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The objective of this experiment was to develop a new computer-controlled simulated digestion system to
predict thedigestible energy (DE) andmetabolizable energy (ME)of unconventional plant proteinmeals for
growingpigs. Ninemeals tested included 1 source of rapeseedmeal, 4 sources of cottonseedmeal, 2 sources
of sunflowermeal, and 2 sources of peanutmeal. Twenty growing pigs (Duroc� [Landrace� LargeWhite])
with an initial bodyweight (BW)of 41.7±2.6 kgwere allotted to a replicated10�3 incomplete Latin square
design to determine the DE and ME of 1 basal diet and 9 experimental diets formulated with 9 uncon-
ventional plant proteinmeals. TheDE andMEvalues of unconventional plant proteinmealswere calculated
by the difference method. The in vitro digestible energy (IVDE) of 1 basal diet, 9 experimental diets, and 9
unconventional plant protein meals were determined with 5 replicates of each sample in a complete
randomized arrangement. The IVDE/DE or IVDE/ME ranged from 0.96 to 0.98 or 1.00 to 1.01, and the cor-
relation coefficient between IVDE and DE orMEwas 0.97 or 0.98 in 10 experimental diets. Accordingly, the
IVDE/DE or IVDE/ME ranged from 0.86 to 1.05 or 0.96 to 1.20, and the correlation coefficient between IVDE
and DE or MEwas 0.92 or 0.91 in 9 unconventional plant protein meals. The coefficient of variation (CV) of
IVDE was less than that of DE andME in the experimental diets (0.43%, 0.80%, and 0.97% for CV of IVDE, DE
and ME, respectively) and unconventional plant protein meals (0.92%, 4.84%, and 6.33% for CV of IVDE, DE
and ME, respectively). The regression equations to predict DE from IVDE in 10 experimental diets and 9
unconventional plant protein meals were DE ¼ 0.8851 � IVDE þ539 (R2 ¼ 0.9411, residual standard devi-
ation [RSD]¼ 23 kcal/kg DM, P < 0.01) and DE¼ 0.9880� IVDEþ 166 (R2¼ 0.8428, RSD¼ 182 kcal/kg DM,
P < 0.01), respectively. Therewas no statistical difference in the slopes (P¼ 0.82) or intercepts (P¼ 1.00) of
these 2 equations. Thus, 10 diets and 9 unconventional plant protein meals were pooled to establish the
regression equation of DE on IVDE as: DE ¼ 0.9813 � IVDE þ187 (R2 ¼ 0.9120, RSD ¼ 118 kcal/kg DM,
P< 0.01). The regression equations to predictME from IVDE in 10 experimental diets and 9 unconventional
plant protein meals were ME ¼ 0.9559 � IVDE þ146 (R2 ¼ 0.9697, RSD ¼ 18 kcal/kg DM, P < 0.01) and
ME¼ 0.9388� IVDEþ 3 (R2¼ 0.8282, RSD¼ 182 kcal/kgDM, P< 0.01), respectively. Therewas no statistical
difference in slopes (P ¼ 0.97) but significant difference between the intercepts (P ¼ 0.02) of these 2
equations. Our results indicate IVDE has similar response to the DE but different response to the ME in 10
experimental diets and9unconventional plant proteinmeals. Therefore, IVDE ismore suitable topredictDE
than ME of diets and unconventional plant protein meals for growing pigs.
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1. Introduction

Unconventional plant protein meals are widely used as a source
of dietary protein for growing pigs in China, but energy values are
variable (Ma et al., 2019; Mateos et al., 2019). Nutritionists require
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Table 1
Source and chemical composition of unconventional plant protein meals (air-dry
basis).

Sample DM, % CP, % Ash, % EE, % ADF, % GE, kcal/kg

RSM 88.69 37.25 6.40 2.91 15.25 4,221
CSM1 90.27 45.91 6.64 0.53 14.81 4,186
CSM2 89.56 48.34 6.96 2.12 11.83 4,262
CSM3 88.83 52.85 6.73 1.86 10.48 4,209
CSM4 92.79 60.49 7.46 1.09 6.63 4,384
SFM1 90.42 37.76 6.56 1.03 18.60 4,193
SFM2 89.53 30.82 5.84 0.80 25.75 4,168
PM1 89.91 47.89 6.05 0.48 13.95 4,178
PM2 91.74 53.83 6.28 0.22 5.82 4,171

DM ¼ dry matter; CP ¼ crude protein; EE ¼ ether extract; ADF ¼ acid detergent
fiber; GE ¼ gross energy; RSM ¼ rapeseed meal; CSM ¼ cottonseed meal;
SFM ¼ sunflower meal; PM ¼ peanut meal.
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quickmethods to accurately predict energy values of unconventional
plant proteinmeals for diet formulation. Many techniques have been
proposed to quickly predict energy digestibility of feeds for pigs
including sources of digestive enzymes, enzyme activities in simu-
lated digestion fluid, steps of digestion and separation of byproducts
for in vitro digestion (Swiech, 2017). In vitro enzymatic digestion
procedures described by Boisen and Fernandez (1997) have been
used to calculate available energy of feed ingredients for pigs
(Sauvant et al., 2004; Boisen, 2007). However, predicted and in vivo
energy digestibility differed by 4.4% to 9.7% across protein feed in-
gredients (Boisen and Fernandez, 1997). Woyengo et al. (2016a) also
observed high difference (2.6% to 17.4%) between in vitro dry matter
digestibility (IVDMD) and apparent ileal digestibility of energy in 1
soybean meal and 4 canola meals for growing pigs. Huang et al.
(2017) reported the IVDMD was 7.6% greater than apparent total
tract digestibility (ATTD) of dry matter (DM) in 12 corn distillers
dried grains with soluble (DDGS) for growing pigs and reported a
weak correlation (R2 ¼ 0.02) when the IVDMDwas determined with
in vitro gastro-small intestine digestion procedures described by
Boisen and Fernandez (1997). These studies indicate a substantial
gap exists between in vitro and in vivo digestion for protein feed
ingredients. The reasons for this disparity may relate to differences
between the activity of enzymes and duration of exposure used for
in vitro digestion relative to in vivo digestion. Therefore, the objec-
tive of this study was to develop a novel in vitro digestion procedure
thatmatched the passage time of diets for growing pigs described by
Gao et al. (2018), and mimicked the compositions of simulated
gastric, small intestinal and large intestinal fluid of in vivo gastric
(Chiang et al., 2008), jejunum (Hu et al., 2010), and cecal (Dang et al.,
2018) fluids of growing pigs to accurately predict the DE or ME of
unconventional plant protein meals.
2. Materials and methods

All experimental procedures related to the use of pigs were
approved by the animal care and welfare committee of the Institute
of Animal Sciences, Chinese Academy of Agricultural Sciences
(Beijing, China). The code of ethical inspection was IAS 2020e28.
2.1. Feed ingredients and experimental diets

Nine unconventional plant protein meals were tested, including
1 source of rapeseed meal (RSM), 4 sources of cottonseed meal
(CSM), 2 sources of sunflower meal (SFM), and 2 sources of peanut
meal (PM). Their chemical composition is shown in Table 1. A corn
soybean meal basal diet was formulated with a crude protein (CP)
of 12.28% (Table 2). Nine experimental diets were formulated with
corn, soybean meal and test meals as the sources of energy. The
ratios of corn to soybean meal in experimental diets were identical
to that in the basal diet. The inclusion rates of tested unconven-
tional plant protein meals in the experimental diets were approx-
imately 20% (range: 18.80% to 22.97%), in consideration of anti-
nutrition factors and calculation errors resulting from low inclu-
sion of test ingredients using the substitution method. The CP
concentrations of experimental diets were formulated to range
from 15.21% to 20.22% according to the recommendation of formula
diets for growing-finishing pigs in China (China feed industry
association, 2018). All dietary concentrations of calcium, phos-
phorus, vitamins and trace elements exceeded NRC (2012) re-
quirements for growing pigs (Table 2).
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2.2. Experimental design

Digestible energy (DE) and metabolizable energy (ME) were
tested in all diets according to the procedures described by Regmi
et al. (2008) and Adeola and Kong (2014). Twenty pigs
(Duroc � [Landrace � Large White]) with an initial BW of
41.7 ± 2.6 kg were allotted to a replicated 10 � 3 incomplete Latin
square design, with 10 diets and 3 consecutive periods of 15 d in
each. Two pigs per diet were used in each period for a total of 6
replicates per diet. The IVDMD and in vitro DE (IVDE) of basal diet, 9
experimental diets and 9 unconventional plant protein meals were
determined with 5 replicates of 1 digestive tube for each sample in
a complete randomized arrangement.

2.3. In vivo DE and ME assay

Twenty barrows were housed individually in metabolism crates.
Temperature, lighting, and ventilation in the metabolism room was
automatically controlled according to environmental parameters
recommended by the NY/T388 1999 (China). Each experimental
period consisted of an 8-d adaption including an initial 3-d transition
from a common commercial diet to experimental diet, 5-d adaption
to experimental diet, followed by 5-d collection of urine by a time-
to-time method (Pedersen et al., 2007), and 5- to 7-d collection of
feces according to the marker (ferric oxide) method (Adeola and
Kong, 2014). Feed was provided at a rate of 4% of body weight
daily. Pigs were fed 2 equal wet-mix meals at 08:00 and 16:00 every
day with ad libitum access to water. From 08:00 on d 9 to 08:00 on
d 13, urine was collected in bucket containing 50 mL of 3 mol/L
hydrochloric acid and weighed every day. Twenty percent (wt/wt) of
urine was sampled and stored at �20 �C. Feces was collected from
first to second appearance of ferric oxide and stored at �20 �C. After
the end of the experiment, urine and fecal samples were thawed and
mixed within the animal and diet. Feces were crushed, ground
through a 0.42-mm screen, and the DM content was determined by
drying for 72 h in a 65 �C oven followed by cooling and weighing.

2.4. IVDE assay

The computer-controlled simulated digestion system (CCSDS)
used to mimic the digestion of stomach, small intestine and large
intestine, as well as clearance of byproducts was described by Zhao
et al. (2014; Fig. 1). The reagent kits including simulated digestive
fluid and buffer solution for growing pigs (product number:
IVDEGP) were provided by Hunan Zhongben Intelligent Technology
Development Co., Ltd. The simulated gastric fluid comprised 890 U/
mL of pepsin hydrochloric acid solution with pH 2.0 (39 �C), ac-
cording to the results of Chiang et al. (2008) andWang et al. (2019).



Table 2
Composition and nutrient contents of basal and experimental diets (air-dry basis, %).

Item Basal diet Experimental diet

1 2 3 4 5 6 7 8 9

Ingredients
Corn 84.78 65.28 68.63 68.65 68.67 68.66 65.11 68.60 68.66 68.65
Soybean meal 12.91 9.93 10.44 10.43 10.44 10.44 9.90 10.44 10.44 10.44
RSM 22.95
CSM1 18.81
CSM2 18.80
CSM3 18.80
CSM4 18.81
SFM1 22.97
SFM2 18.81
PM1 18.80
PM2 18.82
Limestone 0.92 0.38 0.72 0.70 0.63 0.84 0.81 0.71 0.75 0.74
Dicalcium phosphate 0.86 0.93 0.87 0.89 0.93 0.72 0.68 0.91 0.82 0.82
Sodium chloride 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40
Premix1 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Determined composition
DM 88.04 87.86 87.89 87.83 87.65 88.36 88.17 87.81 87.79 87.98
GE, kcal/kg 3,837 3,912 3,877 3,891 3,877 3,910 3,902 3,875 3,875 3,886
CP 12.28 17.80 18.00 18.16 18.94 20.22 17.28 15.21 18.38 19.13

RSM ¼ rapeseed meal; CSM ¼ cottonseed meal; SFM ¼ sunflower meal; PM ¼ peanut meal; DM ¼ dry matter; GE ¼ gross energy; CP ¼ crude protein.
1 The premix provided the following per kilogram of diets (as-fed basis): vitamin A 6,400 IU, vitamin D3 2,200 IU, vitamin E 50mg, vitamin K3 2mg, vitamin B1 2mg, vitamin

B2 5 mg, vitamin B12 24 mg, calcium D-pantothenate 12 mg, nicotinic acid 20 mg, folic acid 1 mg, biotin 120 mg, Cu (as copper sulfate) 10 mg, Fe (as ferrous sulfate) 110 mg, Zn
(as zine sulfate) 40 mg, Mn (as manganese sulfate) 25 mg, Se (as sodium selenite) 0.3 mg, I (as potassium iodide) 0.3 mg.
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The gastric buffer contained 80.6 mmol/L of NaCl and 6 mmol/L of
KCl, and pH was adjusted to 2.0 at 39 �C using 2 mol/L of HCl ac-
cording to the composition of gastric fluid of pigs described by
Fujita et al. (1980). The concentrated simulated small intestinal
fluid was composed of 4,239 U/mL of amylase, 1,323 U/mL of
trypsin, and 166 U/mL of chymotrypsin according to the in vivo
Fig. 1. Schematic diagram of computer-controlled simulated digestion system
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activities of digestive enzyme reported by Hu et al. (2010) and
reduction activities during in vitro digestion reported by Wang
et al. (2019). The small intestine buffer solution was prepared
with 30 mmol/L of Na2HPO4, 170 mmol/L of NaH2PO4, 89.9 mmol/L
NaCl, 15.0 mmol/L of KCl, 0.48 g/L (800,000 units) of penicillin so-
dium, and the pH was adjusted to 6.44 at 39 �C using 2 mol/L of
(CCSDS) to determine in vitro digestible energy (IVDE) of feed for pigs.
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NaOH. The concentrated simulated large intestine fluid was
composed of 1,572 U/mL of amylase, 491 U/mL of trypsin, 62 U/mL
of chymotrypsin, and 0.77 U/mL of cellulase according to the
composition of cecal fluid described by Dang et al. (2018). The large
intestine buffer was prepared with 30 mmol/L of Na2HPO4,
170 mmol/L of NaH2PO4, 93.2 mmol/L of NaCl, 11.1 mmol/L of KCl,
0.48 g/L (800,000 units) of penicillin sodium and the pH was
adjusted to 6.42 at 39 �C with 2 mol/L of NaOH.

The times for in vitro gastric, small intestinal, and large intes-
tinal digestion were 3, 5 and 21 h, respectively, which matched the
passage time of digesta in each segment of digestive tract of
growing pigs described by Gao et al. (2018). The digestion incubator
was set at 39 �C to match the body temperature of pigs. The in vitro
digestion procedure processed by CCSDS: the sample was finely
ground through a 0.3-mm sieve (Gao, 2019). Two grams of test diet
or 1 g of ingredient sample and 20 mL simulated gastric fluid were
added into the digestive chamber of the CCSDS. The gastric buffer
was circulated outside the dialysis tubing for 3 h, followed by an
emptying procedure of buffer solution. Next, the small intestinal
buffer was pumped into the digestive chamber and circulated
outside the dialysis tubing for 6 h. When the buffer was circulated
for 1 h, 2 mL of concentrated simulated small intestinal fluid was
injected into the dialysis tubing of the digestive chamber through
the peristaltic pump for simulated small intestinal digestion. After
the small intestinal digestionwas finished, the emptying procedure
of buffer solution automatically progressed. Then, the large intes-
tinal buffer was pumped into the digestive chamber and circulated
outside the dialysis tubing for 21 h.When the large intestinal buffer
was circulated for 0.1 h, 2 mL of concentrated simulated large in-
testinal fluid was pumped into the dialysis tubing of the digestive
chamber. After the digestion was finished, the buffer was auto-
matically emptied. Six replicated clearance procedures composed
of 1,500mL deionizedwater circulated outside of dialysis tubing for
4 h followed by an emptying procedure automatically progressed to
clear the byproducts. After the simulated digestion, the undigested
residue was transferred to a vessel, dried, and defatted in accor-
dance with the description by Zhao et al. (2014).

2.5. Chemical analyses

The DM (method GB/T6435-2006) and gross energy (GE) were
analyzed for all samples. The GE was measured using an adiabatic
bomb calorimeter (model 6,400; Parr Instrument, Moline, IL, USA)
according to the method of ISO 9831:1998. Urine energy was
measured as follows: 5 mL of urine was transferred to a crucible
with filter paper and dried for 14 h in a 65 �C drying oven. The GE
was thenmeasured using an automatic adiabatic bomb calorimeter.
The CP (method GB/T6432-1994), ether extract (method 996.01;
AOAC, 2007), ash (method 942.15; AOAC, 2007) and ADF (method
973.18; AOAC, 2007) were analyzed for unconventional plant pro-
tein meals. The definition of activities of pepsin, amylase, chymo-
trypsin, trypsin, cellulase were in accordance with the description
of Wirnt and Wolf-Peter (1974), Dahlqvist (1962), Wirnt (1974a),
Wirnt (1974b) and NY/T912-2004.

2.6. Calculations and statistical analyses

The DE and ME (kcal/kg of DM) in the unconventional plant
protein meals was calculated by the differencemethod according to
the mathematical equation described by Adeola and Kong (2014).
Outliers were detected as values that deviated between 1.5 times
interquartile below the 25th percentile and above the 75th
percentile, using the BOXPLOT procedure of SAS (version 9.4; SAS
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Institute Inc. Cary, NC, USA). The TTSET procedurewas performed to
compare the in vitro and in vivo values for each of experimental
diets and unconventional plant protein meals. Significance was set
at P< 0.05. The CORR procedurewas used to analyze the correlation
between IVDE and DE or ME. The REG procedure was used to
establish the regression equation of DE or ME on IVDE. The GLM
procedurewas used to test the difference in slopes and intercepts of
linear models of DE or ME against IVDE for experimental diets and
unconventional plant protein meals.

3. Results

3.1. The difference between in vitro and in vivo values

The DMD of basal diet and 9 experimental diets was less than
the in vivo value (79.88% to 87.69% vs. 82.18% to 89.32%; P < 0.01;
Table 3). The ratio of in vitro to in vivo DMD of these 10 diets ranged
from 0.96 to 0.98. The IVDE or IVDE/GE were less than DE (3,497 to
3,820 kcal/kg of DM vs. 3,623 to 3,923 kcal/kg of DM; P < 0.01) or
DE/GE (79.25% to 87.65% vs. 82.09% to 89.21%; P < 0.01), respec-
tively. The IVDE/DE ranged from 0.96 to 0.98. However, the IVDE or
IVDE/GE of 8 in 9 experimental diets was not significantly different
fromME (3,497 to 3,792 kcal/kg of DM vs. 3,500 to 3,781 kcal/kg of
DM; P > 0.05) or ME/GE (79.25% to 85.86% vs.79.31% to 85.60%;
P > 0.05), respectively. The IVDE/ME in 9 experimental diets ranged
from 1.00 to 1.01. The CV of determined IVDE, DE andME for each of
the 10 diets ranged from 0.22% to 0.65%, 0.40% to 1.22% and 0.37% to
1.48%, respectively (Table 5).

The IVDE was less than DE in RSM, CMS2, CSM3, and SFM1
(P < 0.05), but the IVDE was greater than DE in CSM2 (P < 0.01;
Table 4). The IVDE was not statistically different from DE in CSM1,
CSM4, SFM2, PM1, and PM2. The IVDE/DE ranged from 0.86 to 1.05.
The IVDE/GE was less than DE/GE in RSM, CMS2, CSM3, and SFM1
(P < 0.05), but greater than DE/GE in CSM 2 (P < 0.05). However, the
IVDE/GE was not statistically different from DE/GE in CSM1, CSM4,
SFM2, PM1, and PM2. The IVDE was not statistically different from
ME in RSM, CSM1, CSM4, SFM2, and PM2, but the IVDE was greater
than ME in CSM2, CSM3, SFM1, and PM1 (P < 0.05). The IVDE/ME
ranged from 0.96 to 1.20. The IVDE/GEwas not statistically different
fromME/GE in RSM, CSM1, CSM4, SFM2, and PM2, but the IVDE/GE
was greater than ME/GE in CSM2 and 3, SFM1, and PM1 (P < 0.05).
The CV of IVDE, DE and ME for each of the 9 unconventional plant
protein meals ranged from 0.51% to 1.91%, 2.58% to 9.05% and 4.25%
to 8.62%, respectively (Table 5).

3.2. Regression equations of in vivo values against in vitro values for
diets and unconventional plant protein meals

In vitro DMD and in vivo DMD (r ¼ 0.96; P < 0.01), IVDE and DE
(r ¼ 0.97; P < 0.01), IVDE and ME (r ¼ 0.98; P < 0.01), IVDE/GE and
DE/GE (r ¼ 0.98; P < 0.01), and IVDE/GE and ME/GE (r ¼ 0.99;
P < 0.01; Table 6) were highly correlated in the 10 diets. In vitro
DMD and in vivo DMD (r ¼ 0.91; P < 0.01), IVDE and DE (r ¼ 0.92;
P < 0.01), IVDE and ME (r ¼ 0.91; P < 0.01), IVDE/GE and DE/GE
(r ¼ 0.93; P < 0.01) or IVDE/GE and ME/GE (r ¼ 0.92; P < 0.01;
Table 6) were highly correlated in the 9 unconventional plant
protein meals. The in vitro and in vivo DMD (r ¼ 0.97; P < 0.01),
IVDE and DE (r ¼ 0.96; P < 0.01), IVDE and ME (r ¼ 0.95; P < 0.01),
IVDE/GE and DE/GE (r ¼ 0.97; P < 0.01) and IVDE/GE and ME/GE
(r ¼ 0.97; P < 0.01; Table 6) were highly correlated when data from
10 diets and 9 unconventional plant protein meals were pooled.

The regression equations of DE against IVDE in 10 diets and 9
unconventional plant protein meals were DE ¼ 0.8851 � IVDE þ539



Table 3
The DM digestibility and energetic values of 10 diets determined with computer-controlled simulated digestion system and bioassay.

Item Basal diet Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 Diet 6 Diet 7 Diet 8 Diet 9

Digestibility of DM, %
In vitro 87.69 81.62 82.42 81.81 82.18 84.72 81.00 79.88 83.25 84.43
In vivo 89.32 84.90 84.75 83.60 85.60 86.41 83.38 82.18 85.37 88.35

SEM 0.16 0.44 0.49 0.29 0.23 0.51 0.19 0.41 0.18 0.42
P-value <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
In vitro/In vivo 0.98 0.96 0.97 0.98 0.96 0.98 0.97 0.97 0.98 0.96
Available value, kcal/kg
IVDE 3,820 3,637 3,620 3,602 3,651 3,735 3,569 3,497 3,665 3,792
DE 3,888 3,786 3,746 3,702 3,794 3,846 3,707 3,623 3,763 3,923
ME 3,796 3,636 3,615 3,552 3,655 3,700 3,551 3,500 3,651 3,781

IVDE/DE 0.98 0.96 0.97 0.97 0.96 0.97 0.96 0.97 0.97 0.97
IVDE/ME 1.01 1.00 1.00 1.01 1.00 1.01 1.01 1.00 1.00 1.00
IVDE vs. DE
SEM 8 20 23 10 11 23 10 21 10 17
P-value <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

IVDE vs. ME
SEM 7 22 14 15 17 26 16 18 19 19
P-value <0.01 0.96 0.76 <0.05 0.80 0.22 0.28 0.87 0.47 0.56

Efficiency of GE, %
IVDE/GE 87.65 81.69 82.04 81.32 82.54 84.40 80.63 79.25 83.04 85.86
DE/GE 89.21 85.04 84.92 83.56 85.80 86.92 83.75 82.09 85.26 88.83
ME/GE 87.09 81.66 81.95 80.19 82.64 83.62 80.23 79.31 82.73 85.60

IVDE/GE vs. DE/GE
SEM 0.19 0.46 0.51 0.22 0.24 0.50 0.23 0.47 0.23 0.37
P-value <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

IVDE/GE vs. ME/GE
SEM 0.16 0.49 0.32 0.35 0.39 0.59 0.35 0.41 0.42 0.44
P-value <0.01 0.96 0.77 <0.05 0.81 0.22 0.28 0.88 0.47 0.56

DM ¼ dry matter; SEM ¼ standard error of the mean; IVDE ¼ in vitro digestible energy; DE ¼ digestible energy; ME ¼ metabolizable energy; GE ¼ gross energy.

Table 4
The energetic values of 9 unconventional plant protein meals determined with computer-controlled simulated digestion system and bioassay.

Item RSM CSM1 CSM2 CSM3 CSM4 SFM1 SFM2 PM1 PM2

Available value, kcal/kg
IVDE 2,974 2,932 3,081 3,310 3,577 2,984 2,461 3,279 3,829
DE 3,448 3,162 2,947 3,438 3,705 3,118 2,524 3,243 3,997
ME 3,107 2,872 2,559 3,097 3,343 2,758 2,274 3,049 3,651

IVDE/DE 0.86 0.93 1.05 0.96 0.97 0.96 0.98 1.01 0.96
IVDE/ME 0.96 1.02 1.20 1.07 1.07 1.08 1.08 1.08 1.05
IVDE vs. DE
SEM 81 106 38 50 106 45 105 46 80
P-value <0.01 0.06 <0.01 0.02 0.24 0.01 0.54 0.46 0.07

IVDE vs. ME
SEM 89 55 72 94 125 72 90 92 95
P-value 0.16 0.28 <0.01 0.04 0.09 <0.01 0.07 0.04 0.09

Efficiency of GE, %
IVDE/GE 62.62 63.24 64.73 69.85 75.71 64.34 52.76 70.57 83.67
DE/GE 72.46 68.20 61.92 72.54 78.42 67.24 54.12 69.80 87.33
ME/GE 65.28 61.93 53.76 65.37 70.75 59.47 48.77 65.62 79.77

IVDE/GE vs. DE/GE
SEM 2.25 2.29 0.81 1.06 2.24 0.98 2.25 1.00 1.75
P-value <0.01 0.06 0.01 0.02 0.24 0.01 0.53 0.46 0.07

IVDE/GE vs. ME/GE
SEM 2.47 1.20 1.52 1.98 2.64 1.56 1.94 1.99 2.08
P-value 0.32 0.28 <0.01 0.04 0.09 0.01 0.07 0.04 0.09

RSM ¼ rapeseed meal; CSM ¼ cottonseed meal; SFM ¼ sunflower meal; PM ¼ peanut meal; IVDE ¼ in vitro digestible energy; DE ¼ digestible energy; ME ¼ metabolizable
energy; SEM ¼ standard error of the mean; GE ¼ gross energy.
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(R2 ¼ 0.9411, RSD ¼ 23 kcal/kg DM, P < 0.01; Fig. 2) and
DE ¼ 0.9880 � IVDE þ 166 (R2 ¼ 0.8428, RSD ¼ 182 kcal/kg DM,
P < 0.01; Fig. 2), respectively. In these 2 equations, slopes (P ¼ 0.82)
and intercepts (P ¼ 1.00) were not statistically different. Conse-
quently, data from 10 diets and 9 unconventional plant proteinmeals
were pooled to establish the regression equation of DE on IVDE as
DE ¼ 0.9813 � IVDE þ187 (R2 ¼ 0.9120, RSD ¼ 118 kcal/kg DM,
P < 0.01; Fig. 3). The regression equations of ME against IVDE in 10
diets and 9 unconventional plant protein meals were
ME ¼ 0.9559 � IVDE þ146 (R2 ¼ 0.9697, RSD ¼ 18 kcal/kg DM,
182
P < 0.01; Fig. 4) and ME ¼ 0.9388 � IVDE þ3 (R2 ¼ 0.8282,
RSD¼ 182 kcal/kg DM, P < 0.01; Fig. 4), respectively. Intercepts were
not statistically different (P ¼ 0.02), but slopes differed (P ¼ 0.97)
across the equations, so regression equations of ME on IVDE were
separated for diets and unconventional plant protein meals.

4. Discussion

In addition to soybean meal, unconventional plant protein
meals such as rapeseed meal, cottonseed meal, peanut meal and



Table 5
Coefficient of variation of replicated determination of IVDE, DE or ME for each
sample.

Item Coefficient of variation, %

IVDE DE ME

Basal diet 0.22 0.44 0.37
Diet 1 0.53 1.10 1.25
Diet 2 0.65 1.22 0.66
Diet 3 0.46 0.40 0.85
Diet 4 0.43 0.49 0.96
Diet 5 0.57 1.20 1.48
Diet 6 0.31 0.56 0.94
Diet 7 0.40 1.21 1.07
Diet 8 0.40 0.50 1.07
Diet 9 0.35 0.88 1.09
Mean 0.43 0.80 0.97
Maximum 0.65 1.22 1.48
Minimum 0.22 0.40 0.37
Unconventional plant protein meals
RSM 1.03 5.17 6.30
CSM1 0.64 7.42 4.25
CSM2 1.30 2.58 6.13
CSM3 0.53 2.82 5.92
CSM4 0.71 6.29 8.24
SFM1 0.65 2.80 5.11
SFM2 1.91 9.05 8.62
PM1 1.03 3.03 6.64
PM2 0.51 4.43 5.76

Mean 0.92 4.84 6.33
Maximum 1.91 9.05 8.62
Minimum 0.51 2.58 4.25

IVDE ¼ in vitro digestible energy; DE ¼ digestible energy; ME ¼ metabolizable
energy; RSM ¼ rapeseed meal; CSM ¼ cottonseed meal; SFM ¼ sunflower meal;
PM ¼ peanut meal.
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sunflower meal are substantial sources of dietary protein for pigs.
The chemical composition and cultivar of oilseed crops contribute
to the high variation in the nutritional value of oilseed meals. Bell
(1993) summarized 12 studies and concluded that the DE (range
from 2,675 to 4,127 kcal/kg of DM) and ME (range from 2,488 to
3,838 kcal/kg of DM) of rapeseed meal for growing pigs mainly
depended on the content of glucosinolate and the dehulling rate of
Table 6
Pearson correlation coefficients between in vitro and in vivo values in diets and unconve

Item In vitro DMD In vivo DMD IVDE

Ten diets
In vivo DMD 0.96*
IVDE 0.97* 0.99*
DE 0.89* 0.96* 0.97
ME 0.94* 0.99* 0.98
IVDE/GE 0.99* 0.99* 0.99
DE/GE 0.95* 0.99* 0.99
ME/GE 0.97* 1.00* 0.97

Nine unconventional plant protein meals
In vivo DMD 0.91*
IVDE 1.00* 0.92*
DE 0.91* 0.99* 0.92
ME 0.90* 0.99* 0.91
IVDE/GE 1.00* 0.93* 0.99
DE/GE 0.92* 1.00* 0.92
ME/GE 0.91* 1.00* 0.91

Ten diets and 9 unconventional plant protein meals
In vivo DMD 0.97*
IVDE 0.98* 0.95*
DE 0.93* 0.96* 0.96
ME 0.96* 1.00* 0.95
IVDE/GE 1.00* 0.97* 0.98
DE/GE 0.97* 1.00* 0.96
ME/GE 0.97* 1.00* 0.93

DMD ¼ dry matter digestibility; IVDE ¼ in vitro digestible energy; DE ¼ digestible energ
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rapeseed. Zhang et al. (2012) reported the concentrations of NDF
and GE affected the DE of rapeseed meal for growing pigs. In the
current study, the DE (3,448 kcal/kg of DM) and ME (3,107 kcal/kg
of DM) values of rapeseedmeal were close to those reported by NRC
(2012) and Oliveira et al. (2020). However, the DE and ME values of
rapeseed exceeded values reported by Zhong and Adeola (2019),
and were less than those reported byWoyengo et al. (2016b). These
findings indicate the energy values of rapeseed meal vary
depending on source. The DE (from 2,947 to 3,715 kcal/kg of DM)
and ME (from 2,559 to 3,343 kcal/kg of DM) of the current 4 cot-
tonseed meals increased with increasing protein concentration.
Similarly, Li et al. (2012) reported positive linear relationships be-
tween DE or ME and concentrations of CP and EE in cottonseed
meal for growing pigs, and Ma et al. (2018) reported that DE
increased from 3,152 to 3,702 kcal/kg of DM as the CP concentration
of 5 cottonseed meals increased from 460 to 550 g/kg. In the cur-
rent 2 sunflower meals, the range of DE values was similar to that
described by Liu et al. (2016) and Lyu et al. (2019). Relative to SFM2,
SFM1 had a greater CP concentration and less fiber concentration.
Consequently, the DE and ME values were greater for SFM1 than
SFM 2. These findings agree with results reported by Liu et al.
(2016), who observed that DE correlated positively with CP and
GE concentration, but negatively correlated with fiber concentra-
tion in 10 sunflower meals offered to growing pigs (DE ranged from
2,512 to 2,980 kcal/kg of DM). In the current 2 peanut meals, the DE
values were similar to ranges described by Li (2014) and Li et al.
(2018). Relative to PM2, the CP concentration was less, and fiber
concentration was greater for PM1. As a result, the DE and ME
values were less for PM1 than PM2. This finding was consistent
with the result in study of Li (2014), who reported the DE or ME
correlated positively with CP and negatively correlated with NDF in
12 peanut meals offered to growing pigs.

To account for high variation of digestible nutrients in feed in-
gredients, in vitro digestion was accepted to evaluate the nutritive
values of feed for animals. The method described by Boisen and
Fernandez (1997) was the most popular tool to predict di-
gestibility of energy and CP in feed ingredients and diets for
growing pigs. The procedure of this method employed pepsin,
ntional plant protein meals.

DE ME IVDE/GE DE/GE

*
* 0.98*
* 0.93* 0.97*
* 0.98* 0.99* 0.98*
* 0.94* 0.99* 0.99* 0.99*

*
* 0.99*
* 0.91* 0.91*
* 0.99* 0.99* 0.93*
* 0.98* 0.99* 0.92* 0.99*

*
* 0.98*
* 0.94* 0.97*
* 0.98* 1.00* 0.97*
* 0.95* 0.99* 0.97* 0.99*

y; ME ¼ metabolizable energy; GE ¼ gross energy. *, P < 0.05.



Fig. 2. Linear models to predict digestible energy (DE) from in vitro digestible energy (IVDE) of 10 diets or 9 unconventional plant protein meals (UPRM). Square symbols and solid
line and upper equation were for 10 diets. Solid circles and dotted line and below equation were for 9 unconventional plant protein meals. DE value was determined with 6 pigs for
each sample and expressed as mean. IVDE value was mean of 5 replicates per sample. RSD ¼ residual standard deviation.

Fig. 3. Linear model to predict digestible energy (DE) from in vitro digestible energy (IVDE) of 10 diets and 9 unconventional plant protein meals. DE value was determined with 6
pigs for each sample and expressed as mean. IVDE value was mean of 5 replicates per sample. RSD ¼ residual standard deviation.
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pancreatin and carbohydrates to simulate stomach, small intestine,
and large intestine digestion, respectively. After completing in vitro
digestion, the undigested residue was separated by filtration, then
washed with ethanol and acetone to extract fat. Pujol and
Torrallardona (2007) reported the in vitro and in vivo digestibility
of organic matter were comparable in 7 barley samples. Noblet and
Jaguelin-Peyraud (2007) reported the in vitro and in vivo values
were similar and highly correlated (r ¼ 0.91) in 113 diets for
growing pigs. However, others report that in vitro values such as
digestibility of organic matter (Boisen and Fernandez, 1997) or GE
(Sol et al., 2017; Regmi et al., 2008) are generally greater than
184
in vivo energy digestibility for feed ingredients. Inconsistent re-
lationships between in vitro and in vivo values from different
samples or studies indicates the reproducibility of various vitro
methods is questionable. Across those studies, the concentrations
of pepsin for stomach and pancreatin for small intestine all in wt/
vol, and the enzymes activities of digestive fluid were unclear. In
the current work, we found a small difference in activity of pepsin
in pepsin reagents across batches, but great differences in activities
of amylase, trypsin and chymotrypsin per gram of pancreatin
(CV ¼ 29%; unpublished data in our laboratory) from different
batches. Simply using concentration of wt/vol without analyzing



Fig. 4. Linear models to predict metabolizable energy (ME) from in vitro digestible energy (IVDE) of 10 diets or 9 unconventional plant protein meals (UPRM). Square symbols, solid
line and upper equation were for 10 diets. Solid circles and dotted line and below equation were for 9 unconventional plant protein meals. ME value was determined with 6 pigs for
each sample and expressed as mean. IVDE value was mean of 5 replicates per sample. RSD ¼ residual standard deviation.
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enzyme activity may contribute to differences in digestibility and
reduced reproducibility of the in vitro method across trials.

In previous in vitro digestion for pigs, only cellulase (Regmi
et al., 2008) or complex carbohydrates (Boisen and Fernandez,
1997) were used to simulate digestion of large intestine. Howev-
er, amylase and proteases are also present in cecal fluid of growing
pigs (Dang et al., 2018). Therefore, in vitro digestion of large in-
testine should be simulated by hydrolysis with proteases and car-
bohydrates. In recent years, nutritionists have used fresh feces as an
inoculum to simulate fermentation of the large intestine in pigs.
However, Huang et al. (2018) reported in vitro DM disappearance
determined using a gastric-small intestinal simulated digestion
following a large intestine fermentation correlated poorly with
in vivo GE digestibility of DDGS for pigs. This indicates in vitro
fermentation to simulate digestion of large intestine still faces
several difficulties, such as the standardization of inoculum, the
consistency of in vitro and in vivo fermentation conditions, and the
reproductivity of determination (Tao et al., 2019). In contrast, the
process simulating in vitro digestion with enzymatic hydrolysis is
repeatable by maintaining consistent activities of enzymes in
simulated digestive fluid. Brodkorb et al. (2019) established an in-
ternational in vitro gastrointestinal digestion protocol for the
nutritional value of human foodstuffs. In this method, the activity of
pepsin, amylase, trypsin and chymotrypsin were evaluated in
pepsin and pancreatin, and this information informed development
of simulated gastric fluid and simulated small intestinal fluid to
match the in vivo activity. In the current study, the in vitro digestion
time for stomach, small intestine and large intestine was consistent
with the mean passage time of feed in growing pigs (Gao et al.,
2018). The activity of pepsin in simulated gastric fluid, activities
of amylase, trypsin, and chymotrypsin in small intestinal fluid, and
activities of amylase, trypsin, chymotrypsin and cellulase in large
intestine fluidwere consistent with those of gastric, small intestinal
and cecal fluid of growing pigs. Although Pan et al. (2018a; 2018b)
used the same type of computer-controlled simulated digestion
system described by Zhao et al. (2014) to predict energetic values of
corn and sorghum, the duration and digestive enzyme activities of
in vitro gastric, small and large intestinal digestion were different
from those of growing pigs. Thus, the mean ATTD of GE of 13 corn
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samples was 9 percentage points above in vitro digestibility of GE
(Pan et al., 2018a) and 2 percentage points in 28 sorghum samples
(Pan et al., 2018b). This observation indicates that the relationship
between in vitro and in vivo values can be inconsistent among
different feed ingredients. In the current study, the IVDMD or IVDE
was 96% to 98% of the in vivo digestibility of DM or DE, and their
correlation coefficient was 0.97 in 10 experimental diets. These
results indicate the IVDE measured with the present in vitro
digestion were comparable to the DE of experimental diets with
unconventional plant protein meals. Similarly, Noblet and Jaguelin-
Peyraud (2007) also observed the ratio of in vitro to in vivo organic
matter digestibility ranged from 0.99 to 1.04 and their correlation
coefficient was 0.94 in 111 mixed diets, in which the in vitro values
were determined using the method described by Boisen and
Fernandez (1997). This means in vitro enzymatic hydrolysis can
accurately predict digestion of dietary organic matter in vivo. In 9
unconventional plant protein meals, IVDE was 86% to 105% of DE
with a correlation coefficient of 0.92 and IVDE was 96% to 120% of
MEwith a correlation coefficient of 0.91. Nine unconventional plant
protein meals had a wider range in IVDE/DE or IVDE/ME, which
may relate to a greater variation in the 6 replicate determination of
DE orME for each unconventional plant proteinmeal, caused by the
differences in the procedure. In this study, the DE or ME of 6
replicate determination for basal diets differed by 40 kcal/kg of DM
and 33 kcal/kg of DM, respectively. The proportion of unconven-
tional plant protein meals in the experimental diet was close to
20%; thus, the range of DE or ME of test ingredient could be
calculated as 200 kcal/kg of DM and 165 kcal/kg of DM, respectively.
The imprecise DE or ME value of unconventional plant protein
meals resulted in greater variation in IVDE/DE or IVDE/ME than that
in the diets. This result was supported by that of Noblet and
Jaguelin-Peyraud (2007), who observed that the ratio of in vitro
to in vivo organic matter digestibility determined with the method
of Boisen and Fernandez (1997) ranged from 0.57 to 0.97 in 66 feed
ingredients for growing pigs. In this study, the mean CV of IVDE
determination was 54% or 44% of that of DE or ME in the experi-
mental diets, and 21% or 17% of that of DE or ME in the uncon-
ventional plant protein meals. Consequently, the current simulated
digestion procedure was more precise than previously used
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bioassay methods, which is in accordance with results described by
Zhao et al. (2014). In the regression of DE against IVDE, the model
for 10 experimental diets overlapped with that of 9 unconventional
plant protein meals, indicating similar relationships between DE
and IVDE in diets and unconventional plant protein meals. How-
ever, the regression model to predict DE from in vitro organic
matter digestibility of 79 mash diets was different from that for 66
feed ingredients when determined with the method of Boisen and
Fernandez (1997) as reported by Noblet and Jaguelin-Peyraud
(2007). This finding indicates that the current in vitro method has
better adaptability than the in vitro method described by Boisen
and Fernandez (1997) to estimate DE of diets and feed in-
gredients for pigs. The linear model of ME against IVDE for 10
experimental diets had the same slopes but different intercepts
compared to these of the model for 9 unconventional plant protein
meals. Because ME/DEwas negatively related to CP content in feeds
(NRC, 2012), this ratio was higher in experimental diets than in
unconventional plant protein meals (0.96 vs. 0.90). The inconsis-
tent ratio of ME to DE in diets and unconventional plant protein
meals indicates differences in the extend of metabolism for pigs.
Therefore, IVDE is more suitable to predict DE than ME of diets and
feed ingredients for growing pigs.
5. Conclusions

Our study showed that the IVDE determined with a novel,
automatically progressed, computer-controlled simulated diges-
tion system was similar to and related predictably to DE and ME of
both experimental diets and unconventional plant protein meals.
The linear model of DE against IVDE for experimental diets over-
lapped with that for unconventional plant protein meals, while the
linear model of ME against IVDE for experimental diets had the
same slopes but different intercepts from that for unconventional
plant protein meals. Our findings indicate IVDE is more suitable to
predict DE of diets and unconventional plant protein meals than
ME for growing pigs.
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