lactose, and tryptophan content of all diets, and all amino acid concentrations were calculated for the Lo
HVPM diet. Values for crude protein and ash were analyzed for all diets, and amino acid concentrations (except Trp) were analyzed for the whey, Hi
HVPM, ISP, and casein diets.

2 The casein diet was tested only in the second replicate of the experiment.
3 Sum of aspartate and asparagine.
4 Sum of glutamate and glutamine.

FIGURE 1 Body weight gain and feed intake (dry matter) of
suckling piglets fed diets containing various sources of protein from 2
to 19 d of age. Bars represent means � SEM, n � 9–12. Means for a
variable without a common letter differ, P � 0.05.
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�22% more feed than those fed the whey diet (Fig. 1, P
� 0.05). Piglets fed the casein diet consumed 283 � 27 g/d.
Collectively, the Hi HVPM diet increased efficiency (weight
gain/feed intake) by 16%, compared to the whey diet (P
� 0.05, data not shown).

Apparent ileal dry matter and amino acid digestibility and
intake. The diets did not differ in apparent ileal dry matter
digestibility (Table 3). Apparent ileal digestibility of most
amino acids was 7–10% greater for the whey diet than for the
Hi HVPM or ISP diets. Nearly all essential amino acids were
more digestible in the whey diet than in either the Hi HVPM
or ISP diet. The casein diet dry matter digestibility was 89.7
� 1.3% and amino acid digestibilities were 90.3 � 1.3% and
87.1 � 2.9% for essential and total amino acids, respectively.
Daily intakes of apparent ileal digestible lysine (5.1 g/d),
leucine (6.4 g/d), isoleucine (3.8 g/d), or valine (3.7 g/d) did
not differ among the treatments (data not shown). However,
piglets fed the whey diet had a lower intake of apparent ileal
digestible methionine, histidine, and phenylalanine than pig-
lets fed the Hi HVPM and ISP diets (Fig. 2, P � 0.01). Piglets
fed the ISP diet had a lower intake of threonine, but the intake
of arginine was 3-fold that of piglets fed the whey diet. Sim-
ilarly, intake of apparent ileal digestible arginine by piglets fed
Hi HVPM was 2-fold that of piglets fed the whey diet. Col-
lectively, total essential amino acid intake was �20% greater
for piglets fed the Hi HVPM and ISP diets than for piglets fed
the whey diet (data not shown). The intakes of digestible
nonessential amino acids (i.e., serine, glycine, glutamine, and
tyrosine) also were greater for piglets fed the Hi HVPM and
ISP diets than for those fed the whey diet (data not shown).
The intake of total analyzed amino acids (not shown) was
�25% greater for piglets fed the Hi HVPM and ISP diets than

for those fed the whey diet. Piglets fed the casein diet had an
intake of essential amino acids and total analyzed amino acids
of 29.5 � 2.9 and 59.4 � 5.6 g/d, respectively.

Body composition and tissue deposition rates. Body com-
position of the initial group (2 d of age) was 78.51 � 0.56%
water, 12.69 � 0.19% protein, 3.94 � 0.52% fat, and 2.82
� 0.04% ash. After 17 d of feeding, the body composition of
piglets fed the whey diet contained �7% less protein and 23%
more fat, compared to piglets fed the Hi HVPM or ISP diets
(Table 4). Carcasses from piglets fed the casein diet were 70.3
� 0.9% water, 13.6 � 0.1% protein, 12.7 � 0.9% fat, and 2.3
� 0.03% ash. The accretion rates (g/d) of water and protein
were 37 and 42% greater, respectively, in piglets fed the Hi
HVPM, Lo HVPM and ISP diets compared to piglets fed the
whey diet. Ash deposition rates were higher in piglets fed the
Hi HVPM and ISP diets than in piglets fed the whey diet,
whereas rates in piglets fed the Lo HVPM diet were interme-
diate. The nutrient accretion rates for piglets fed the casein
diet were 204 � 29 g/d of water, 42 � 6 g/d of protein, 50 � 8
g/d of fat, and 6.3 � 1 g/d of ash.

PUN, gastric pH, LAP, and intestinal morphology. Con-
centrations of PUN were lower in piglets fed the whey diet
than in piglets fed the other diets (Table 5). The PUN
concentration measured in piglets fed the casein diet was 3.24
� 0.26 mmol/L. There was no effect of diet on gastric pH
measured in the second replicate of the experiment. The
gastric content pH for piglets fed the casein diet was 4.02
� 0.18. LAP activity measured at 75% of the length of the
small intestine was greater in piglets fed the Lo HVPM diet
than in piglets fed the ISP diet. LAP activity did not differ at
25 and 50% of the intestinal length or in the mean values
(data not shown). Villus height was greater for piglets fed the
Lo HVPM diet than the ISP diet (Table 5), but crypt depth
did not differ. The calculated villus:crypt ratios and villus
surface areas were higher for piglets fed the Lo HVPM diet
than for those fed the ISP diet.

DISCUSSION

The overall growth rate during the 17 d test period was 358
� 12 g/d, which is similar to our previous experiments (19,20);

TABLE 3

Apparent ileal dry matter and amino acid digestibilities of diets
containing various sources of protein fed to suckling piglets1

Item

Dietary protein source

P � FWhey Hi HVPM ISP

%

Dry matter 85.5 � 1.0 86.1 � 1.0 85.1 � 1.0 0.732
Lysine 85.6 � 1.5a 78.9 � 1.4b 77.2 � 1.4b �0.001
Methionine 91.3 � 1.0a 87.8 � 0.9b 86.4 � 0.9b 0.001
Threonine 77.2 � 1.7a 70.9 � 1.5b 66.7 � 1.6b �0.001
Leucine 91.5 � 1.4a 81.5 � 1.3b 80.8 � 1.3b �0.001
Histidine 86.1 � 1.7a 81.3 � 1.5ab 77.2 � 1.5b 0.001
Valine 86.0 � 1.6a 78.5 � 1.4b 75.4 � 1.4b �0.001
Phenylalanine 87.2 � 1.6a 82.0 � 1.4b 79.3 � 1.4b 0.001
Isoleucine 90.8 � 1.5a 82.0 � 1.4b 77.3 � 1.4c �0.001
Arginine 85.3 � 1.5 82.0 � 1.4 84.6 � 1.4 0.210

Total essential2 86.9 � 1.4a 80.1 � 1.3b 78.7 � 1.3b �0.001
Tyrosine 86.4 � 1.9a 80.9 � 1.7ab 77.0 � 1.7b 0.001
Proline 81.6 � 1.8a 79.5 � 1.6a 73.5 � 1.6b 0.004
Glutamate3 87.4 � 1.4a 82.8 � 1.2b 81.9 � 1.3b �0.010
Aspartate4 87.7 � 1.5a 78.3 � 1.3b 76.7 � 1.3b �0.001
Alanine 84.7 � 1.7a 75.9 � 1.6b 71.4 � 1.6b �0.001
Glycine 63.6 � 2.6 67.6 � 2.3 67.1 � 2.5 0.453
Serine 75.0 � 1.9 71.4 � 1.7 70.1 � 1.7 0.131

Total analyzed 85.7 � 1.4a 79.5 � 1.3b 77.9 � 1.4b �0.001

1 Values are means � SEM, n � 9–12. Means in a row with super-
scripts without a common letter differ, P � 0.05.

2 Without tryptophan (not analyzed).
3 Sum of glutamate and glutamine.
4 Sum of aspartate and asparagine.

FIGURE 2 Apparent ileal digestible intakes of indispensable
amino acids by suckling piglets fed diets containing various protein
sources from 2 to 19 d of age. Bars represent means � SEM, n � 9–12.
Means for a variable without a common letter differ, P � 0.01.
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it is �130% greater than the rate observed in sow-reared
piglets (17) and up to 180% greater than that reported in other
artificial piglet-rearing studies (21).

The poorest performance was exhibited by piglets fed the
whey diet. There is an apparent contradiction between this
result and the widely held idea that newborn piglets have
unique nutritional needs that include high-quality sources of
nutrients, especially proteins, with milk-based proteins being
considered of very high quality (22); however, this applies to
animals in transition onto dry feed, and extrapolation to
liquid-fed piglets should be done with caution. Newport (23)
observed no effect on piglet performance from 2 to 28 d of age
with partial replacement of dried skim milk by a mixture of ISP
and dried whey when soy protein provided 37% of dietary
protein. However, very poor growth was observed when soy
protein provided 74% of dietary protein, with only 4 of 21
piglets surviving. This mortality was related to severe diarrhea.
Jones et al. (24) reported that piglet performance was not
affected when 25% of dried skim milk was replaced by soy flour
as the protein source in a liquid diet fed to piglets from 21 to
36 d of age. Mateo and Veum (3) reported a decline of �50%
in growth rates of piglets fed an ISP-based diet compared with
piglets fed a dried skim milk– or casein-based diet from 1 to
15 d of age, but piglet performance did not differ from 15 to
29 d of age. McCracken et al. (7) reported an intermediate
growth rate for piglets fed a hydrolyzed soy protein–based diet
(109 g/d) compared with a casein/whey (121 g/d) and an intact

soy protein–based diet (85 g/d) from 7 to 17 d of age. From
these studies, it seems clear that the response to inclusion of a
vegetable protein source depends on the percentage of inclu-
sion, how it is processed, and the age of the piglets. Indeed,
improved efficiency of utilization of vegetable proteins has
been attributed to an adaptation of the digestive enzyme
system of the piglets to the protein sources that occurs with age
(25). Nonetheless, we found no literature showing better per-
formance for any vegetable protein compared with milk-pro-
tein-based diets fed to such young pigs as we report in this
experiment.

As expected, the apparent ileal digestibility of amino acids
was greater for the whey diet. Apparent ileal digestibility of
lysine was 85.55, 78.87, and 77.15% for the whey, Hi HVPM,
and ISP diets, respectively. Overall, our data showed that the
apparent ileal digestibility of essential amino acids and total
analyzed amino acids was 8% lower for the Hi HVPM diet and
10% lower for the ISP diet, compared with the whey diet.
Mavromichalis et al. (26) reported values of true ileal digest-
ibility of sow’s milk as follows: lysine, 88%; methionine, 99%;
threonine, 84%; leucine, 91%; histidine, 100%; valine, 87%;
and arginine, 90%. All of these values are greater than those
found in our research, even in the milk-based diets. However,
our data were not adjusted for endogenous amino acid con-
tamination; thus, this comparison is crude.

Despite the better apparent ileal amino acid digestibility
observed for the whey diet, the daily intake of apparent ileal

TABLE 4

Body composition and protein, fat, water, and ash accretion rates in suckling piglets fed diets
containing various sources of protein from 2 to 19 d of age1

Item

Dietary protein source

P � FWhey Lo HVPM Hi HVPM ISP

Body composition, %
Water 68.1 � 0.7 69.9 � 0.6 70.4 � 0.6 70.3 � 0.7 0.083
Protein 12.8 � 0.2a 13.5 � 0.2ab 13.7 � 0.2b 13.9 � 0.2b 0.016
Fat 15.4 � 0.7a 13.1 � 0.6ab 12.5 � 0.6b 12.5 � 0.7b 0.010
Ash 2.34 � 0.03a 2.15 � 0.02b 2.10 � 0.02b 2.12 � 0.03b �0.001

Accretion rate, g/d
Water 187 � 8a 242 � 7b 268 � 7b 260 � 8b �0.001
Protein 37 � 2a 49 � 1b 55 � 2b 54 � 2b �0.001
Fat 58 � 4 56 � 3 58 � 3 57 � 4 0.983
Ash 6.2 � 0.3a 7.1 � 0.3ab 7.7 � 0.3b 7.4 � 0.3b 0.012

1 Values are means � SEM, n � 9–12. Means in a row with superscripts without a common letter differ, P � 0.05.

TABLE 5

PUN, gastric pH, LAP activity, and intestinal morphology of suckling, 19-d-old piglets fed diets
containing various sources of proteins for 17 d1

Item

Dietary protein source

P � FWhey Lo HVPM Hi HVPM ISP

PUN, mmol/L 2.9 � 0.3a 3.8 � 0.2b 4.6 � 0.2b 4.1 � 0.2b �0.001
Gastric pH 4.56 � 0.15 4.31 � 0.15 4.30 � 0.16 4.22 � 0.15 0.462
LAP, �mol/(g protein � min) 278 � 32ab 346 � 32a 263 � 30ab 219 � 30b 0.045
Villus height, mm 0.94 � 0.05ab 1.02 � 0.04a 0.86 � 0.04ab 0.81 � 0.04b 0.019
Crypt depth, mm 0.17 � 0.01 0.16 � 0.01 0.18 � 0.01 0.16 � 0.01 0.563
Villus area, mm2 0.72 � 0.06ab 0.87 � 0.05a 0.67 � 0.04ab 0.60 � 0.04b 0.006
Villus:crypt ratio 5.71 � 0.42ab 6.56 � 0.32a 5.15 � 0.35b 5.09 � 0.33b 0.022

1 Values are means � SEM, n � 9–12 except for pH, n � 6. Means in a row with superscripts without a common letter differ, P � 0.05.
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digestible amino acids was greater for most of the amino acids
in piglets fed the Hi HVPM and ISP diets, and this is congru-
ent with the superior growth performance observed in piglets
consuming these diets. Although there was no difference for
lysine intake, piglets fed the vegetable protein–containing
diets consumed 114 –205% more arginine, 69% more phe-
nylalanine, 39% more methionine, and 46% more histidine
than the whey-fed piglets (Fig. 2). Essential and total amino
acid intakes were �20 and 28% lower, respectively, for the whey
diet.

These differences in amino acid intake were reflected in
both carcass composition and tissue accretion rates. Piglets fed
the whey diet deposited 32–48% less protein than other pig-
lets; however, the lower growth rates of piglets fed the whey
diet were compensated by the greater percentage of carcass fat
in these piglets, resulting in no net difference in fat deposition
rates. Disregarding treatment effects, piglet carcasses were fat-
ter (13.4% fat) and had a lower protein percentage (13.5%
protein) in this experiment compared with data reported by
Oliver et al. (27) who studied piglets of similar age (11.6% fat
and 15.6% protein). Total lysine per unit of metabolized
energy in our diets was 1.03 g/MJ, which is slightly below NRC
(10) recommendations for piglets from 3 to 5 kg (1.08 g/MJ)
and much lower than that used by Oliver et al. (27) (1.48
g/MJ). This might explain the different body composition
between the 2 experiments. However the lysine:ME ratio
among the diets used in this experiment did not change
significantly: 0.84, 0.84, and 0.79 g apparent ileal digestible
lysine/MJ ME for the whey, Hi HVPM, and ISP diets, respec-
tively. Thus, the differences among treatments are much more
likely related to an imbalance of some amino acids (other than
lysine) rather than the source of protein per se. An amino acid
imbalance may result when diets contain a complement of
amino acids well in excess of the limiting amino acid. A
reduction in feed intake is common in most of these situations
(10). Manufactured milk replacers can be especially subject to
this imbalance because amino acid requirements are not yet
well established for very young pigs consuming liquid diets. For
example, one of the amino acids that had the highest variation
among the experimental diets and higher difference in daily
intake was arginine. The total arginine level in sow’s milk is
1.37% (26), �65% of the lysine level in the milk, whereas the
NRC (10) suggests an arginine level of 40% of total lysine for
3- to 5-kg piglets. The level of total arginine in the experi-
mental diets was 30, 55, and 78% of total lysine for the whey,
Hi HVPM, and ISP diets, respectively. Consistent with our
results, Kim et al. (21) recently reported a linear increase in
piglet growth when arginine was supplemented incrementally
(up to 0.4%) into a whey-based milk replacer.

Soybean meal was reported to induce a transient intestinal
hypersensitivity in early-weaned piglets. Li et al. (6) reported
that piglets fed a diet containing soy protein had depressed
weight gain, lower villus height, and greater crypt depth from
3 to 4 wk of age compared with piglets fed milk protein–based
diets. Dreau et al. (28) investigated the development of local
and systemic immune responses to antigenic or nonantigenic
(no immunoreactive glycinin or �-conglycinin) proteins in
early weaned piglets. Piglets fed nonantigenic soy proteins had
greater villus height, villus perimeter, villus area, and villus
height:crypt depth ratio. On the other hand, McCracken et al.
(7) tested liquid diets based on intact or hydrolyzed soy pro-
teins against a whey/casein–based diet in neonatal pigs and
concluded that the lack of substantial dietary effects on intes-
tinal variables demonstrates that neither hydrolyzed nor intact
soy proteins result in significant intestinal inflammation when
fed to neonatal pigs. In the present study, piglets fed the ISP

diet had lower intestinal morphology measures than piglets fed
the Lo HVPM diet (Table 5), but the effects were apparently
insufficient to have a negative effect on the piglets’ growth
(Fig. 1; Table 4).

Despite lower amino acid digestibility, both the HVPM and
ISP were shown to be excellent alternatives to milk proteins
used in liquid diet formulations for neonatal pigs. Even if the
comparison with a milk protein–based diet was prejudiced by
the low performance of our positive control, the growth per-
formance data from the alternative protein sources were
proven to be very similar to those found in current literature
for piglets of same age. Data from this study also underscore
that a good amino acid balance may be more important than
the source of protein per se. Clearly, additional work is
warranted to better define the nutritional (amino acid)
requirements of very young liquid-fed piglets. In particular,
these data suggest that arginine may be limiting in milk-
based proteins. In conclusion, there is a valuable niche for
alternative vegetable proteins in liquid diets for very young
piglets. Exploitation of this fact will help to make liquid
feeding technology more economically attractive to the
swine industry.
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