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Abstract 

Background  Diets with high inclusion of corn co-products such as corn fermented protein (CFP) may contain excess Leu, 
which has a negative impact on feed intake and growth performance of pigs due to increased catabolism of Val and Ile 
and reduced availability of Trp in the brain for serotonin synthesis. However, we hypothesized that the negative effect 
of using CFP in diets for weanling pigs may be overcome if diets are fortified with crystalline sources of Val, Trp, and (or) Ile.

Methods  Three hundred and twenty weanling pigs were randomly allotted to one of 10 dietary treatments in a com‑
pletely randomized design, with 4 pigs per pen and 8 replicate pens per treatment. A corn-soybean meal diet and 2 
basal diets based on corn and 10% CFP or corn and 20% CFP were formulated. Seven additional diets were formu‑
lated by fortifying the basal diet with 20% CFP with Ile, Trp, Val, Ile and Val, Ile and Trp, Trp and Val, or Ile, Trp and Val. 
A two-phase feeding program was used, with d 1 to 14 being phase 1 and d 15 to 28 being phase 2. Fecal scores were 
recorded every other day. Blood samples were collected on d 14 and 28 from one pig per pen. On d 14, fecal samples 
were collected from one pig per pen in 3 of the 10 treatments to determine volatile fatty acids, ammonium concen‑
tration, and microbial protein. These pigs were also euthanized and ileal tissue was collected.

Results  There were no effects of dietary treatments on any of the parameters evaluated in phase 1. Inclusion of 10% 
or 20% CFP in diets reduced (P < 0.05) final body weight on d 28, and average daily gain (ADG) and average daily 
feed intake (ADFI) in phase 2 and for the entire experimental period. However, pigs fed the CFP diet supplemented 
with Val, Ile, and Trp had final body weight, ADFI, ADG and gain to feed ratio in phase 2 and for the entire experiment 
that was not different from pigs fed the control diet. Fecal scores in phase 2 were reduced (P < 0.05) if CFP was used.

Conclusions  Corn fermented protein may be included by up to 20% in diets for weanling pigs without affecting 
growth performance, gut health, or hindgut fermentation, if diets are fortified with extra Val, Trp, and Ile. Inclusion 
of CFP also improved fecal consistency of pigs.
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Background
High protein corn co-products such as corn fermented 
protein (CFP) have been developed in recent years, and 
most of these ingredients are produced by fractionat-
ing corn co-products from the dry grind ethanol indus-
try [1]. Corn fermented protein is a product containing 
fermented fiber and protein and spent yeast. The CFP 
contains approximately 50% crude protein (CP). The 
yeast content in CFP is 20% to 29% [1]. This proportion 
is greater than the estimated 7% to 10% of spent yeast 
in conventional distillers dried grains with solubles  [1, 
2]. Therefore, spent yeast contributes around 25% of the 
total protein.

Corn fermented protein has a greater amino acid (AA) 
digestibility than conventional corn distillers dried grains 
with solubles, and therefore, may be used in diets for pigs 
as a source of AA [3]. Indeed, it is possible to formulate 
diets for pigs based on corn and CFP, but such diets may 
contain more than twice as much Leu than required by 
pigs. However, there is a negative relationship between 
dietary Leu and brain synthesis of serotonin, which 
results in reduced feed intake of pigs fed diets contain-
ing excess Leu [4, 5]. Pigs fed diets with elevated levels 
of Leu also have a reduced protein synthesis because of 
increased Val and Ile metabolism caused by the excess 
dietary Leu [6]. As a consequence, pigs often have 
reduced growth performance if fed diets with CFP inclu-
sion levels greater than 15%. However, it may be possi-
ble to correct the Leu imbalance in CFP diets by adding 
crystalline sources of Val, Trp, and/or Ile to the diets, 
and it may, therefore, be possible to include CFP in diets 
for weanling pigs without influencing growth perfor-
mance or intestinal health. However, at this time, limited 
research has been conducted to confirm this hypothesis. 
Therefore, the hypothesis that the negative effect on pig 
growth performance of using CFP in diets for weanling 
pigs may be mitigated if diets contain Val, Trp, and (or) 
Ile above current requirement estimates was tested.

Methods
The protocol for the experiment was submitted to the 
Institutional Animal Care and Use Committee at the 
University of Illinois and was approved before initiation 
of the experiment. Pigs that were the offspring of Line 
800 boars mated to Camborough females were used (Pig 
Improvement Company, Hendersonville, TN, USA). The 
CFP used in the experiment was sourced from Green 
Plains Energy (Omaha, NE, USA; Table 1), and soybean 
meal (SBM) was sourced from Stutzman’s Feed & Sup-
ply (Arthur, IL, USA). Ground yellow corn was obtained 
from the University of Illinois Feed Mill (Urbana, IL, 
USA).

Diets, animals, and experimental design
A two-phase feeding program was used with d 1 to 14 as 
phase 1 and d 15 to 28 as phase 2. A total of 320 weanling 
pigs with an initial body weight (BW) of 6.11 ± 0.66  kg 
were used in 2 blocks of 160 pigs. Within each block, 
pigs were randomly assigned to 10 dietary treatments 
in a randomized complete block design. There were 2 
barrows and 2 gilts in each pen and 8 replicate pens per 
treatment. A control diet based on corn and SBM was 
formulated and 2 basal diets were formulated based on 
corn and 10% CFP or corn and 20% CFP (Tables 2 and 3). 
Seven additional diets were formulated by supplementing 
the diet containing 20% CFP with crystalline Ile, Trp, and 
Val as follows: 1) + 0.10% Ile; 2) + 0.05% Trp; 3) + 0.10% 
Val; 4) + 0.10% Ile + 0.10% Val; 5) + 0.10% Ile + 0.05% Trp; 
6) + 0.10% Val + 0.05% Trp; and 7) + 0.10% Ile + 0.10% 
Val + 0.05% Trp. The inclusion levels of Val, Ile, and Trp 

Table 1  Analyzed composition of main ingredients (as-fed basis)1

1 Corn fermented protein was sourced from Green Plains Energy, Omaha, NE, 
USA

Item Soybean meal Corn 
fermented 
protein

Corn

Gross energy, kcal/kg 4,194 4,950 3,847

Crude protein, % 46.98 50.26 6.72

Dry matter, % 89.35 91.72 86.41

Ash, % 12.73 9.34 1.95

Acid hydrolyzed ether extract, % 2.86 5.82 3.53

Insoluble dietary fiber, % 16.50 24.20 10.20

Soluble dietary fiber, % 2.90 2.50 -

Total dietary fiber, % 19.40 26.70 10.20

Indispensable amino acids, %

  Arg 3.26 2.30 0.29

  His 1.35 1.36 0.18

  Ile 2.24 2.34 0.24

  Leu 3.55 6.51 0.69

  Lys 2.66 1.80 0.22

  Met 0.62 1.11 0.12

  Phe 2.36 2.92 0.30

  Thr 1.82 1.96 0.22

  Trp 0.62 0.49 0.05

  Val 2.25 2.84 0.33

Dispensable amino acids, %

  Ala 2.00 3.81 0.44

  Asp 5.25 3.62 0.42

  Cys 0.66 0.93 0.14

  Glu 8.33 8.52 1.11

  Gly 1.95 2.11 0.27

  Pro 2.25 3.99 0.52

  Ser 2.13 2.22 0.27

  Tyr 1.70 2.19 0.15
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were based on previous data demonstrating that these 
levels of the AA ameliorate negative effects of excess Leu 
in diets for growing pigs [7]. All diets were formulated to 
meet current requirement estimates for AA, vitamins, 
and minerals [8].

Pigs were housed in pens with fully slatted plastic 
floors. Each pen was equipped with a feeder and a nip-
ple drinker, and pigs had free access to feed and water 
throughout the experiment.

Sample and data collection
Individual pig weight was recorded at the beginning of 
the experiment, on d 14, and at the end of the 28-day 
experiment. Daily feed allotments were recorded and the 
weight of feed left in the feeders was recorded on d 14 
and on the last day of the experiment to calculate feed 
consumption. Fecal scores were assessed visually per 
pen every other day using a score from 1 to 5 (1 = normal 
feces; 2 = moist feces; 3 = mild diarrhea; 4 = severe diar-
rhea; and 5 = watery diarrhea).

On d 14 and on the last day of the experiment, 2 blood 
samples were collected from one pig in each pen that had 
a BW closest to the pen average. One sample was col-
lected in heparinized vacutainers, and the other sample 
was collected in vacutainers containing EDTA. Blood 
samples were centrifuged at 4,000 × g at 4 °C for 13 min, 
and plasma was collected and stored at –20 ºC until anal-
ysis. Heparinized samples were analyzed for blood urea 
nitrogen, total protein, and albumin using a Beckman 
Coulter Clinical Chemistry AU analyzer at the Univer-
sity of Illinois Veterinary Diagnostic Laboratory. Samples 
treated with EDTA were analyzed for peptide YY and 
immunoglobulin G using ELISA kits according to the 
recommendations from the manufacturer (Phoenix Phar-
maceuticals Inc., Burlingame, CA, USA; Bethyl Laborato-
ries Inc., Montgomery, TX, USA, respectively).

On d 14, one pig per pen (the pig with a BW closest 
to the pen average) in 3 of the 10 dietary treatments (i.e., 
corn-SBM basal diet and the 2 basal diets containing 10% 
or 20% CFP) was euthanized via captive bolt penetration. 
Ileal tissue samples between 2 and 3  cm were collected 
approximately 80 cm from the ileal-cecal junction. Sam-
ples were cut and pinned with the serosa side down on a 
piece of cardboard. Samples were then fixed in 10% neu-
tral buffered formalin until processing for immunohisto-
chemistry staining and morphological evaluation. After 
fixation, all tissue samples were sectioned and transferred 
to slides. Villus height was measured from the villus tip to 
the base, and crypt depth was measured from the crypt-
villus junction to the base of the crypt. Lamina propria 
thickness were also measured at the midpoint of the vil-
lus. Villus height:crypt depth ratio was also calculated.

Fecal samples from these pigs were also collected and 
analyzed for microbial protein, fecal NH3, and volatile 
fatty acids (VFA). For microbial protein, 5 to 10 g of feces 
were collected and stored at –20  °C until analyzed. For 
VFA and NH3 analysis, 5 g of feces were placed in 15-mL 
tubes and samples were stabilized in 2  mol/L HCl and 
stored at –20  °C until analyzed. Fecal ammonia con-
centrations were determined according to the method 
by Chaney and Marbach [9] and VFA were determined 
using previously established procedures [10].

Fecal samples were fractionated using differential 
centrifugation [11]. Samples were then centrifuged 
at 250 relative centrifugal force for 15  min at 4  °C, 
which separated fractions that contained undi-
gested feed particles in the precipitate and porcine 
cells in the supernatant [12]. The supernatant was 
centrifuged at 14,500 relative centrifugal force for 
30  min at 4  °C, which resulted in a precipitate that 
contained microbial cells [12]. This precipitate was 
then subjected to a lysis buffer, which contained 
100  mmol/L of tris(hydroxymethyl)aminomethane 
at pH 7.2, 0.5% sodium dodecyl sulfate, and 0.5% 
sodium deoxycholate. Protein concentration of 
the lysed microbial cells was analyzed using Pierce 
Bicinchoninic Acid Assay kit (ThermoFisher Scien-
tific, Waltham, MA, USA).

Chemical analysis
All diet and ingredient samples were analyzed in dupli-
cate for concentrations of gross energy using a bomb 
calorimeter (Model 6400, Parr Instruments, Moline, 
IL, USA), and N was analyzed by combustion (method 
990.03; [13]) using a LECO FP628 analyzer (LECO 
Corp., Saint Joseph, MI, USA) with the subsequent cal-
culation of crude protein as N × 6.25 (Tables  3, 4 and 
5). Dry matter was also analyzed in diet and ingredi-
ent samples by oven drying at 135  °C for 2  h (method 
930.15; [13]) and these samples were also analyzed for 
dry ash (method 942.05; [13]). All diet and ingredient 
samples were analyzed for acid hydrolyzed ether extract 
using the acid hydrolysis filter bag technique (Ankom 
HCl Hydrolysis System; Ankom Technology, Macedon, 
NY, USA) followed by crude fat extraction using petro-
leum ether (AnkomXT15 Extractor; Ankom Technology, 
Macedon, NY, USA). All diet and ingredient samples 
were also analyzed for AA (method 982.30 E (a, b, c); 
[13]). Ingredients were also analyzed for insoluble die-
tary fiber and soluble dietary fiber according to method 
991.43 [13] using the AnkomTDF Dietary Fiber Analyzer 
(Ankom Technology, Macedon, NY, USA). Total dietary 
fiber was calculated as the sum of insoluble and soluble 
dietary fiber.
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Statistical analysis
Data for growth performance were summarized to calcu-
late average daily gain (ADG), average daily feed intake 
(ADFI), and gain to feed ratio (G:F) for each pen and for 
each treatment group. Normality of data was verified and 
outliers were identified using the UNIVARIATE proce-
dure of SAS. Data for growth performance were analyzed 
using the PROC MIXED of SAS with the experimental 
unit being the pen, whereas pig was the experimental 
unit in the analyses of other response parameters. The 
model included diet as fixed effect and block and repli-
cate within block as random effects. Treatment means 
were calculated using the LSMEANS statement and 
means were separated using the pdiff option with the 
Tukeys adjustment if the model was significant. Statisti-
cal significance was considered at P < 0.05.

Results
All animals remained healthy throughout the experiment 
and readily consumed their assigned diets. There were 
no effects of dietary treatments on any of the param-
eters evaluated in phase 1. Inclusion of 10% or 20% CFP 
in diets without addition of extra AA reduced (P < 0.05) 
final BW on d 28 and also reduced (P < 0.05) ADG and 
ADFI in phase 2 and for the entire experimental period 
(Table  6). Pigs fed the diet containing 20% CFP supple-
mented with all three AA had a greater (P < 0.05) final 
BW than pigs fed the two basal diets or diets supple-
mented with only Trp, only Ile, or Ile and Trp. Pigs fed 
the diet containing 20% CFP supplemented with all three 
AA also had a greater (P < 0.05) ADG in phase 2 and for 
the overall experiment than pigs fed the basal diets or 
diets supplemented with only Ile, only Trp, Ile and Val, or 
Ile and Trp.

There were no differences between pigs fed the control 
diet and pigs fed the diet with three AA for final BW and 
ADG in phase 2 or for the entire experiment. However, 
pigs fed the diet containing 20% CFP and Val, Trp, and Ile 
had greater (P < 0.05) ADFI in phase 2 and for the entire 
experiment than pigs fed the basal diets or diets supple-
mented with only Ile, only Trp, Ile and Val, or Ile and Trp.

From d 15 to 28, fecal scores were reduced (P < 0.05) if 
CFP was included in the diet (Table 7), and for the entire 
experimental period, fecal scores were reduced (P < 0.05) 
if 20% CFP was included in the diet except for the diet 
supplemented with Ile and Val. No differences among 
experimental diets were observed for blood urea N, total 
protein, albumin, peptide YY, or immunoglobulin G on d 
14 (Table 8). However, on d 28, pigs fed the diet with 20% 
CFP and only Val, only Ile, Val and Trp, or Val, Trp, and 
Ile had reduced (P < 0.01) blood urea N compared with 
pigs fed the control diet. No differences in villus height, 
crypth depth, or villus height:crypt depth ratio of pigs 

were observed among pigs fed the control diet or the 2 
basal diets containing CFP (Table 9). Inclusion of CFP in 
experimental diets did also not affect the concentration 
of microbial protein in feces of pigs (Table 10). Likewise, 
concentrations of VFA and ammonium in feces were not 
affected by inclusion of CFP in the diets.

Discussion
Historically, animal proteins have been used in weanling 
pig diets, but due to high costs and reduced availabil-
ity of these ingredients, there is a need to identify other 
sources of AA that can be used in diets for weanling pigs. 
New technologies in the corn ethanol industry allow 
for removing some of the fiber in corn before fermen-
tation, which results in a co-product with a greater AA 
concentration [3, 14, 15]. One of these new products is 
CFP, which contains around 50% CP, and CFP may, there-
fore, be included in diets for weanling pigs [3]. However, 
reduced growth performance by pigs fed CFP or other 
corn proteins has been reported [3, 16]. The reason for 
the reduced growth performance may be the high con-
centration of Leu in corn protein because excess Leu in 
diets for growing pigs influences the metabolism of Val 
and Ile by increasing Val and Ile catabolism, resulting in a 
deficiency of Val and Ile for protein synthesis [6]. This is 
because Leu, Val, and Ile share the first two steps in their 
catabolism. In the first step, there is a reversible transam-
ination of Leu, Val, and Ile by branched-chain amino acid 
aminotransferase, which produces α-keto isovalerate, 
α-ketoβ-methylvalerate, and α-ketoisocaproate, respec-
tively [17]. The second step is an irreversible decarboxy-
lation of the keto acids by the branched-chain α-keto acid 
dehydrogenase complex [18, 19]. However, if there is an 
oversupply of Leu, there will be a greater concentration of 
α-ketoisocaproate, which stimulates the branched-chain 
amino acid aminotransferase enzyme and the branched-
chain α-keto acid dehydrogenase complex. Therefore, 
excess dietary Leu increases the catabolism of Val and 
Ile [20] causing an AA imbalance [5], which results in 
reduced growth performance of pigs [5, 21]. Excess die-
tary Leu is also detrimental to the synthesis of serotonin, 
which is a neurotransmitter that influences feed intake 
regulation [7]. Serotonin is synthesized in the brain from 
Trp, but Trp and Leu share the same transporter into the 
brain and excess dietary Leu, therefore, may prevent Trp 
from being transported into the brain by occupying the 
transporter [5]. Reduced serotonin synthesis results in 
reduced feed intake and pigs with reduced feed intake 
due to excess Leu also have reduced growth performance 
[4, 5].

To prevent the negative effects of excess Leu in the 
present experiment, 0.10% extra Val or Ile or 0.05% extra 
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Trp was added to diets containing CFP, becase these lev-
els of inclusion have been demonstrated to miticate the 
negative impact of excess Leu in diets for growing pigs 
[7]. Diet analyses confirmed that all diets contained the 
intended concentrations of all AA. The control diets with-
out CFP had calculated Val:Leu ratios of 0.59:1 and 0.63:1 
in Phases 1 and 2, respectively, and the Ile:Leu ratios in 
the control diets were 0.55:1 and 0.53:1 in Phase 1 and 
Phase 2 diets, respectively. However, in the diet with 20% 
CFP and no added AA, the Val:Leu ratio was 0.46:1 and 
the Ile:Leu ratio was 0.38:1 in both Phase 1 and Phase 2 
diets. By adding 0.10% crystalline Val and 0.10% crystal-
line Ile to the CFP diet, the Val:Leu ratio was increased 
to 0.52:1 in Phase 1 and to 0.51:1 in Phase 2, whereas 
the Ile:Leu ratio was increased to 0.43:1 in Phase 1 and 
to 0.42:1 in Phase 2. The chosen additions of crystalline 
Val and Ile, therefore, did not bring the Val:Leu and the 
Ile:Leu ratios back to the same levels as in the control diet 
and it is, therefore, possible that an additional increase in 
growth performance can be obtained if greater inclusions 
of Val and Ile are used.

The observation that the final BW, ADG, and ADFI 
decreased as the CFP without AA supplementation 

increased in the basal diets is in agreement with data indi-
cating that 20% or 30% high-protein distillers dried grains 
with solubles resulted in a reduced growth performance of 
pigs [16]. Likewise, weanling pigs fed up to 10% CFP at the 
expense of enzyme-treated SBM had reduced BW, ADG, 
and G:F [22]. In contrast, CFP was also included in diets 
for weanling pigs by up to 10% without negative effects 
on growth performance [3], and up to 14% CFP was used 
in the first two phases after weaning without adversely 
affecting final BW, ADG, or ADFI [23]. Thus, responses 
to inclusion of CFP in diets for weanling pigs have been 
inconsistent, which may be a result of different degrees of 
imbalances among the branched chained AA depending 
on diet composition. Indeed, there was a negative correla-
tion between dietary Leu levels and growth performance 
of pigs, whereas increased ratios between Val and Ile to 
Leu were positively correlated with growth [24].

In the current experiment, the objective was to deter-
mine effects of extra Val, Ile, and Trp, independently or 
in combination, on growth performance of pigs fed diets 
with excess dietary Leu. The observation that the reduc-
tion in final BW and ADG that was observed in pigs fed 
the diet with 20% CPP could be overcome if the 20% 
CFP diet was supplemented with Val, Ile, and Trp sup-
ports the hypothesis that requirements for all three AA 
are increased in high Leu diets. Likewise, the observa-
tion that addition of Val alone or in combination with 
Trp or Ile resulted in ADG that was greater than if Val 
was not used indicates that Val was the first limiting AA 
in the diets. However, because addition of Val alone was 
not sufficient to fully restore growth performance, it is 
concluded that requirements for Ile and Trp were also 
increased in the high Leu diets. Increasing ADG of pigs 
fed high Leu diets by increasing dietary Val has been 
demonstrated previously [25, 26]. The observation that 
effects of adding only Trp was limited is also in agree-
ment with previous data [27]. This may be because only 
3% of dietary Trp is used for serotonin synthesis [28], and 
in rats fed excess Leu, it was necessary to supplement Trp 
in combination with Val and Ile to overcome a reduction 
in growth performance [29].

The observation that there is no added advantage 
of adding Ile and Val compared with only Val is in 

Table 9  Morphology measurements of ileal samples on d 14 of pigs fed the control diet or one of the two basal diets1,2

1 CFP, corn fermented protein (Green Plains Energy, Omaha, NE, USA)
2 Data are least square means of 8 observations per treatment

Item Control diet  10% CFP  20% CFP SEM P value

Villus height, μm 283.15 260.95 285.18 35.13 0.866

Crypt depth, μm 241.28 224.23 206.91 11.17 0.119

Villus height:crypt depth ratio 1.24 1.33 1.50 0.19 0.534

Lamina propria thickness, μm 67.72 62.49 55.96 5.14 0.337

Table 10  Intestinal microbial protein concentrations (mg/g, dry 
matter), rate of fermentation of volatile fatty acids, and ammonia 
concentration in feces on d 14 of pigs fed the control diet or one 
of the two basal diets1,2

1 CFP, corn fermented protein (Green Plains Energy, Omaha, NE, USA)
2 Data are least square means of 8 observations per treatment

Item Control diet  10% CFP  20% CFP SEM P value

Microbial protein, 
mg/g

2.87 3.74 3.43 0.34 0.199

Volatile fatty acids, μmol/g

  Acetate 291.79 279.63 259.89 29.73 0.160

  Propionate 109.31 105.35 88.81 9.92 0.299

  Butyrate 66.20 58.38 46.28 8.30 0.265

  Isobutyrate 14.34 12.11 11.36 1.18 0.205

  Isovalerate 23.62 18.61 20.51 2.05 0.221

  Valerate 23.75 22.70 19.76 2.73 0.551

Ammonium 
(NH4

+), µmol/g 
dry matter

139.24 98.00 128.31 13.69 0.123
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agreement with data demonstrating that Ile is less able 
to counteract the negative effects of excess Leu than Val 
[24]. This is also in agreement with data demonstrat-
ing that Ile supplementation only partially overcame the 
negative effects of excess Leu [30]. This may be because 
the uptake competition for Leu is greater for Ile than for 
Val [27], which may be because the Km of the neutral AA 
transporter is highest for Val, followed by Leu and Ile 
[31].

The observation that pigs fed the diet containing 20% 
CFP and Val, Ile, and Trp had growth performance 
that was not different from that of pigs fed the con-
trol diet indicates that the negative effects of high-Leu 
diets can be overcome if CFP-diets are fortified with 
crystalline Val, Ile, and Trp. Infusion of Leu in neo-
natal pigs depleted plasma concentrations of Val and 
Ile to a greater extent than the depletion of other AA 
[32], which possibly is a consequence of the increased 
metabolism of not only Leu, but also of Ile and Val, if 
Leu is in excess. It was, therefore, demonstrated that to 
maximize protein synthesis, additional AA needed to 
be provided [32]. These observations are in agreement 
with data demonstrating that the optimal SID Ile to Lys 
ratio increased as Leu:Lys ratio increased in diets for 8 
to 25  kg pigs [33]. Adding both Trp and Val to a diet 
high in Leu and fed to growing pigs may also prevent 
the detrimental effects of excess Leu on growth perfor-
mance [7, 34]. As a consequence, the negative effects 
of an oversupply of Leu may be partially ameliorated 
by increasing dietary Trp, and both ADFI and ADG of 
growing pigs fed high Leu diets were increased by add-
ing additional Trp to the diets [34]. However, reduced 
Trp concentration in the brain may not be the only 
reason for reduced ADFI of pigs fed high Leu diets. 
The mammalian target of rapamycin (mTOR) detects 
signals related to nutrients, energy, and hormones, 
influencing the regulation of metabolism and energy 
balance [35]. The activity of mTOR in the hypothalamus 
regulates feed intake [36]. Branched-chain amino acids 
among other AA are stimulators of mTOR even though 
the mechanism is not fully elucidated [35]. However, 
excess Leu can overstimulate mTOR, which suppresses 
feed intake, whereas excess Val does not have negative 
effects on feed intake [37], and inhibits the transport of 
Leu through the blood–brain barrier to a larger extend 
than Ile or Trp [38]. Increasing both Val and Ile in high 
Leu diets partially recovered the G:F ratio, but did not 
correct the reduced ADFI when compared with a con-
trol diet without inclusion of CFP [22], which further 
indicated that a part of the reduced ADFI that was 
observed in this experiment was caused by reduced 
availability of Trp to synthesize serotonin.

The observation that pigs fed diets with 20% CFP had 
improved fecal score compared with pigs fed the con-
trol diet is in agreement with data demonstrating softer 
feces from pigs fed a corn-SBM diet than pigs fed a 
diet with CFP [23]. The reason for these observations 
may be the presence of yeast in CFP because yeast may 
reduce diahrrea in pigs [39].

Blood urea N is positively correlated with urinary N 
excretion, and is, therefore, an indicator of AA utiliza-
tion efficiency [40]. The observation that pigs fed the CFP 
diets with supplemented Val, Trp, and Ile had reduced 
blood urea N compared with pigs fed the control diet 
indicates that protein utilization in these pigs was more 
efficient. This also indicates that Val was the limiting AA 
in diets containing 20% CFP and diets containing more 
Val, therefore, likely had a more balanced AA composi-
tion with less excess AA compared with the control diet.

Albumin binds and transports nutrients in the blood 
[41]. Thus, the observation that there were only few dif-
ferences in albumin concentration among treatments 
indicates that the reduced ADFI observed for pigs 
fed CFP diets did not impact the ability of albumin to 
transport nutrients. The lack of a difference in plasma 
immunoglobulin G among treatments indicates that the 
inclusion of CFP did not influence the immune response 
or the systemic health of pigs.

The protein in CFP is a combination of corn protein 
and protein from spent yeast because approximately 
25% of the DM in CFP is spent yeast that contains 40% 
protein. The components of yeast cell walls (mannan 
oligosaccharides, nucleotides, and β-glucans) may pro-
vide health benefits when fed to animals [2], which is the 
reason the effect of CFP on gut health was determined. 
However, the lack of differences among treatments in 
immunoglobulin G indicates that under the conditions 
of this experiment, inclusion of CFP in the diets did not 
result in measurable improvements in immunity.

Changes in the intestinal morphological structure of 
weanling pigs, such as villus atrophy and crypt hyperpla-
sia, is observed if pigs are fed diets that are inadequate 
in nutrient supply [42], due to a decrease in surface area, 
and a reduction in nutrient absorption. Thus, the lack of 
differences in morphology of pigs fed experimental diets 
indicates that inclusion of CFP in diets did not have any 
negative impacts on nutrient absorption of pigs when 
compared with pigs fed a diet based on SBM.

Distillers dried grains with solubles may increase 
growth of bacteria in the hindgut of pigs [43], and 
increased microbial growth may result in increased syn-
thesis of VFA because of increased fermentation [44]. To 
the best of our knowledge, there are no data demonstrat-
ing effects of CFP on intestinal microbial protein, VFA, 



Page 14 of 15Mallea et al. Journal of Animal Science and Biotechnology          (2024) 15:125 

or ammonium in feces from pigs. However, the lack of a 
difference among treatments in microbial protein, VFA, 
and ammonium indicates that inclusion of CFP in diets 
for weanling pigs did not impact microbial growth and 
fermentation, which is likely due to the lower concentra-
tion of total dietary fiber in CFP compared with distillers 
dried grains with solubles.

Conclusions
Inclusion of CFP in diets for weanling pigs improved 
fecal score in phase 2 and in most of the treatments 
with 20% CFP for the overall experiment. Inclusion of 
CFP in diets for weanling pigs did not affect immune 
system, ileum morphology, microbial protein, VFA, or 
fecal ammonium, but pigs fed a diet containing 20% 
CFP and added Val, Val and Trp, or Val, Trp, and Ile 
had a better protein utilization than pigs fed without 
those AA. However, using CFP in diets for weanling 
pigs without the use of supplementary AA depressed 
feed intake, and as a consequence, had a negative 
impact on growth performance, but this effect could 
be mostly overcome with supplementation of Val, Trp, 
and Ile. Therefore, up to 20% CFP may be included in 
diets for weanling pigs without affecting growth per-
formance or blood characteristics, provided that provi-
sions of Val and Ile are increased by 0.10% and Trp is 
increased by 0.05% compared with current requirement 
estimates. However, because the additions of crystal-
line AA used in this experiment did not bring the ratios 
back to the same as in the control diet, future research 
should be directed at determining the exact quantity of 
extra Val, Ile, and Trp that is required by pigs fed diets 
containing CFP.

Abbreviations
AA	� Amino acids
ADFI	� Average daily feed intake
ADG	� Average daily gain
BW	� Body weight
CFP	� Corn fermented protein
CP	� Crude protein
G:F	� Gain-to-feed ratio
mTOR	� Mammalian target of rapamycin
SBM	� Soybean meal
VFA	� Volatile fatty acids

Acknowledgements
Not applicable.

Authors’ contributions
CDE and HHS conceptualized the experiment. APM conducted the animal 
part of the experiment, oversaw sample analysis, and wrote the first draft of 
the manuscript. MAC helped conduct the animal work and contributed to 
revising the manuscript. LJTM assisted with laboratory work and also helped 
revising the manuscript. APM and SAL analyzed the data. HHS and SAL 
contributed with data interpretation, proofreading and preparation of the final 
version of the manuscript. HHS supervised the project. All authors read and 
approved the final manuscript.

Funding
Financial support for this research from Minnesota Corn Growers Association 
(Burnsville, MN, USA) and Green Plains Energy (Omaha, NE, USA) is greatly 
appreciated.

Availability of data and materials
All data generated from the experiment are included in this article.

Declarations

Ethics approval and consent to participate
The protocol for the experiment was submitted to the Institutional Animal 
Care and Use Committee at the University of Illinois and was approved before 
initiation of the experiment. The experiment was conducted at the Swine 
Research Center, Champaign, IL, USA.

Consent for publication
Not applicable.

Competing interests
The authors have no conflicts of interests.

Author details
1 Division of Nutritional Sciences, University of Illinois, Urbana, IL 61801, USA. 
2 Department of Animal Sciences, University of Illinois, Urbana, IL 61801, USA. 
3 Present Address: EnviroFlight, Raleigh, NC, USA. 

Received: 22 May 2024   Accepted: 28 July 2024

References
	1.	 U.S. Grains Council. High protein handbook for DDGS. https://​grains.​org/​

buying-​selli​ng/​ddgs/​user-​handb​ook. Accessed 13 Jan 2024.
	2.	 Shurson GC. Yeast and yeast derivatives in feed additives and ingredients: 

sources, characteristics, animal responses, and quantification methods. 
Anim Feed Sci Technol. 2018;235:60–76. https://​doi.​org/​10.​1016/j.​anife​
edsci.​2017.​11.​010.

	3.	 Acosta JP, Espinosa CD, Jaworski NW, Stein HH. Corn protein has greater 
concentrations of digestible amino acids and energy than low-oil corn 
distillers dried grains with solubles when fed to pigs but does not affect 
the growth performance of weanling pigs. J Anim Sci. 2021;99:skab175. 
https://​doi.​org/​10.​1093/​jas/​skab1​75.

	4.	 Wessels AG, Kluge H, Hirche F, Kiowski A, Bartelt J, Corrent E, et al. High 
leucine intake reduces the concentration of hypothalamic serotonin in 
piglets. J Anim Sci. 2016;94:26–9. https://​doi.​org/​10.​2527/​jas20​15-​9728.

	5.	 Kwon WB, Touchette KJ, Simongiovanni A, Syriopoulos K, Wessels A, 
Stein HH. Excess dietary leucine in diets for growing pigs reduces growth 
performance, biological value of protein, protein retention, and serotonin 
synthesis. J Anim Sci. 2019;97:4282–92. https://​doi.​org/​10.​1093/​jas/​
skz259.

	6.	 Harris RA, Joshi M, Jeoung NH. Mechanisms responsible for regulation of 
branched-chain amino acid catabolism. Biochem Biophys Res Commun. 
2004;313:391–6. https://​doi.​org/​10.​1016/j.​bbrc.​2003.​11.​007.

	7.	 Kwon WB, Soto JA, Stein HH. Including dietary valine and tryptophan, 
but not isoleucine, above the requirement for growing pigs may partly 
ameliorate negative effects of excess leucine from corn protein on 
nitrogen balance and growth performance. Anim Feed Sci Technol. 
2024;308:115857. https://​doi.​org/​10.​1016/j.​anife​edsci.​2023.​115857.

	8.	 NRC. Nutrient requirements of swine. 11th ed. Washington: The National 
Academies Press; 2012.

	9.	 Chaney AL, Marbach EP. Modified reagents for determination of urea and 
ammonia. Clin Chem. 1962;8:130–2.

	10.	 Sunvold GD, Fahey GC, Merchen NR, Bourquin LD, Titgemeyer EC, Bauer 
LL, et al. Dietary fiber for cats: in vitro fermentation of selected fiber 
sources by cat fecal inoculum and in vivo utilization of diets containing 
selected fiber sources and their blends. J Anim Sci. 1995;73:2329–39. 
https://​doi.​org/​10.​2527/​1995.​73823​29x.

https://grains.org/buying-selling/ddgs/user-handbook
https://grains.org/buying-selling/ddgs/user-handbook
https://doi.org/10.1016/j.anifeedsci.2017.11.010
https://doi.org/10.1016/j.anifeedsci.2017.11.010
https://doi.org/10.1093/jas/skab175
https://doi.org/10.2527/jas2015-9728
https://doi.org/10.1093/jas/skz259
https://doi.org/10.1093/jas/skz259
https://doi.org/10.1016/j.bbrc.2003.11.007
https://doi.org/10.1016/j.anifeedsci.2023.115857
https://doi.org/10.2527/1995.7382329x


Page 15 of 15Mallea et al. Journal of Animal Science and Biotechnology          (2024) 15:125 	

	11.	 Metges CC, Petzke KJ, El-Khoury AE, Henneman L, Grant I, Bedri S, et al. 
Incorporation of urea and ammonia nitrogen into ileal and fecal micro‑
bial proteins and plasma free amino acids in normal men and ileosto‑
mates. Am J Clin Nutr. 1999;70:1046–58. https://​doi.​org/​10.​1093/​ajcn/​
70.6.​1046.

	12.	 Miner-Williams W, Moughan PJ, Fuller MF. Endogenous components of 
digesta protein from the terminal ileum of pigs fed a casein-based diet. J 
Agric Food Chem. 2009;57:2072–8. https://​doi.​org/​10.​1021/​jf802​3886.

	13	 Int AOAC. Official methods of analysis of AOAC Int. 21st ed. Rockville: 
AOAC Int; 2019.

	14.	 Widmer M, McGinnis L, Stein HH. Energy, phosphorus, and amino acid 
digestibility of high-protein distillers dried grains and corn germ fed to 
growing pigs. J Anim Sci. 2007;85:2994–3003. https://​doi.​org/​10.​2527/​jas.​
2006-​840.

	15.	 Ruiz-Arias NC, Lee SA, Stein HH. Standardized ileal digestibility of amino 
acids and concentration of metabolizable energy in three sources of corn 
protein fed to weanling pigs. Anim Feed Sci Technol. 2024;313:115985. 
https://​doi.​org/​10.​1016/j.​anife​edsci.​2024.​115985.

	16.	 Yang Z, Urriola PE, Hilbrands AM, Johnston LJ, Shurson GC. Growth 
performance of nursery pigs fed diets containing increasing levels of a 
novel high-protein corn distillers dried grains with solubles. Transl Anim 
Sci. 2019;3:350–8. https://​doi.​org/​10.​1093/​tas/​txy101.

	17.	 Harris RA, Joshi M, Jeoung NH, Obayashi M. Overview of the molecular 
and biochemical basis of branched-chain amino acid catabolism. J Nutr. 
2005;135:1527S–1530S. https://​doi.​org/​10.​1093/​jn/​135.6.​1527S.

	18.	 Brosnan JT, Brosnan ME. Branched-chain amino acids: enzyme and 
substrate regulation. J Nutr. 2006;136:207S–211S. https://​doi.​org/​10.​1093/​
jn/​136.1.​207S.

	19.	 Wiltafsky MK, Pfaffl MW, Roth FX. The effects of branched-chain amino 
acid interactions on growth performance, blood metabolites, enzyme 
kinetics and transcriptomics in weaned pigs. Br J Nutr. 2010;103:964–76. 
https://​doi.​org/​10.​1017/​S0007​11450​99922​12.

	20.	 Harper AE, Miller RH, Block KP. Branched-chain amino acid metabolism. 
Annu Rev Nutr. 1984;4:409–54. https://​doi.​org/​10.​1146/​annur​ev.​nu.​04.​
070184.​002205.

	21.	 Cemin HS, Tokach MD, Woodworth JC, Dritz SS, DeRouchey JM, Good‑
band RD. Branched-chain amino acid interactions in growing pig diets. 
Trans Anim Sci. 2019;3:1246–53. https://​doi.​org/​10.​1093/​tas/​txz087.

	22.	 Stas EB, Chance JA, Goodband RD, Tokach MD, Woodworth JC, DeR‑
ouchey JM, et al. Evaluation of fermented corn protein and its effects 
in either high or low branch chain amino acid to leucine ratio diets on 
nursery pig performance and feed intake preference. Transl Anim Sci. 
2022;6:1–11. https://​doi.​org/​10.​1093/​tas/​txac1​34.

	23.	 Garavito-Duarte YR, Levesque CL, Herrick K, Perez-Palencia JY. A corn-
fermented protein ingredient can be included in early nursey diets 
without compromising pig growth performance and health status. Transl 
Anim Sci. 2024;8:txad149. https://​doi.​org/​10.​1093/​tas/​txad1​49.

	24.	 Cemin HS, Tokach MD, Dritz SS, Woodworth JC, DeRouchey JM, Good‑
band RD. Meta-regression analysis to predict the influence of branched-
chain and large neutral amino acids on growth performance of pigs. J 
Anim Sci. 2019;97:2505–14. https://​doi.​org/​10.​1093/​jas/​skz118.

	25.	 Gloaguen M, Le Floc’h N, Brossard L, Barea R, Primot Y, Corrent E, et al. 
Response of piglets to the valine content in diet in combination with the 
supply of other branched-chain amino acids. Animals. 2011;5:1734–42. 
https://​doi.​org/​10.​1017/​S1751​73111​10007​60.

	26.	 Millet S, Aluwé M, Ampe B, De Campeneere S. Interaction between 
amino acids on the performances of individually housed piglets. J Anim 
Physiol Anim Nutr. 2015;99:230–6. https://​doi.​org/​10.​1111/​jpn.​12227.

	27.	 Kerkaert HR, Cemin HS, Woodworth JC, DeRouchey JM, Dritz SS, Tokach 
MD, et al. Improving performance of finishing pigs with added valine, 
isoleucine, and tryptophan: validating a metaanalysis model. J Anim Sci. 
2021;99:skab006. https://​doi.​org/​10.​1093/​jas/​skab0​06.

	28.	 Richard DM, Dawes MA, Mathias CW, Acheson A, Hill-Kapturczak N, 
Dougherty DM. L-Tryptophan: basic metabolic functions, behavioral 
research and therapeutic indications. Int J Tryptophan Res. 2009;2:45–60. 
https://​doi.​org/​10.​4137/​ijtr.​s2129.

	29.	 Rogers QR, Tannous RI, Harper AE. Effects of excess leucine on growth 
and food selection. J Nutr. 1967;91:561–72. https://​doi.​org/​10.​1093/​jn/​
91.4.​561.

	30.	 Harper AE, Benton DA, Winje ME, Elvehjem CA. Leucine-isoleucine 
antagonism in the rat. Arch Biochem Biophys. 1954;51:523–4. https://​doi.​
org/​10.​1016/​0003-​9861(54)​90509-3.

	31.	 Hargreaves KM, Pardridge WM. Neutral amino acid transport at the 
human blood-brain barrier. J Biol Chem. 1988;263:19392–7. https://​doi.​
org/​10.​1016/​S0021-​9258(19)​77645-5.

	32.	 Wilson FA, Suryawan A, Gazzaneo MC, Orellana RA, Nguyen HV, Davis TA. 
Stimulation of muscle protein synthesis by prolonged parenteral infusion 
of leucine is dependent on amino acid availability in neonatal pigs. J Nutr. 
2010;140:264–70. https://​doi.​org/​10.​3945/​jn.​109.​113621.

	33.	 Htoo JK, Männer K, Zentek J. Excess dietary leucine level increases the 
optimal dietary isoleucine-to-lysine ratio in 8- to 21-kilogram pigs. J 
Anim Sci. 2017;95(Suppl. 4):195 (Abstr.) https://​doi.​org/​10.​2527/​asasa​nn.​
2017.​396.

	34.	 Kwon WB, Soto JA, Stein HH. Effects of dietary leucine and tryptophan on 
serotonin metabolism and growth performance of growing pigs. J Anim 
Sci. 2022;100:skab356. https://​doi.​org/​10.​1093/​jas/​skab3​56.

	35.	 Hu F, Xu Y, Liu F. Hypothalamic roles of mTOR Complex I: integration of 
nutrient and hormone signals to regulate energy homeostasis. Am J 
Physiol Endocrinol Metab. 2016;310:E994–1002. https://​doi.​org/​10.​1152/​
ajpen​do.​00121.​2016.

	36.	 Mori H, Inoki K, Münzberg H, Opland D, Faouzi M, Villanueva EC, et al. 
Critical role for hypothalamic mTOR activity in energy balance. Cell 
Metab. 2009;9:362–74. https://​doi.​org/​10.​1016/j.​cmet.​2009.​03.​005.

	37.	 Cota D, Proulx K, Smith KA, Kozma SC, Thomas G, Woods SC, et al. Hypo‑
thalamic mTOR signaling regulates food intake. Science. 2006;312:927–30. 
https://​doi.​org/​10.​1126/​scien​ce.​11241​47.

	38.	 Hjelle JT, Baird-Lambert J, Cardinale G, Specor S, Udenfriend S. Isolated 
microvessels: the blood-brain barrier in vitro. Proc Natl Acad Sci USA. 
1978;75:4544–8. https://​doi.​org/​10.​1073/​pnas.​75.9.​4544.

	39.	 Boontiam W, Bunchasak C, Kim YY, Kitipongpysan S, Hong J. Hydrolyzed 
yeast supplementation to newly weaned piglets: growth performance, 
gut health, and microbial fermentation. Animals. 2022;12:350. https://​doi.​
org/​10.​3390/​ani12​030350.

	40.	 Kohn RA, Dinneen MM, Russek-Cohen E. Using blood urea nitrogen to 
predict nitrogen excretion and efficiency of nitrogen utilization in cattle, 
sheep, goats, horses, pigs, and rats. J Anim Sci. 2005;83:879–89. https://​
doi.​org/​10.​2527/​2005.​83487​9x.

	41.	 Bern MK, Sand MK, Nilsen J, Sandlie I, Andersen JT. The role of albumin 
receptors in regulation of albumin homeostasis: implications for drug 
delivery. J Control Release. 2015;211:144–62. https://​doi.​org/​10.​1016/j.​
jconr​el.​2015.​06.​006.

	42.	 Zheng L, Duarte ME, Loftus AS, Kim SW. Intestinal health of pigs upon 
weaning: challenges and nutritional intervention. Front Vet Sci. 2021;8:1–
18. https://​doi.​org/​10.​3389/​fvets.​2021.​628258.

	43.	 Bindelle J, Leterme P, Buldgen A. Nutritional and environmental conse‑
quences of dietary fibre in pig nutrition: a review. Biotechnol Agron Soc 
Environ. 2008;12:69–78.

	44.	 Espinosa CD, Fry RS, Kocher ME, Stein HH. Effects of copper hydroxy‑
chloride and distillers dried grains with solubles on intestinal microbial 
concentration and apparent ileal and total tract digestibility of energy 
and nutrients by growing pigs. J Anim Sci. 2019;97:4904–11. https://​doi.​
org/​10.​1093/​jas/​skz340.

https://doi.org/10.1093/ajcn/70.6.1046
https://doi.org/10.1093/ajcn/70.6.1046
https://doi.org/10.1021/jf8023886
https://doi.org/10.2527/jas.2006-840
https://doi.org/10.2527/jas.2006-840
https://doi.org/10.1016/j.anifeedsci.2024.115985
https://doi.org/10.1093/tas/txy101
https://doi.org/10.1093/jn/135.6.1527S
https://doi.org/10.1093/jn/136.1.207S
https://doi.org/10.1093/jn/136.1.207S
https://doi.org/10.1017/S0007114509992212
https://doi.org/10.1146/annurev.nu.04.070184.002205
https://doi.org/10.1146/annurev.nu.04.070184.002205
https://doi.org/10.1093/tas/txz087
https://doi.org/10.1093/tas/txac134
https://doi.org/10.1093/tas/txad149
https://doi.org/10.1093/jas/skz118
https://doi.org/10.1017/S1751731111000760
https://doi.org/10.1111/jpn.12227
https://doi.org/10.1093/jas/skab006
https://doi.org/10.4137/ijtr.s2129
https://doi.org/10.1093/jn/91.4.561
https://doi.org/10.1093/jn/91.4.561
https://doi.org/10.1016/0003-9861(54)90509-3
https://doi.org/10.1016/0003-9861(54)90509-3
https://doi.org/10.1016/S0021-9258(19)77645-5
https://doi.org/10.1016/S0021-9258(19)77645-5
https://doi.org/10.3945/jn.109.113621
https://doi.org/10.2527/asasann.2017.396
https://doi.org/10.2527/asasann.2017.396
https://doi.org/10.1093/jas/skab356
https://doi.org/10.1152/ajpendo.00121.2016
https://doi.org/10.1152/ajpendo.00121.2016
https://doi.org/10.1016/j.cmet.2009.03.005
https://doi.org/10.1126/science.1124147
https://doi.org/10.1073/pnas.75.9.4544
https://doi.org/10.3390/ani12030350
https://doi.org/10.3390/ani12030350
https://doi.org/10.2527/2005.834879x
https://doi.org/10.2527/2005.834879x
https://doi.org/10.1016/j.jconrel.2015.06.006
https://doi.org/10.1016/j.jconrel.2015.06.006
https://doi.org/10.3389/fvets.2021.628258
https://doi.org/10.1093/jas/skz340
https://doi.org/10.1093/jas/skz340

	Dietary supplementation of valine, isoleucine, and tryptophan may overcome the negative effects of excess leucine in diets for weanling pigs containing corn fermented protein
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Diets, animals, and experimental design
	Sample and data collection
	Chemical analysis
	Statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgements
	References


