
1592

Copyright © 2022 by Animal Bioscience
This is an open-access article distributed under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited. www.animbiosci.org 

Anim Biosci  
Vol. 35, No. 10:1592-1605 October 2022
https://doi.org/10.5713/ab.21.0498
pISSN 2765-0189 eISSN 2765-0235

Three-step in vitro digestion model for evaluating and  
predicting fecal odor emission from growing pigs with  
different dietary protein intakes

Shih-Hua Lo1,a, Ching-Yi Chen1,a, and Han-Tsung Wang1,*

Objective: The objective of this study was to select an effective in vitro digestion–fermentation 
model to estimate the effect of decreasing dietary crude protein (CP) on odor emission 
during pig production and to suggest potential prediction markers through in vitro and in 
vivo experiments.
Methods: In the in vitro experiment, three diet formulations with different CP contents 
(170 g/kg, 150 g/kg, and 130 g/kg) but containing the same standardized ileal digestible 
essential amino acids (SID-EAA) were assessed. Each diet was evaluated by two different 
in vitro gastric-intestinal phase digestion methods (flask and dialysis), combined with fresh 
pig feces-ferment inoculation. Eighteen growing barrows (31.9±1.6 kg) were divided into 
three groups: control diet (180 g CP/kg, without SID-EAA adjustment), 170 g CP/kg diet, 
and 150 g CP/kg diet for 4 weeks.
Results: The in vitro digestion results indicated that in vitro digestibility was affected by the 
gastric-intestinal phase digestion method and dietary CP level. According to the gas kinetic 
and digestibility results, the dialysis method showed greater distinguishability for dietary 
CP level adjustment. Nitrogen-related odor compounds (NH3-N, indole, p-cresol, and 
skatole) were highly correlated with urease and protease activity. The feeding study indicated 
that both EAA-adjusted diets resulted in a lower odor emission especially in p-cresol and 
skatole. Both protease and urease activity in feces were also closely related to odor emissions 
from nitrogen metabolism compounds.
Conclusion: Dialysis digestion in the gastric-intestinal phase followed by fresh fecal inocul-
ation fermentation is suitable for in vitro diet evaluation. The enzyme activity in the fermen-
tation and the fecal samples might provide a simple and effective estimation tool for nitrogen-
related odor emission prediction in both in vitro and in vivo experiments.

Keywords: Dietary Protein Manipulation; In vitro Fermentation; Odor Emission; Pig; 
Simulated Digestion

INTRODUCTION 

Odor formation is a critical problem during pig production. It is mainly produced by anaero-
bic bacterial fermentation of feed digestion residues, endogenous products, and dead 
intestinal bacteria from the gastrointestinal tract and pig manure. Many odorous com-
pounds are the intermediate or final products of protein degradation, implying a connection 
between the fermentation of indigestible proteins in the diet and odor emission [1]. To 
support normal growth performance on a lower crude protein (CP) diet, crystalline amino 
acid supplementation is recommended to adjust the standardized ileal digestible (SID) 
essential amino acids (EAA) to meet the pig amino acid requirement in a low-CP diet. 
Under this feeding strategy, decreasing CP in the diet by 2% resulted in a 20% decrease in 
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nitrogen emission from the pig in the growing and finishing 
phases and showed no effect on nitrogen retention [2]. It de-
creases the residual nitrogen for anaerobic fermentation in 
the hindgut, leading to lower nitrogen-related odor emissions. 
 The use of in vitro digestion models allows for compre-
hensive, inexpensive, efficient, and reproducible procedures 
for routine analysis of nutrient digestion in a short period. 
Static or dynamic in vitro digestion models have been ap-
plied to simulate gastric-intestinal (GI) phase digestion in 
many studies, but the complexity and the numerous steps 
involved in the in vitro models affect the results considerably 
[3,4]. The shake flask method is a stable and simple in vitro 
digestion method, but the method cannot simulate the ab-
sorption of digested products. However, the dialysis method 
can simulate the absorption process by dialysis membranes 
and provide similarity in the absorption process of nutrients 
in vivo [3]. Because animal fecal odorous compounds are 
mainly produced from microbial fermentation in the large 
intestine, an in vitro gut fermentation model with pig feces 
inoculation has been considered in some studies [5-7]. The 
kinetics profile and products of in vitro fermentation could 
provide some valuable parameters for predicting feedstuff 
utilization in vivo [6]. However, fewer studies on suitable di-
gestion and fermentation combined with an in vitro model 
of pig diet evaluation.
 The purpose of this study was to select a suitable in vitro 
digestion–fermentation model to estimate the effect of diet 
CP manipulation on odor emission in vivo. In addition, 
markers for predicting nitrogen-related odorous compound 
emissions in vivo were also investigated. 

MATERIALS AND METHODS 

Two experiments, in vivo and in vitro, were performed to 
evaluate the effect of decreasing dietary CP levels on the odor 
emission from pigs. The in vitro experiment used two kinds 
of gastrointestinal enzyme digestion methods with the same 
fresh fecal inoculation process to establish the three-step in 
vitro digestion. Three CP level diets tested in the in vitro ex-
periment (CP17 = 170 g/kg, CP15 = 150 g/kg, and CP13 = 
130 g/kg) were adjusted EAA according to SID data from 
National Research Council (NRC, 2012) [8]. All diets (CP17, 
CP15, and CP13) evaluated in the in vitro experiment were 
6 replicates, including each sampling time (12, 24, and 48 h) 
during the fermentation process. 
 To prevent considerably negative growth performance re-
sulting from a large decrease in CP level, the in vivo feeding 
experiment applied CP17 and CP15 as treatment diets. The 
diet containing 180 g/kg CP without SID-EAA adjustment 
was fed as a control diet to investigate the effect of EAA ad-
justment on odor emission. 

In vitro experiment
Feed composition and the nutrient values of in vitro diges-
tion are provided in Table 1. Three diet formulations with 
varied CP levels were ground and passed through a 20-mesh 
screen before weighing. The digestion process was based on 
previous studies [7], adopted with some modifications in di-
gestion time length. To standardize the digestion process, 
the activity of digestion enzymes applied in the process was 
assayed as described by Minekus et al [9] before the experi-
ment. 
 Simulated digestion fluids: The gastric fluid buffer (G-buffer) 
was prepared with 88.5 mM of NaCl, 6.6 mM of KCl, and 10 
mM of HCl to match the in vivo ionic concentration of gas-
tric fluid from growing pigs [7]. The pH of the buffer was 
adjusted to 2.5 with 0.2 M of HCl at 39°C. The intestinal fluid 
buffer (I-buffer) was prepared with 98.7 mM of NaCl, 16.4 
mM of KCl, 170 mM NaH2PO4, and 30 mM Na2HPO4 to 
match the in vivo ionic concentration of small intestinal fluid 
from growing pigs [7], and the pH of this buffer was adjusted 
to 6.4 with 0.2 N of NaOH or HCl at 39°C. 
 Flask shaking digestion: To initiate gastric digestion in a 
conical flask, 5 g of feed (6 replicates) was added to 12.5 mL 
G-buffer with pepsin (0.4 g) from porcine gastric mucosa 
(EC 3.4.23.1, Sigma P7000, >250 units/mg; Sigma-Aldrich, 
St. Louis, MO, USA) at 39°C for 4 h in a shaking water bath 
at 150 rpm. The reaction was stopped by adding 0.625 g 
NaHCO3 and adjusting the pH to 6.8 with 0.2 N HCl or 
NaOH. In the intestinal phase digestion, 200 mL of pre-
warmed (39°C) I-buffer was added to the conical flask and 
mixed well. Next, 0.5 g pancreatin from porcine pancreas 
(8×USP, Sigma P7547; Sigma-Aldrich, USA) in 50 mL I-buffer 
was slowly added to the flask in the shaking water bath using 
a syringe. The intestinal phase digestion proceeded at 39°C 
for the following 16 h in a shaking water bath at 150 rpm. A 
check valve was set on the top of the flask to release the accu-
mulated gas during the long reaction time. After the digestion 
process, the flask was moved to an ice bath to stop the reac-
tion and transfer the content into a 500 mL centrifuge tube. 
The residue was collected by centrifugation at 8,000×g for 20 
min (Model 7000; KOUBOTA, Tokyo, Japan). The precipi-
tate was resolved in 5 mL of distilled water then frozen at 
–80°C overnight. All collected samples were dried by lyophi-
lization and stored at 4°C as the fermentation substrate after 
weighing.
 Dialysis digestion: Digestion enzymes and buffers applied 
in the dialysis digestion process were the same as those used 
in the flask shaking method. To initiate gastric digestion in a 
dialysis bag, 5 g of feed (6 replicates) was added to 12.5 mL 
HCl (0.2 N) with 0.4 g pepsin and transferred into a 15 cm 
rehydrated dialysis bag (Spectra/Pro 3 RC, MWCO: 1000 
Da, diameter: 38 mm; Repligen, Rancho Dominguez, CA, 
USA). The bag was then trussed up and soaked in a 1 L beaker 
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containing 500 mL prewarmed (39°C) G-buffer and another 
1 L beaker containing 500 mL fresh, prewarmed (39°C) G-
buffer with a small infusion pump attached to the beakers. 
Both beakers were placed in a 39°C water bath, and the 
buffer circulating rate was set at 120 mL/min between the 
two beakers. After 4 h of dialysis, NaHCO3 (0.025 g) was 
added to the dialysis bag to terminate the gastric phase di-
gestion. Before the intestinal phase digestion, the dialysis 
bag was washed with warm distilled water, and then 5 mL 
filtered I-buffer with 0.5 g pancreatin (by Whatman No.1 
filter paper) was added to the bag. The dialysis bag was 
soaked in the same dialysis equipment described in the 
gastric phase digestion, but the G-buffer was replaced with 
I-buffer. After 16 h of intestinal phase digestion, all con-
tents of the dialysis bag were transferred to a 50 mL beaker 
and dried by lyophilization. The lyophilized samples were 

weighed and stored at 4°C as the fermentation substrate.
 In vitro fermentation process of colon phase simulation: To 
simulate the colon fermentation process, fecal inoculum was 
prepared from the feces of growing pigs fed the control diet 
(CP = 180 g/kg). The fresh feces, collected immediately from 
five growing pigs when they defecated, was mixed well with 
the prewarmed anaerobic buffer solution (1:5, w/v) and the 
mixture was used as fecal inoculum. The anaerobic buffer 
solution was prepared according to the formula proposed by 
Williams et al [10]. To simulate colon fermentation, the freeze-
dried residue after in vitro GI digestion was mixed with the 
fecal inoculum and anaerobic buffer (1:20:20, w/v/v) in a 
100 mL serum bottle under CO2 flushing (final reaction vol-
ume was 80 mL). The fermentation was performed in a water 
bath at 39°C for 48 h (six replicates per treatment). Each bottle 
was connected to an ANKOM pressure sensor module, and 

Table 1. Diet composition of experiment diets for growing pig (dry matter basis)1)

Items Control2) CP172) CP152) CP132)

Ingredients (%)
Corn, yellow dent 67.60 65.60 67.40 75.20 
Corn distiller's dried grains with solubles 4.20 5.00 6.00 0.20 
Soybeans, full fat 2.50 3.80 4.40 2.80 
Soybean meal, CP 48% 17.30 12.30 5.10 3.10 
Wheat bran 2.00 6.05 9.30 10.91 
Soybean oil 0.70 1.00 1.06 0.55 
Fish meal 2.00 2.00 2.00 2.00 
L-Lys∙HCl (78.8%) 0.09 0.40 0.62 0.75 
DL-Met 0.04 0.04 0.09 0.15 
L-Thr  - 0.11 0.19 0.27 
L-Trp  - 0.04 0.08 0.10 
L-Val  -  - 0.09 0.20 
L-Ileu  -  - 0.07 0.16 
L-Leu  -  -  -  -
Calcium phosphate (monobasic) 1.24 1.43 1.20 1.25 
Limestone 0.83 0.73 0.90 0.86 
Sodium chloride 0.50 0.50 0.50 0.50 
Vitamin and mineral premix3) 1.00 1.00 1.00 1.00 

Calculated composition
Net energy (kcal/kg) 2,474 2,473 2,485 2,489 
Crude protein (%) 18.00 17.00 15.00 13.00 

Analyzed composition (%) 
Dry matter 87.40 87.20 86.90 87.00 
Crude protein 17.90 17.10 15.02 13.20 
Crude fat 4.28 3.39 3.90 4.08 
Neutral detergent fiber 11.92 13.27 14.28 12.81 
Acid detergent fiber 5.41 5.78 6.01 4.92 
Ash 3.43 3.52 3.50 3.42 

CP, crude protein.
1) Diets used in the in vivo feeding experiment and in vitro vs in vivo comparing test: Control, CP17, and CP15; Diets used in the in vitro digestion experiment: 
CP17, CP15, and CP13. 
2) Control =  180 g CP/kg without essential amino acid (EAA) adjusted; CP17 =  170 g CP/kg; CP15 =  150 g CP/kg; and CP13 =  130 g CP/kg; all three diets 
were standardized ileal digestible (SID)-EAA adjusted.
3) Premix provided per kilogram of diet as following: vitamin A, 6,000 IU; vitamin D3, 800 IU; vitamin B12, 0.02 mg; vitamin E, 20 IU; vitamin K3, 4 mg; vitamin 
B1, 4 mg; pantothenic acid, 16 mg; niacin, 30 mg; pyridoxine, 1 mg; folic acid, 0.5 mg; biotin, 0.1 mg; Fe (FeSO4∙7H2O), 140 mg; Cu (CuSO4∙5H2O), 7 mg; Mn 
(MnSO4), 20 mg; Zn (ZnO), 70 mg; I (KI), 0.45 mg.
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the gas production was measured using a wireless ANKOM 
RF Gas Production System (ANKOM Technology Corpora-
tion, Fairport, NY, USA). 
 At the end of the incubation period, the cumulative gas 
production data were fitted to the multiphasic model described 
by Bauer et al [11] as follows:

 G = A/[1+(C/t)B]

where G is the total gas produced, A is the asymptotic gas 
production (mL), B is the switching characteristic of the curve, 
C is the time at which half of the asymptote has been reached 
(T1/2, h), and t is the time (h). 
 The maximum rate of gas production (Rmax) and the 
time at which it occurs (Tmax) were calculated according to 
the following equations [11]:

 Rmax = (A×(C)B×[Tmax
(-B-1)])/(1+(CB)×[Tmax

(-B)])2

 Tmax = C×([(B–1)/(B+1)]1/B)

 To compare the effect of different in vitro digestion meth-
ods on digestive performance, fermentation was performed 
on 1 g of digestion residue in 50 mL vaccine bottles, accord-
ing to the previously described fermentation operations in 
this study. The bottles were sealed with rubber stoppers and 
aluminum caps (18 replicates per treatment), without gas 
production measurements. After 12, 24, and 48 h of incuba-
tion, reactions in six vaccine bottles from each treatment 
group were terminated using an ice water bath, and the con-
tents were collected for the following assay.
 Fermented samples were collected and centrifuged at 
400×g at 4°C for 5 min to settle the residual particles. The 
supernatant was used for the analysis of microbial CP, whereas 
the residue was used for the analysis of dry matter (DM) and 
CP. This supernatant was further centrifuged at 12,000×g at 
4°C for 15 min. The supernatant obtained from the second 
centrifugation was used for the analysis of volatile fatty acids 
(VFA), odorous compounds, ammonia, esterase, amylase, 
protease, and urease. All samples for VFA and odorous com-
pounds assay were kept in –70°C before analyzed, but samples 
for testing ammonia and enzyme activity were kept on ice 
and analyzed immediately. Samples for VFA assay were acidi-
fied with 25% meta-phosphoric acid (4:1) and filtered using 
a 0.22-μm filter (Millipore Co., Bedford, MA, USA). For the 
odorous compound assay, one milliliter of the supernatant 
fraction from the second centrifugation was mixed with 3 mL 
acetonitrile, and the supernatant was collected after another 
centrifugation at 13,500×g at 4°C for 10 min. All samples for 
VFA and odorous compounds were stored at –20°C until 
analysis. 

In vivo feeding experiment
Total eighteen growing Landrace×Yorkshire barrows (initial 
body weight = 31.9±1.6 kg) were randomly divided into three 
groups: i) Control diet (CP: 180 g/kg, without SID-EAA ad-
justed); ii) CP17 (SID-EAA adjusted) diet; and iii) CP15 (SID-
EAA adjusted) diet. Animals in the same diet group were 
housed together in a sheltered pen. Animals were allowed to 
acclimate at the research facilities and fed the control diet for 
10 days before starting the experiment. Feed composition 
and nutrient values for feeding trials are also shown in Table 
1. Feed was provided twice daily (07:30 and 16:30), water 
was provided ad libitum, but the total feed weight was fixed 
at 2 kg/d/head. The total feed intake for each pen was recorded 
daily before the morning feeding, and the body weight of the 
individual animals was recorded weekly. Chromic oxide 
(393703; Merck, Darmstadt, Germany) was added at 0.5% of 
the diet as an external marker on the last four days of each 
week, and all fresh fecal samples were collected continuously 
for 4 days for digestibility estimation from each individual 
animal. NH3-N and enzyme activity in fecal samples were 
assayed immediately after collection, and the residual fecal 
samples were stored at –20°C for VFA and other odorous 
compound assays. 
 All animal care procedures used in this study were ap-
proved by the Institutional Animal Care and Use Committee 
of the National Taiwan University (approval no: NTU-107-
EL-00056). 
 The apparent total tract digestibility (ATTD) of DM and 
nitrogen was calculated using indirect methods according to 
the chromium content in the samples.
 Correlation between in vitro and in vivo parameters: Before 
the first day of the in vivo feeding experiment (all pigs were 
fed the control diet for 10 days), three fresh fecal samples 
collected from each treatment pen (total 9 samples) were 
mixed as the inoculum source to evaluate the correlation be-
tween in vitro fermentation products and the fecal products 
collected from the in vivo experiment. Each treatment diet 
(four replicates per treatment) was digested in vitro by the 
dialysis method as described previously, and two grams of 
the digestion residue was applied to the in vitro fermentation 
process of the colon phase. After 48 h of incubation, the fer-
mentation products and enzyme activity of the fermentation 
liquid were collected and assayed. The VFA, NH3-N, odorous 
compounds, and enzyme activity were assayed in pig feces 
collected at day 14 and day 28 to compare the correlation of 
each parameter between in vitro and in vivo experiments.

Chemical analysis
The DM (method 934.01), CP (method 954.01), total nitro-
gen (method 978.04), ether extract (method 920.39), neutral 
detergent fiber (method 2002.04), acid detergent fiber (method 
973.18), and ash content (method 942.05) of the feed sam-
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ples were analyzed according to the Association of Official 
Analytical Chemists [12] procedure. The chromium con-
centration in the fecal samples was determined using an 
atomic absorption spectrometer (AAnalyst 200; PerkinElmer 
Instruments, Norwalk, MA, USA). Ammonia-N was de-
termined using a colorimetric method according to the 
phenol-hypochlorite reaction [2]. The pH value during the 
in vitro fermentation period was measured using a pH 
meter (LAQUA 1000; HORIBA, Kyoto, Japan) at 12, 24, 
and 48 h. 
 For VFA and other odorous compounds assays, one gram 
of fresh fecal sample was mixed with 9 mL 0.1 N H2SO4 and 
collected using the centrifugal supernatant (12,000×g; 15 min; 
4°C) for high performance (pressure) liquid chromatogra-
phy (HPLC) assay. Another one gram of fresh fecal sample 
was mixed with 9 mL cold phosphate buffered saline by vor-
tex collected with the centrifugal supernatant (12,000×g; 15 
min; 4°C) for NH3-N and enzyme activity assay.
 Volatile fatty acids (acetic, propionic, and butyric acids) 
and odor compounds (p-cresol, indole, and 3-methylindole) 
were determined in an aliquot from the original acidified 
sample. For VFA analysis, the thawed sample (20 μL) was 
analyzed using HPLC with a UV detector (JASCO, Easton, 
MD, USA) at a wavelength of 210 nm. The VFAs were sepa-
rated using a Rezex ROA-Organic Acid H+ (8%) column 
(300 mm×7.8 mm; Phenomenex, Torrance, CA, USA) with 
0.01 N H2SO4 as the mobile phase at a flow rate of 0.5 mL/min 
and a column temperature of 40°C.
 For the odorous compound assay, the thawed sample (10 
μL) was analyzed using HPLC with a fluorescence detector 
(JASCO, USA). Compounds were separated using a LiChro-
spher 100 RP-18 (5 μm) LiChroCART 250-4 column (Merck, 
Burlington, MA, USA). The mobile phase was a mixture of 
200 mM ammonium formate and acetonitrile (52:48), the 
flow rate was 0.5 mL/min, the column temperature was set 
at 30°C, and the excitation and emission wavelengths of the 
detector were 270 and 340 nm, respectively.
 Microbial protease activity was analyzed by measuring 
the released amount of azo-group after incubating the sam-
ple with 0.8% azocasein (Sigma 11610; Sigma-Aldrich, USA) 
at 38°C for 30 min. The reaction was blocked by 10% tri-
chloroacetic acid addition on ice. After centrifugation, the 
absorbance at 450 nm was measured.
 Microbial urease and amylase were analyzed using the 
urease activity assay kit (K378; Biovision, Milpitas, CA, USA) 
and amylase assay kit (K-CERA, Megazyme, MI, USA) ac-
cording to the manufacturer’s instructions. Microbial esterase 
assays were conducted using p-naphthyl acetate substrate, as 
described by Schmidt and Bornscheuer [13], but the buffer 
system was replaced with sodium phosphate buffer (50 mM, 
pH 6.8) to simulate the pig fecal condition.

Statistical analysis
Statistical analyses were performed using SAS software (ver-
sion 14.1; SAS, Cary, NC, USA). Data of in vitro fermentation 
results from two different digestion methods under three 
different sampling time (each CP level diet with six fermen-
tation bottles) were compared using the general linear model 
(GLM) procedure in SAS for a 2×3 factorial treatment ar-
rangement. The analysis of variance included the main 
effects of the CP level, digestion method, and CP level × 
digestion method interaction. The statistical model used was: 

 Yijk = μ+αi+βj+(αβ)ij+eijk

where μ is the overall mean and eijk is the random error term. 
α and β are the effects of digestion method and CP level, re-
spectively. The effect of digestion method and interaction 
between digestion method and CP level was further divided 
into linear and quadratic effects using orthogonal polyno-
mial contrasts. The mean values and pooled standard errors 
of the means were reported. The digestion and fermentation 
results from in vitro and in vivo experiments were analyzed 
using the GLM procedure of SAS. The linear and quadratic 
effect of CP level in the in vivo experiment (three diets, six 
pigs for one treatment) were determined by orthogonal poly-
nomial contrasts. For metabolites, Pearson’s correlation was 
calculated and the analysis of the classification of means by 
the difference of least squares means method were performed 
using the CORR procedures of the SAS. The REG procedure 
of SAS was used to develop regression equations for in vitro 
and in vivo parameters. The probability level (p<0.05) was 
identified as statistically significant for all variables.

RESULT 

Comparison of in vitro digestion methods in 
digestibility and fermentation parameters
The effects of the in vitro digestion method on gas produc-
tion kinetics and fermentation products under different CP 
levels are shown in Table 2. According to the gas production 
parameters, the asymptotic gas production (A value) was 
not affected by the digestion method and CP level but only 
quadratic interaction between CP level and digestion method 
(p<0.001) existed. However, the characteristics of the curve 
(B value) and the half-time of maximum gas production (C 
value) were affected by the digestion method (p<0.001). The 
Rmax values during the fermentation period were affected by 
both CP levels (p<0.001) and digestion method (p<0.001), 
but the Tmax values were not affected by digestion method. 
The dialysis digestion method showed a greater B value and 
Rmax (p<0.001). The difference in half-time and Tmax between 
CP levels after the dialysis digestion method also indicated 
that this method could distinguish the effect of CP levels 
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during in vitro gastric intestinal digestion. 
 The in vitro DM and CP disappearance were affected by 
the digestion method and dietary CP level (p<0.001), but 
higher CP levels resulted in greater in vitro GI phase and total 
DM disappearance. In all dialysis digestion treatments, the 
in vitro total CP disappearance was over 90%, but it was 
lower in flask digestion treatments. Notably, the CP15 diet 
showed lower in vitro GI phase and total CP disappearance 
in both digestion methods and quadratic effect of CP level 
and quadratic interaction between CP level and digestion 
method were shown in total CP digestibility (p<0.001), but 
the NH3-N concentration at 48 h was not associated with the 
in vitro CP digestibility (Table 3). 
 Both pH and NH3-N concentrations were higher in flask 
digestion treatments compared with dialysis digestion group 
after 12, 24, and 48 h of fermentation. Data from different 
sampling time also showed the effect of method, quadratic 
effect of CP level and quadratic interaction between CP level 
and digestion method on acetic acid and propionic acid (p< 
0.001). However, the VFA fermentation results were very 
similar for the three CP levels after flask digestion.
 After 48 h of fermentation, the concentrations of total 
VFA, acetate, and butyrate were higher in the dialysis diges-
tion group than in the flask digestion group and increased 
with increasing CP level. However, similar total and individual 
VFA concentrations were shown among the three flask di-
gestion treatments (Table 3). The individual VFA ratios also 
exhibited different trends between the two digestion methods. 
The calculated value of acetate to propionate ratio (Ac/Pr) 
ranged from 1.75 (in CP17 diet) to 3.10 (in CP13 diet) among 
dialysis digestion treatments, but it was closed to 1.0 in all 

flask digestion treatments. A higher propionate concentra-
tion was observed after flask digestion than after dialysis 
digestion, but the CP level had no effect on propionate con-
centration after flask digestion. Flask digestion caused a higher 
NH3-N concentration at the end of fermentation (p<0.001), 
and the decreased CP level resulted in lower NH3-N. 
 The flask digestion treatments showed higher esterase and 
urease activities than the dialysis digestion treatment (p<0.001), 
but the amylase activity showed no differences among CP 
levels after 24 h and 48 h of fermentation. The protease and 
urease activities after 48 h of fermentation were affected by 
CP level (p<0.001) and digestion method (p<0.001), and the 
quadratic effect of CP level (p = 0.021) were shown in urease 
activities.
 According to the NH3-N concentration measured after 
different fermentation times of all treatments, the NH3-N 
concentration was highly related to protease and urease ac-
tivity (R2 = 0.84 and 0.94, respectively; Figure 1a and 1b). A 
high coefficient of determination was also shown in the re-
gression analysis between protease activity and urease activity 
(R2 = 0.87; Figure 1c).

Correlation of in vitro fermentation products
The correlation coefficients between in vitro fermentation 
products are shown in the upper half of Table 4. The correla-
tion coefficients between protease and odor compounds 
were significant for indole (r = 0.82, p = 0.002) and NH3-N (r 
= 0.81, p<0.001). There also existed a strong relationship be-
tween urease and protease (r = 0.91, p<0.001). The results 
showed that the relationship between urease and odor com-
pounds was strong for p-cresol (r = 0.88, p = 0.015) and 

Table 2. The effect of diet protein adjustment and digestion methods on fermentation parameters after 48 h fermentation1)

Inoculation
Flask Dialysis

SEM
p-value2)

CP17 CP15 CP13 CP17 CP15 CP13 M CPL  CPQ MCPL MCPQ

Gas production parameters3)

A (mL) 152.31 144.31 145.04 145.25 139.62 143.96 1.60 0.071 0.066 0.168 0.548 < 0.001
B (h–1) 1.68 1.57 1.70 1.96 1.99 1.95 0.05 < 0.001 0.933 0.971 0.029 < 0.001
C (h) 10.54 11.91 10.56 6.54 7.44 9.43 0.51 < 0.001 0.005 0.501 0.001 < 0.001
Tmax (h) 4.67 4.46 4.38 3.65 4.46 5.09 0.15 0.501 0.026 0.997 0.001 < 0.001
Rmax (h

–1) 8.88 7.49 8.89 14.26 12.37 9.71 0.62 < 0.001 < 0.001 0.429 < 0.001 < 0.001
In vitro disappearance %4)

GI phase DM 66.35 61.12 59.21 70.57 59.85 57.53 0.34 < 0.001 < 0.001 0.004 0.006 0.009
Total DM 73.41 67.63 65.18 77.15 74.69 71.09 0.19 < 0.001 < 0.001 0.169 < 0.001 0.224
GI phase CP 60.76 65.94 67.53 65.37 71.58 75.24 0.18 < 0.001 < 0.001 0.004 < 0.001 0.003
Total CP 88.67 87.12 87.64 91.44 90.59 91.62 0.06 < 0.001 < 0.001 < 0.001 < 0.001 0.008

SEM, standard error of the means; GI, gastric-intestinal; DM, dry matter; CP, crude protein. 
1) CP17 =  170 g CP/kg; CP15 =  150 g CP/kg; and CP13 =  130 g CP/kg; all three diets were standardized ileal digestible essential amino acid (SID-EAA) 
adjusted.
2) M, digestion methods; CPL, linear effect of CP level; CPQ, quadratic effect of CP level; MCPL, linear interaction between CP level and digestion method; 
MCPQ, quadratic interaction between CP level and digestion method.
3) A, asymptotic gas production; B, switching characteristic of the curve; C, the time at half of the asymptote has been reached; Tmax, the time at Rmax occurs; 
Rmax, the maximum rate of gas production.
4) GI phase, enzyme digestion with pepsin (in G-buffer) and pancreatin (in I-buffer); Total, GI phase+fecal inoculation fermentation for 48 h.
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NH3-N (r = 0.92, p<0.001). However, the correlation coeffi-
cients between enzyme activity (protease and urease) and 
skatole were less than 0.70. The assay results showed a sig-
nificant correlation between odor compounds and aromatic 
amino acid metabolism (indole, p-cresol, and skatole). How-
ever, no significant correlation was found between the total 
VFA concentration and other odor compounds. 

Animal study
Effect of diet on digestibility: After 4 weeks feeding, the body 
weight of control, CP17, and CP15 were 52.3 kg, 60.3 kg, 
and 53.1 kg, respectively. The body weight gain of three treat-
ments during four weeks were 20.3 kg, 27.3 kg, and 21.2 kg, 
respectively. Owing to six pigs in each treatment being fed 
together with one feeder, the body weight and average daily 

Table 3. The effect of diet protein adjustment and digestion methods on fermentation product and enzyme activity during 48 h fermentation1)

Inoculation
Flask Dialysis

SEM
p-value2)

CP17 CP15 CP13 CP17 CP15 CP13 M CPL CPQ MCPL MCPQ

----------------------------------------------------------------------------------- 12 h -----------------------------------------------------------------------------------------
pH 6.29 6.48 6.06 6.1 6.03 6.01 0.03 < 0.001 < 0.001 < 0.001 < 0.001 0.518 
VFA

Acetic acid (mM) 6.61 6.6 6.63 7.76 10.05 10.95 0.11 < 0.001 < 0.001 0.004 < 0.001 < 0.001
Propionic acid (mM) 6.40 6.32 6.36 4.99 4.55 3.44 0.15 < 0.001 < 0.001 0.553 < 0.001 < 0.001
Butyric acid (mM) 3.35 3.19 3.27 4.96 4.53 4.40 0.09 < 0.001 0.005 0.271 0.064 0.124 
Total VFA (mM) 16.36 16.11 16.26 17.7 19.14 18.79 0.24 < 0.001 0.063 0.295 0.010 0.143 

NH3-N (mg/dL) 85.8 116.76 108.5 61.55 49.8 31.31 5.85 < 0.001 0.069 0.082 < 0.001 < 0.001
Enzyme activity3)

Esterase 3.68 5.33 3.35 3.79 3.44 2.35 0.12 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Amylase 2.02 1.97 2.84 2.53 1.58 3.52 0.3 0.328 0.002 0.013 0.230 0.681 
Urease 3.62 5.15 4.74 2.01 2.69 1.24 0.22 < 0.001 < 0.001 < 0.001 0.001 < 0.001
Protease 2.71 2.89 2.91 2.59 2.74 2.45 0.10 0.013 0.283 0.292 0.238 0.208 

---------------------------------------------------------------------------------- 24 h ---------------------------------------------------------------------------------- 
pH 5.62 5.61 5.51 4.99 5.14 4.98 0.03 < 0.001 0.002 0.005 0.050 0.637 
VFA

Acetic acid (mM) 12.7 12.66 12.74 16.45 18.09 19.22 0.25 < 0.001 < 0.001 0.878 < 0.001 < 0.001
Propionic acid (mM) 12.29 12.14 12.2 9.13 7.72 6.18 0.26 < 0.001 < 0.001 0.997 < 0.001 < 0.001
Butyric acid (mM) 6.03 5.75 5.88 8.18 7.40 6.80 0.14 < 0.001 < 0.001 0.543 0.004 0.007 
Total VFA (mM) 31.02 30.55 30.82 33.76 33.22 32.21 0.44 < 0.001 0.176 0.986 0.262 0.368 

NH3-N (mg/dL) 90.73 158.39 105.3 93.85 77.24 51.51 3.65 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Enzyme activity3)

Esterase 3.88 4.17 3.69 2.89 3.13 2.00 0.16 < 0.001 < 0.001 0.008 0.098 0.047 
Amylase 4.97 5.04 5.01 5.04 5.02 5.02 0.01 0.054 0.268 0.334 0.005 0.084 
Urease 3.61 7.19 5.06 3.36 2.87 2.37 0.20 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Protease 2.68 2.74 2.68 2.71 2.83 2.52 0.10 0.843 0.216 0.317 0.475 0.519 

---------------------------------------------------------------------------------- 48 h ---------------------------------------------------------------------------------- 
pH 5.74 5.93 5.81 5.54 5.45 5.22 0.07 < 0.001 0.064 0.214 0.035 0.023 
VFA

Acetic acid (mM) 15.42 14.55 14.92 20.90 23.27 24.85 0.88 < 0.001 < 0.001 0.914 < 0.001 < 0.001
Propionic acid (mM) 14.14 14.59 13.72 11.94 9.99 8.00 0.51 < 0.001 < 0.001 0.355 < 0.001 < 0.001
Butyric acid (mM) 7.80 7.43 7.60 10.57 9.57 8.80 0.25 < 0.001 < 0.001 0.543 0.004 0.007 
Total VFA (mM) 37.36 36.57 36.24 43.41 42.83 41.64 0.65 < 0.001 0.019 0.995 0.618 0.767 

NH3-N (mg/dL) 465.71 398.87 403.00 247.8 136.9 102.9 35.24 < 0.001 < 0.001 0.523 0.282 0.566 
Enzyme activity3)

Esterase 4.90 6.05 5.58 4.62 4.09 3.39 0.44 0.560 0.001 0.614 0.106 0.105 
Amylase 1.69 2.55 2.76 2.53 1.84 1.83 0.32 0.331 0.864 0.998 0.032 0.055 
Urease 9.79 6.97 7.11 7.81 4.03 3.26 0.48 < 0.001 < 0.001 0.021 < 0.001 0.001 
Protease 3.15 3.13 3.14 4.19 3.15 3.11 0.09 0.001 0.001 0.445 < 0.001 0.002 

CP, crude protein; VFA, volatile fatty acid; SEM, standard error of the means.
1) CP17 =  170 g CP/kg; CP15 =  150 g CP/kg; and CP13 =  130 g CP/kg; all three diets were standardized ileal digestible essential amino acid (SID-EAA) 
adjusted.
2) M, digestion methods; CPL, linear effect of CP level; CPQ, quadratic effect of CP level; MCPL, linear interaction between CP level and digestion method; 
MCPQ, quadratic interaction between CP level and digestion method. 
3) Unit of enzyme activity: Esterase, p-Naphthol μmole/mL/min; Amylase, 100 × glucose nmole/mL/min; Urease, μmole NH3/mL/min; Protease, μg azo-
group/mL/min.
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gain during the feeding experiment were not statistically an-
alyzed. 
 The ATTD of DM indicated that the CP17 diet resulted in 

a better ATTD of DM each week (Table 5). Both SID-EAA 
diets showed higher ATTD of DM than control diet (a high-
CP diet without SID-EAA adjustment) after 3 weeks and 4 

Table 4. Correlation coefficients (r) between fermentation products1) of in vitro fermentation samples (upper half) and in vivo fecal samples (lower 
half)

r Ac1) Pr1) Bu1) TVFA1) NH3-N p-Cresol Indole Skatole Protease Urease
In vitro fermentation samples (substrates from dialysis digestion method)

Ac - 0.365* 0.316 0.820*** 0.526** 0.074 0.606*** 0.191 0.424** 0.466**
Pr 0.300 - –0.550* 0.864*** –0.020 –0.338 –0.555** 0.097 0.023 –0.022
Bu –0.006 0.847*** - 0.801*** 0.004 0.362* 0.770*** 0.262 0.693*** 0.035
TVFA 0.628** 0.916*** 0.745*** - 0.255 0.257 0.731*** 0.213 0.221 0.232
NH3-N 0.329 –0.236 –0.322 –0.063 - 0.800*** 0.591*** 0.749*** 0.805*** 0.918***
p-Cresol –0.162 0.220 0.311 0.133 0.424 - 0.709*** 0.732*** 0.617** 0.876***
Indole 0.372 0.581* 0.488* 0.627** 0.468 0.702*** - 0.819*** 0.820*** 0.523**
Skatole –0.082 0.144 0.299 0.131 0.601** 0.771*** 0.661** - 0.629*** 0.668***
Protease –0.022 –0.602** –0.497* –0.470* 0.859*** 0.315 0.105 0.583* - 0.905***
Urease 0.007 –0.513* –0.464 –0.402 0.843*** 0.275 0.110 0.613** 0.967*** -

In vivo fermentation samples
1) Ac, acetate; Pr, propionate; Bu, butyrate; TVFA, total volatile fatty acids.
* p < 0.05; **, p < 0.01; ***, p < 0.001; without labeled, non-significant.

Figure 1. The linear relationship between (a) NH3-N concentration and protease activity; (b) NH3-N concentration and urease activity; (c) protease 
activity and urease activity. Data collected from each sampling time during 48 h in vitro fermentation (substrates from dialysis digestion method). 
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Table 5. Nutrient apparent total tract digestibility of in vivo feeding experiment

Item2) Treatment1)

SEM
p-value3)

Control CP17 CP15 L Q

Apparent total tract digestibility of dry matter (%)
Week 1 (d 4 to 7) 71.76 73.09 72.67 0.36 0.273 0.216
Week 2 (d 11 to 14) 71.98 78.97 73.09 0.46 0.308 < 0.001
Week 3 (d 18 to 21) 70.20 75.99 75.92 0.36 < 0.001 0.002
Week 4 (d 25 to 28) 68.12 72.15 70.56 0.51 0.041 0.012

Apparent total tract digestibility of nitrogen (%)
Week 1 (d 4 to 7) 89.27 89.66 87.43 0.21 0.025 0.007
Week 2 (d 11 to 14) 90.14 93.04 90.46 0.10 0.146 < 0.001
Week 3 (d 18 to 21) 88.26 92.75 89.74 0.19 0.004 < 0.001
Week 4 (d 25 to 28) 85.05 89.06 87.36 0.17 < 0.001 < 0.001

CP, crude protein; SEM, standard error of the means.
1) Control =  180 g CP/kg without essential amino acid (EAA) adjusted; CP17 =  170 g CP/kg with standardized ileal digestible essential amino acid (SID-EAA) 
adjusted; CP15 =  150 g CP/kg with SID-EAA adjusted.
2) Sampling time of feces at the week showed in the brackets. 
3) L, linear effect of CP level; Q, quadratic effect of CP level.
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weeks of feeding (p<0.05). The CP17 diet also resulted in 
better ATTD of nitrogen during experiment period (qua-
dratic effect of CP level, p<0.01). The ATTD of nitrogen in 
the control group was lower than that in the other treatment 
groups after 3 weeks and 4 weeks of feeding (p<0.01), but 
the quadratic effect of CP level (p<0.01) was shown during 
feeding period. 
 Effect of diet on odorous compounds in feces: To evaluate 
the effect of SID-EAA adjustment on odor emission, the 
concentration of fecal odorous compounds was assayed at 
week 2 (sampling time was d 11 to d 14) and week 4 (sam-
pling time was d 25 to d 28) (Table 6). At week 2, the highest 
concentrations of total VFA, NH3-N, and indole were ob-
served in the high CP diet without adjustment (control diet). 
The CP17 diet resulted in similar p-cresol and skatole con-
centrations to the control diet at week 2. However, after 

feeding for 4 weeks, the concentration of all odorous com-
pounds from amino acid metabolism was lower in pigs fed 
diets with SID-EAA adjustment (CP17 and CP15). It should 
be noticed that diet CP level showed linear (p<0.001) and 
quadratic (p = 0.006) effects on skatole concentrate at week 
2 and week 4, the skatole emission decreased over 50% when 
the CP15 diet was fed. This indicated that the odor emission 
decreased when the diet CP level decreased, especially in the 
lower CP diet with SID-EAA adjustment. 
 According to the correlation observed between fermenta-
tion products and enzyme activity from in vitro experiments, 
urease and protease activity seem to be closely associated 
with odor emission in feces. The activities of both enzymes 
in the fecal samples are also listed in Table 6. The highest 
protease and urease activities were observed in the group fed 
the control diet at week 2 and week 4. 

Table 6. The effect of different crude protein (CP) level on the concentration of volatile fatty acid (VFA) nitrogen related odorous compounds daily 
emission, and fecal enzyme activity in growing pig feces

Item1) Treatment2)

SEM
p-value3)

Control CP17 CP15 L Q

------------------------------------------------------------ Week 2 (d 11 to d 14) ----------------------------------------------------------------
VFA in fresh faeces (mM)

Acetic acid 54.73 36.17 44.68 1.71 0.038 0.005
Propionic acid 45.48 37.90 37.99 1.04 0.037 0.206
Butyric acid 29.50 33.22 25.84 0.63 0.186 0.028
Total VFA 129.71 107.29 108.51 2.49 0.006 0.045

Nitrogen related odorous compounds excretion (mg/d/head)
NH3-N 275.84 108.01 122.83 8.66 < 0.001 < 0.001
Indole  10.43 7.43 5.80 0.22 < 0.001 0.199
p-Cresol 125.24 119.67 72.64 4.20 < 0.001 0.003
Skatole 30.78 29.3 11.65 0.84 < 0.001 0.002

Enzyme activity4)

Urease 5.87 5.44 5.42 0.07 0.032 0.241
Protease 5.89 5.55 5.23 0.02 < 0.001 0.954

----------------------------------------------------------- Week 4 (d 25 to d 28) --------------------------------------------------------------------
VFA in fresh faeces (mM)

Acetic acid 43.23 41.31 49.05 2.47 0.523 0.534
Propionic acid 32.71 18.24 28.61 0.98 0.203 0.001
Butyric acid 26.65 11.16 21.83 0.75 0.104 < 0.001
Total VFA 102.59 70.72 99.49 3.16 0.823 0.001

Nitrogen related odorous compounds excretion (mg/d/head)
NH3-N 350.26 263.71 243.14 13.28 0.001 0.902
Indole  8.51 6.15 5.69 0.21 0.001 0.089
p-Cresol 122.22 102.18 72.74 3.99 0.001 0.762
Skatole 51.51 21.63 15.23 1.37 < 0.001 0.006

Enzyme activity4)

Urease 7.16 6.61 6.17 0.07 < 0.001 0.891
Protease 7.13 6.77 6.29 0.02 < 0.001 0.317

SEM, standard error of the means.
1) Sampling time of feces at the week showed in the brackets.
2) Control =  180 g CP/kg without essential amino acid (EAA) adjusted; CP17 =  170 g CP/kg with standardized ileal digestible (SID)-EAA adjusted; CP15 =  
150 g CP/kg with SID-EAA adjusted.
3) L, linear effect of CP level; Q, quadratic effect of CP level.
4) Urease activity: μmol NH3 released/mL/min; Protease activity: mg azo-group released/mL/min.
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The relationship between enzyme activity and odor 
emission from nitrogen metabolites
Since the protease and urease activities seem to be closely 
connected to the odorous compounds related to nitrogen 
metabolism in both in vitro and in vivo experiments, the 
correlation coefficient between urease activity and NH3-N 
was 0.92 and 0.84 in the in vitro and in vivo experiments, re-
spectively (Table 4). The correlation coefficients between 
protease activity and measured nitrogen metabolite concen-
tration in the in vitro experiment ranged from 0.62 to 0.82. 
Compared with protease activity, urease activity was more 
closely related to nitrogen odorous metabolite concentra-
tions in the in vivo experiment. In the in vivo experiment, it 
is worth noting that both protease and urease activity were 
related to the skatole concentration in the fecal sample (r = 
0.58 and 0.61, respectively).

DISCUSSION

In vitro digestion method
The major advantage of in vitro digestibility experiments is a 
decrease in the experimental cost and the number of animals 
required. Many in vitro methods have been established to 
study the in vitro digestibility of animal diets and to predict 
in vivo digestibility. The three-step in vitro model of the pig’s 
gastrointestinal tract, combining enzymatic hydrolysis and 
dialysis with batch fermentation and fecal inoculation, pro-
ceeded well in previous studies [5,10]. However, numerous 
studies of fermentation evaluation after gastro-intestinal en-
zyme digestion have applied the flask shaking method in the 
gastro-intestinal phase [3]. When the whole gastro-intestinal 
phase in vitro digestion proceeds in sealed containers, the 
products cannot be removed or absorbed, resulting in a dif-
ference from true in vivo gastrointestinal tract digestion and 
absorption in the animal. While many studies have applied 
filtration or acid precipitation to remove the soluble part of 
digesta after flask digestion, the feedback inhibition of en-
zymes during the digestion process is still inconclusive [4].
 Jaworski et al [14] showed that replacing buffer during the 
in vitro gastro-intestinal digestion process increased the di-
gestion product removal efficiency and led to higher nitrogen 
digestibility, which could explain the higher in vitro DM and 
CP digestibility observed in the dialysis method than in the 
flask method. The feedback inhibition effect of digestion 
product to digestive enzymes could be decreased through 
the dialysis process. Compared to the flask method, the sub-
strates from the dialysis method had a shorter C value (time 
for 1/2 max gas production) and showed differences among 
CP level treatments. It implied that the digested residual from 
the dialysis method had less fermentable materials. Both 
Tmax and Rmax values changed according to the diet CP level 
after dialysis digestion, and the analysis result also showed 

the digestion method effect was significant in fermentation 
rate. This suggested that the removed digestion products 
affected the fermentation performance, and the dialysis 
method showed better distinguishability to different levels 
of protein diets. Bauer et al [11] suggested that the degree 
of feedstuff digestion affects the C, Tmax, and Rmax during fer-
mentation, and while flask digestion may show good results 
for single feedstuff evaluation, it showed a defect in evalu-
ating the fermentation potential of a mixed diet.
 According to the fermentation results, the individual VFA 
and the total VFA concentrations among the different CP 
level diets were very similar after flask digestion. This implies 
that fermentable carbohydrates in these digestion residues 
showed no difference. The soluble carbohydrate and fiber 
content in the digestion residue affects the Ac/Pr ratio [14], 
and the level of VFA production during fermentation can 
provide a good prediction of the degree of fermentation of 
dietary carbohydrates. However, residuals from the flask di-
gestion method showed a low ability to distinguish between 
the fermentation products, especially in the predictive ability 
of VFA composition. A previous study comparing in vitro 
and in vivo digestion results indicated that the flask digestion 
method was not correlated with in vivo digestibility data ob-
tained from fecal samples [15]. In this study, the in vivo DM 
digestibility coefficients of the CP17 and CP 15 diets ranged 
from 70.6% to 78.9%, and the in vivo nitrogen digestibility 
ranged from 87.3% to 93.0%. In terms of in vitro digestibility 
results, the results from the dialysis method showed closer 
relation to the in vivo data, but the lower CP digestibility after 
flask digestion led to more nitrogen compounds being avail-
able for subsequent fermentation, and higher undegraded 
diet proteins flowing into the colon resulted in the higher 
odor emission in feces [1]. In this study, the decrease in the 
GI phase CP digestibility also resulted in higher ammonia 
production after fermentation. This suggests that the flask 
method may not provide exact results among diets with similar 
feedstuff composition. 
 The lower fecal esterase and amylase activities in the in vi-
tro study may be due to the high digestibility of lipids and 
starch during the in vitro GI phase digestion. According to 
the data on enzyme activity change during fermentation and 
the diet composition, esterase activity seems to have no cor-
relation with the dietary fat levels. The diversity in amylase 
activity is likely related to the remaining starch (composition 
of corn in diet) after 12 h fermentation, but showed no dif-
ference after 24 h. Based on the results of in vitro fermentation 
product correlation assay, protease and urease activities could 
be predictors for NH3-N emission. However, urease seems 
to be more sensitive to the final NH3-N concentration in this 
study. A previous study on ureolytic activity and NH3-N con-
centration in pig feces also indicated that urea hydrolysis rates 
provide a basis for more accurate prediction of ammonia 
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volatilization rates from animal production [16]. It suggested 
that the esterase and amylase activities could be a parameter 
for residual lipid and starch digestion during fermentation, 
respectively. Additionally, Protease and urease could be para-
meters for residual nitrogen metabolism during fermentation. 
Macfarlane and Gibson [17] also indicated that at least 12 
families of common bacteria in the intestine could produce 
urease. An intestinal microbiota study showed that Lacto-
bacillales, Lachnospiraceae, and Streptococcaceae groups 
were positively associated with fecal protease activity across 
the entire study population, which was also related to the 
odorous compounds from protein metabolism products of 
intestinal microbiota.
 Comparing the results of the flask and dialysis methods, 
the urease activity results measured using the dialysis method 
were more closely related to the NH3-N concentration than 
the flask method. The effect analyzed by orthogonal polynomial 
contrast also showed the change of urease greatly resembled 
NH3-N emissions. This implies that urease activity may have 
increased reliability as a predictive parameter for NH3-N 
emissions when dialysis digestion is applied before fermen-
tation. 
 Analyzing the VFA, NH3-N, enzyme activity, and digest-
ibility data between the two in vitro digestion methods, it 
can be suggested that the fermentation residual substrates 
from the dialysis method were more similar to those in in 
vivo digestion. The VFA and NH3-N results indicated that 
both the CP level and digestion method affected the fermen-
tation products. However, the dialysis method showed better 
distinguishability with respect to diet CP-level adjustment. 
In terms of three-step digestion–fermentation in vitro evalu-
ation, the flask method may lead to vague end-point product 
characteristics after fermentation by fecal inoculation.

In vivo experiment
Li et al [18] indicated that decreasing dietary CP levels with 
EAA supplementation could maintain the growth perfor-
mance of growing pigs. Furthermore, some studies also 
reported that a lower CP (decreased to 2% to 4%) diet with 
SID-EAA adjustment improved the growth performance 
of growing pigs [2,19]. Le Bellego et al [19] indicated that a 
4% decrease in dietary CP level reduced N-excretion by 37% 
but did not affect growth and carcass composition as long 
as the ratios between essential amino acids and net energy 
are kept optimal.
 The VFA performance of the fecal samples indicated that 
the control group had the highest total VFA concentration 
during the experimental period, which suggested that the 
available fermentation substrate was abundant in the control 
group. Lower DM and nitrogen digestibility in the control 
group may be a reason for this result. Butyrate was identified 
as a major energy source for the intestines, and up to 95% of 

microbial-produced butyrate has been estimated to be con-
sumed by the colon [14]. 
 Many feeding studies have reported a reduction in NH3 
emissions by decreasing the CP level of the diet. Kay and Lee 
[20] reported up to approximately 47% reduction in NH3 
emissions in pigs fed with low dietary CP (reduced from 
21% to 15%) during the growing phase. Otto et al [21] also 
reported a 49% decrease in NH3 emissions when growing 
pig dietary CP was reduced from 15% to 12%. In this study, 
decreasing the CP level with SID-EAA adjustment resulted 
in a better effect on NH3-N reduction. Compared to the con-
trol diet, the CP17 and CP15 diets resulted in a 48% and 53% 
reduction in NH3-N, respectively, after 2 weeks of feeding. 
When urine meets fecal matter, urinary urea is converted 
back to NH3-N via the action of bacterial urease present in 
the feces. Lower urease activity was observed in the fecal 
samples from the CP17 and CP15 feeding groups, suggest-
ing that when urine was mixed with these feces, NH3-N 
production could be lowered. The NH3-N reduction with 
lower urease and protease activities resulting from low CP 
diet was in accordance with the in vitro results of this study. 
The fecal metabolite correlation result also indicated that 
protease and urease activities were closely related to NH3-N 
production. The NH3-N reduction data in the present study 
suggest that urease and protease showed good predictability 
with fecal NH3-N emissions. 
 Among fecal odor compounds, phenols, indoles, and 
branched chain fatty acids (BCFA) showed greater odor in-
tensity and annoyance with a lower odor detection threshold 
than others [1]. Indole, p-cresol, and skatole account for over 
90% of the odor activity among all volatile organic compounds 
resulting from the pig production process [16]. In particular, 
p-cresol is mostly responsible for the overall odor impact 
from volatile organic compounds emissions [20]. Compared 
to the control diet, the CP15 diet decreased p-cresol produc-
tion by over 65% in fecal samples, but the CP17 diet showed 
less effect on reducing p-cresol. A previous, long-term study 
[22] on feeding pig with decreasing CP also indicated that a 
low-CP diet (CP levels reduced by 4% of normal) decreased 
the concentrations of phenol and skatole, but it had no effect 
on decreasing the concentration of p-cresol even after 77 days 
of feeding.
 Cho et al [23] indicated that a decrease of 2.5% CP in the 
diet (from 20% to 17.5%) had no effect on the reduction of 
skatole and p-cresol in slurry, but it decreased the indole 
emission. However, when the CP content decreased to 15%, 
all odor compounds were reduced after four weeks of feeding. 
The odor compound performance in the study of Cho et al 
[23] was similar to the present in vivo study and it might be 
associated with changes in bacterial communities, especially 
in the roles in protein metabolism. According to a previous 
bacterial community and abundance assay, Bacteroides and 
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Clostridium were more abundant in the lower CP group 
than in the higher CP group. These bacteria produce lesser 
amounts of short chain fatty acid, BCFA, and indole during 
undigested protein degradation [24]. Wong et al [25] also 
indicated that the Clostridiaceae family is closely related to 
tryptophanase and p-cresol production enzymes. The corre-
lation result in the present study indicated that protease and 
urease activities showed moderate to good correlation with 
skatole, but no strong relationship was observed between these 
enzyme activities and the other two protein metabolic com-
pounds (p-cresol and indole). 
 Compared with the control diet, the CP17 diet in the 
present study still showed a reduction in protein-related 
odor compounds. This may be explained by the balanced 
amino acid composition in the feed which, in turn, could 
have resulted in a reduced flow of undigested protein to the 
colon for fermentation. Recharla et al [26] indicated that the 
administration of a pig diet formulated with the ideal pro-
tein content improves gut fermentation and reduces odor by 
modulating the gut microbial community. The odor com-
pound reductions in the present study are in line with the 
previous studies on lower CP-diet; the lower CP-diet with 
SID-EAA adjustment also contributed to odor emission. 
Hobbs et al [27] indicated that compared to growing pigs 
fed on diet with 21% CP, the 14% CP diet plus EAA resulted 
in an approximately 40% decrease in nitrogen excretion and 
also reduced the concentrations of most odorants in the slurry. 
An in vitro study by Turner et al [28] also showed that NH3 
emissions from manure reduced by over 75% by decreasing 
the dietary CP level in the growing phase diet from 16% to 
12% and adding EAA.

Predictability of in vitro markers for in vivo 
experiments
To evaluate the effect of feed on animals more efficiently, es-
tablishing a suitable in vitro evaluation model could be a 
good alternative. However, the effective markers or parame-
ters to predict in vivo results using the in vitro assay procedure 
should be selected first. 
 Based on the correlation between the results of in vitro 
and in vivo odor compound emissions, a further assay of the 
ability of protease and urease as odor emission markers was 
performed in the present study. All assay results of the cor-
relation between fecal enzyme (protease or urease) and odor 
compound emissions implied that both protease and urease 
showed a positive correlation with all tested compounds, es-
pecially in NH3-N and skatole emission. However, the in 
vivo p-cresol and indole emissions showed less sensitivity to 
increasing protease or urease activity. According to the cor-
relation coefficients between fecal parameters in this study, 
protease and urease activities are closely related to the odor 
emission from nitrogen metabolism compounds. Both pro-

tease and urease activities seemed to be valuable markers for 
predicting p-cresol concentration in the in vitro experiment, 
but not consistent with the in vivo experiment.
 Although the products from the fermentation of carbohy-
drate and protein digestion residues provided the direct odor 
compound formation level in vitro, the absorption of fer-
mentation products, especially VFA, could not be simulated 
by in vitro tests. Zhang et al [29] indicated that high-protein 
diets increased the microbial fermentation of nitrogen com-
pounds and increased the concentrations of metabolites 
derived from microbial AA metabolism, especially in the 
distal part of the intestine. The concentration of end-products 
in feces may not directly reflect microbial catabolic activity 
as the concentration depends on the rates of production and 
absorption. A study on microbial composition and catabolic 
activity in the colon indicated that both Clostridiaceae and 
Enterobactetiaceae are matched with bacterial families, con-
taining urease, tryptophanase, and p-cresol production 
enzymes [25]. This suggests that microbial enzyme activity 
might be a potential marker for odor product formation. 
 A previous in vivo study reported that microbial urease 
could be applied as a marker for the gut microbiome, as well 
as for evaluating fecal nitrogen metabolites [25]. According 
to the correlation analysis results between enzyme activity 
and in vitro/in vivo odor products, both protease and urease 
allowed good evaluation of odor compound formation when 
the diet CP levels changed in the present study. The in vitro 
enzyme activity assay trends also greatly resembled the in 
vivo results, which implied that the in vitro enzyme assay 
might be connected to the in vivo results. Some previous 
studies have described that in vitro studies can be useful for 
investigating microbial capabilities in this respect [6,26]. The 
application of pig feces as an inoculum for in vitro gas pro-
duction evaluation has been conducted to investigate the 
fermentation of different protein sources, and batch culture 
studies with human fecal microbiota have also provided an 
effective metabolite profile of peptides and AA fermentation 
[30].

CONCLUSION

In conclusion, a suitable GI phase in vitro digestion by dialysis 
followed by fecal inoculation fermentation was established 
in the present study. To evaluate the emission impact of pig 
diets, the accuracy and convenience of evaluation could be 
improved by applying the present in vitro experimental models 
to investigate odor and nitrogen waste emissions before animal 
experiments. The diet selected after in vitro evaluation could 
be fed to animals, and the growth performance could be esti-
mated for future proof. This could result in reduced time 
and costs in animal experiments. The in vitro and in vivo en-
zyme activity assays could provide a simple and effective 
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estimation tool for odor emission prediction while adjusting 
the diet formula. 

CONFLICT OF INTEREST

We certify that there is no conflict of interest with any financial 
organization regarding the material discussed in the manu-
script.

FUNDING

This study was supported by the Ministry of Science and 
Technology, Taiwan (MOST 109-2321-B-002-054).

REFERENCES 

1. Le PD, Aarnink AJA, Ogink NWM, Becker PM, Verstegen 
MWA. Odour from animal production facilities: its relation-
ship to diet. Nutr Res Rev 2005;18:3-30. https://doi.org/10. 
1079/NRR200592

2. Shriver JA, Carter SD, Sutton AL, Richert BT, Senne BW, 
Pettey LA. Effects of adding fiber sources to reduced-crude 
protein, amino acid-supplemented diets on nitrogen excretion, 
growth performance, and carcass traits of finishing pigs. J 
Anim Sci 2003;81:492-502. https://doi.org/10.2527/2003. 
812492x

3. Bohn T, Carriere F, Day L, et al. Correlation between in vitro 
and in vivo data on food digestion. What can we predict with 
static in vitro digestion models? Crit Rev Food Sci Nutr 2018; 
58:2239-61. https://doi.org/10.1080/10408398.2017.1315362

4. Dupont D, Alric M, Blanquet-Diot S, et al. Can dynamic in 
vitro digestion systems mimic the physiological reality? Crit 
Rev Food Sci Nutr 2019;59:1546-62. https://doi.org/10.1080/ 
10408398.2017.1421900

5. Uerlings J, Schroyen M, Bautil A, et al. In vitro prebiotic 
potential of agricultural by-products on intestinal fermen-
tation, gut barrier and inflammatory status of piglets. Br J 
Nutr 2020;123:293-307. https://doi.org/10.1017/S000711 
4519002873

6. Pellikaan WF, Verdonk JMAJ, Shim SB, Verstegen MWA. 
Adaptive capacity of faecal microbiota from piglets receiving 
diets with different types of inulin-type fructans. Livest Sci 
2007;108:178-81. https://doi.org/10.1016/j.livsci.2007.01.087

7. Chen L, Gao LX, Huang QH, Lu QP, Sa RN, Zhang HF. Pre-
diction of digestible energy of feed ingredients for growing 
pigs using a computer-controlled simulated digestion system. 
J Anim Sci 2014;92:3887-94. https://doi.org/10.2527/jas.2013- 
7092

8. National Research Council. Nutrient requirements of swine. 
11th ed. Washington, DC, USA: National Academies Press; 
2012.

9. Minekus M, Alminger M, Alvito P, et al. A standardised static 

in vitro digestion method suitable for food - an international 
consensus. Food Funct 2014;5:1113-24. https://doi.org/10. 
1039/c3fo60702j

10. Williams BA, Bosch MW, Boer H, Verstegen MWA, Tamminga 
S. An in vitro batch culture method to assess potential fermen-
tability of feed ingredients for monogastric diets. Anim Feed 
Sci Technol 2005;123-4:445-62. https://doi.org/10.1016/J. 
ANIFEEDSCI.2005.04.031

11. Bauer E, Williams B, Voigt C, Mosenthin R, Verstegen M. 
Microbial activities of faeces from unweaned and adult pigs, 
in relation to selected fermentable carbohydrates. Anim Sci 
2001;73:313-22. https://doi.org/10.1017/S135772980005829X

12. Horwitz W, Latimer GW. Official methods of analysis of 
AOAC International. 18th ed. Gaithersburg, MD, USA: AOAC 
International; 2005.

13. Schmidt M, Bornscheuer UT. High-throughput assays for 
lipases and esterases. Biomol Eng 2005;22:51-6. https://doi. 
org/10.1016/j.bioeng.2004.09.004

14. Jaworski NW, Lærke HN, Bach Knudsen KE, Stein HH. Car-
bohydrate composition and in vitro digestibility of dry matter 
and nonstarch polysaccharides in corn, sorghum, and wheat 
and coproducts from these grains. J Anim Sci 2015;93:1103- 
13. https://doi.org/10.2527/jas.2014-8147

15. Graham H, Löwgren W, Åman P. An in vitro method for 
studying digestion in the pig. 2. Comparison with in vivo 
ileal and faecal digestibilities. Br J Nutr 1989;61:689-98. https:// 
doi.org/10.1079/BJN19890155

16. Dai X, Karring H. A determination and comparison of urease 
activity in feces and fresh manure from pig and cattle in relation 
to ammonia production and pH changes. PLoS One 2014; 
9:e110402. https://doi.org/10.1371/journal.pone.0110402

17. Macfarlane GT, Gibson GR. Metabolic activities of the normal 
colonic flora. In: Gibson SAW, editors. Human health. Springer 
Series in Applied Biology. London, UK: Springer; 1994. pp. 
17-52. https://doi.org/10.1007/978-1-4471-3443-5_2

18. Li Y, Wei H, Li F, et al. Supplementation of branched-chain 
amino acids in protein-restricted diets modulates the expression 
levels of amino acid transporters and energy metabolism 
associated regulators in the adipose tissue of growing pigs. 
Anim Nutr 2016;2:24-32. https://doi.org/10.1016/j.aninu. 
2016.01.003

19. Le Bellego L, van Milgen J, Noblet J. Effect of high temperature 
and low-protein diets on the performance of growing-finish-
ing pigs. J Anim Sci 2002;80:691-701. https://doi.org/10.2527/ 
2002.803691x

20. Kay RM, Lee PA. Ammonia emission from pig buildings 
and characteristics of slurry produced by pigs offered low 
crude protein diets. Proceeding International Symposium 
Ammonia and Odour Control from Animal Production 
Facilities; Vinkeloord, Netherlands. 1997. pp. 253-9.

21. Otto ER, Yokoyama M, Hengemuehle S, von Bermuth RD, 
van Kempen T, Trottier NL. Ammonia, volatile fatty acids, 

https://doi.org/10.1079/NRR200592
https://doi.org/10.1079/NRR200592
https://doi.org/10.2527/2003.812492x
https://doi.org/10.2527/2003.812492x
https://doi.org/10.1080/10408398.2017.1315362
https://doi.org/10.1080/10408398.2017.1421900
https://doi.org/10.1080/10408398.2017.1421900
https://doi.org/10.1017/S0007114519002873
https://doi.org/10.1017/S0007114519002873
https://doi.org/10.1016/j.livsci.2007.01.087
https://doi.org/10.2527/jas.2013-7092
https://doi.org/10.2527/jas.2013-7092
https://doi.org/10.1039/c3fo60702j
https://doi.org/10.1039/c3fo60702j
https://doi.org/10.1016/J.ANIFEEDSCI.2005.04.031
https://doi.org/10.1016/J.ANIFEEDSCI.2005.04.031
https://doi.org/10.1017/S135772980005829X
https://doi.org/10.1016/j.bioeng.2004.09.004
https://doi.org/10.1016/j.bioeng.2004.09.004
https://doi.org/10.2527/jas.2014-8147
https://doi.org/10.1079/BJN19890155
https://doi.org/10.1079/BJN19890155
https://doi.org/10.1371/journal.pone.0110402
https://doi.org/10.1007/978-1-4471-3443-5_2
https://doi.org/10.1016/j.aninu.2016.01.003
https://doi.org/10.1016/j.aninu.2016.01.003
https://doi.org/10.2527/2002.803691x
https://doi.org/10.2527/2002.803691x


www.animbiosci.org  1605

Lo et al (2022) Anim Biosci 35:1592-1605

phenolics, and odor offensiveness in manure from growing 
pigs fed diets reduced in protein concentration. J Anim Sci 
2003;81:1754-63. https://doi.org/10.2527/2003.8171754x

22. Yu M, Zhang C, Yang Y, et al. Long-term effects of early 
antibiotic intervention on blood parameters, apparent nutrient 
digestibility, and fecal microbial fermentation profile in pigs 
with different dietary protein levels. J Anim Sci Biotechnol 
2017;8:60. https://doi.org/10.1186/s40104-017-0192-2

23. Cho S, Hwang O, Park S. Effect of dietary protein levels on 
composition of odorous compounds and bacterial ecology 
in pig manure. Asian-Australas J Anim Sci 2015;28:1362-
70. https://doi.org/10.5713/ajas.15.0078

24. Keseler IM, Mackie A, Peralta-Gil M, et al. EcoCyc: Fusing 
model organism databases with systems biology. Nucleic 
Acids Res 2013;41:D605-12. https://doi.org/10.1093/nar/ 
gks1027

25. Wong J, Piceno YM, DeSantis TZ, Pahl M, Andersen GL, 
Vaziri ND. Expansion of urease-and uricase-containing, 
indole-and p-cresol-forming and contraction of short-chain 
fatty acid-producing intestinal microbiota in ESRD. Am J 
Nephrol 2014;39:230-7. https://doi.org/10.1159/000360010 

26. Recharla N, Kim K, Park J, et al. Effects of amino acid com-

position in pig diet on odorous compounds and microbial 
characteristics of swine excreta. J Anim Sci Technol 2017;59: 
28. https://doi.org/10.1186/s40781-017-0153-5

27. Hobbs PJ, Pain BF, Kay RM, Lee PA. Reduction of odorous 
compounds in fresh pig slurry by dietary control of crude 
protein. J Sci Food Agric 1996;71:508-14. https://doi.org/ 
10.1002/(SICI)1097-0010(199608)71:4<508::AID-JSFA610 
>3.0.CO;2-0

28. Turner LW, Cromwell GL, Bridges TC, Carter S, Gates RS. 
Ammonia (NH3) emission from swine waste as influenced by 
diet manipulation. In: Proceeding 1st International Conference 
Air Pollution from Agriculture, Operations; Kansas City, MO, 
USA; 1996. pp. 453-8.

29. Zhang H, Wielen NVD, Hee BVD, Wang J, Hendriks W, 
Gilbert M. Impact of fermentable protein, by feeding high 
protein diets, on microbial composition, microbial catabolic 
activity, gut health and beyond in pigs. Microorganisms 2020; 
8:1735. https://doi.org/10.3390/microorganisms8111735

30. Smith EA, Macfarlane GT. Dissimilatory amino acid meta-
bolism in human colonic bacteria. Anaerobe 1997;3:327-37. 
https://doi.org/10.1006/anae.1997.0121

https://doi.org/10.2527/2003.8171754x
https://doi.org/10.1186/s40104-017-0192-2
https://doi.org/10.5713/ajas.15.0078
https://doi.org/10.1093/nar/gks1027
https://doi.org/10.1093/nar/gks1027
https://doi.org/10.1159/000360010
https://doi.org/10.1186/s40781-017-0153-5
https://doi.org/10.1002/(SICI)1097-0010(199608)71:4<508::AID-JSFA610>3.0.CO;2-0
https://doi.org/10.1002/(SICI)1097-0010(199608)71:4<508::AID-JSFA610>3.0.CO;2-0
https://doi.org/10.1002/(SICI)1097-0010(199608)71:4<508::AID-JSFA610>3.0.CO;2-0
https://doi.org/10.3390/microorganisms8111735
https://doi.org/10.1006/anae.1997.0121

	INTRODUCTION
	MATERIALS AND METHODS
	RESULT
	DISCUSSION
	CONCLUSION
	CONFLICT OF INTEREST
	FUNDING
	REFERENCES

