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Abstract

This experiment aimed to investigate the selection principles of calibration
samples for models estimating the effective energy value of corn distillers dried
grains with solubles (DDGS). From 23 corn DDGS samples (defined as the full
sample bank), nine calibration corn DDGS samples were selected based on a
gradient of approximately 0.21 MJ /kg difference in enzymatic hydrolysate gross
energy (EHGE), constituting the selective sample bank; the remaining 14 corn
DDGS samples were defined as the non-selective sample bank. Subsequently,
differences in chemical composition content and variation between the selective
and non-selective sample banks were compared, and regression models of
chemical composition versus EHGE were established separately using the full
sample bank and selective sample bank, followed by comparison of differences
in EHGE values calculated from the regression models for the non-selective
sample bank. The results showed that corn DDGS from the selective and
non-selective sample banks exhibited no significant differences (P>0.05) in
mean values of crude protein (CP), crude ash (Ash), ether extract (EE), crude
fiber (CF), neutral detergent fiber (NDF'), acid detergent fiber (ADF) contents,
and EHGE, and no significant differences (P<0.05) in variance of variation for
CP, Ash, EE, CF, ADF, NDF contents, and EHGE. Regarding the distribution
of chemical composition content of the selective and non-selective sample
banks on the first and second principal component score loadings, only one
corn DDGS sample from the selective sample bank did not overlap with the
distribution range of the non-selective sample bank. The EHGE prediction
model established using samples from the selective sample bank was EHGE=(3
566+5394XEE—3268XNDF)$X4184/1000(R{2}: 0.7981, RSD = 0.43M J /kg); thepredictionmodelestablishedusingsamples
0, RSD=0.44 MJ/kg). The mean residuals between calculated and measured
EHGE values for corn DDGS in the non-selective sample bank (n=14) obtained
from the two models were 0.46 and 0.33 MJ/kg, respectively, with no significant
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difference (P>0.05). In conclusion, using EHGE as the basis for selecting
calibration samples is feasible in modeling for estimating the effective energy
value of corn DDGS.

Full Text
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Abstract: This study investigated the principles for selecting calibration
samples to establish prediction models for the effective energy value of corn
dried distiller’ s grains with solubles (DDGS). Nine corn DDGS samples were
selected from a total of 23 samples (defined as the full sample pool) based
on enzymatic hydrolyzate gross energy (EHGE) values spaced at intervals of
approximately 0.21 MJ/kg; these nine samples were defined as the selected
sample pool, while the remaining 14 samples constituted the non-selected
sample pool. The study compared the chemical composition content and
variation between the selected and non-selected sample pools, and developed
regression models to predict EHGE from chemical composition using both the
full sample pool and the selected sample pool. The predicted EHGE values for
the non-selected sample pool from these two models were then compared. The
results showed no significant differences in the mean contents of crude protein
(CP), crude ash (Ash), ether extract (EE), crude fiber (CF), neutral detergent
fiber (NDF), acid detergent fiber (ADF), or EHGE between the selected and
non-selected sample pools (P>0.05). Additionally, no significant differences
were observed in the variance of CP, Ash, EE, CF, NDF, ADF, or EHGE
between the two pools (P<0.05). Principal component analysis revealed that
only one corn DDGS sample from the selected pool fell outside the distribution
range of the non-selected pool on the score plots of the first and second principal
components. The prediction model developed from the selected sample pool was
EHGE:(3566+53.94XEE—32.68XNDF)$ X4.184/1000(R{2}: 0.7981, RSD = 0.43M J/kg), whilethemodel fromthe fullsam
RSD=0.44 MJ/kg). The mean residuals between calculated and measured
EHGE values for the non-selected sample pool (n=14) were 0.46 MJ/kg and
0.33 MJ/kg for the two models, respectively, with no significant difference
between them (P>0.05). In conclusion, using EHGE as a criterion for selecting
calibration samples in predictive modeling of effective energy values for corn
DDGS is feasible.

Keywords: corn DDGS; enzymatic hydrolyzate gross energy; calibration sam-
ples
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The selection of calibration samples directly affects the accuracy and precision
of prediction models for digestible chemical component content in feedstuffs.
Therefore, establishing clear principles for calibration sample selection is crucial.
Currently, when developing feed effective energy prediction models, researchers
typically collect samples randomly and develop prediction models through step-
wise regression after obtaining datasets on chemical composition and measured
effective energy values. However, this approach may result in insufficient vari-
ation in independent or dependent variables within the calibration set, thereby
compromising model precision and stability. Furthermore, inconsistent varia-
tion among calibration samples can lead to substantial differences in prediction
factors and weightings among models developed by different researchers for the
same feed ingredient.

According to fundamental principles of regression analysis, independent and
dependent variables should be arranged at equal intervals. Considering the
empirical observation that biological methods can detect differences in dietary
metabolizable energy values of approximately 0.21-0.42 MJ/kg between feed
treatments, this study hypothesized that selecting nine calibration corn DDGS
samples from 23 corn DDGS samples based on enzymatic hydrolyzate gross
energy (EHGE) intervals of about 0.21 MJ/kg would adequately represent the
characteristics of all 23 samples. The selected nine samples were defined as
the selected sample pool, while the remaining 14 samples constituted the non-
selected sample pool. This design would test whether the selected pool could
represent the full pool in terms of chemical composition variation and regression
relationships between chemical composition and EHGE.

To test this hypothesis, we compared the chemical composition and variation
between selected and non-selected sample pools, conducted principal component
analysis on the full sample pool to examine distribution differences between the
pools on the first and second principal components, and assessed the consistency
of chemical composition-EHGE prediction relationships between the selected
and full sample pools to evaluate whether EHGE can serve as a viable criterion
for selecting calibration samples in effective energy prediction models.

1.1 Feed Ingredients

Twenty-three corn DDGS samples were collected from various sources including
the United States and Chinese provinces such as Shandong, Henan, Anhui, Jilin,
and Heilongjiang. Using the quartering method, each sample was divided into
two portions: one portion was ground in a universal grinder and passed through
a 40-mesh sieve for chemical composition analysis, while the other was ground
and passed through a 60-mesh sieve for EHGE determination. All samples were
sealed under vacuum with nitrogen and stored at -20°C until analysis. The
origins and chemical composition of the corn DDGS samples are presented in
Table 1 .
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1.2 Experimental Design

The 23 corn DDGS samples (full sample pool) were ranked by EHGE values,
which ranged 2.39 MJ/kg. Nine calibration samples were selected at intervals of
approximately 0.21 MJ/kg to form the selected sample pool, while the remaining
14 corn DDGS samples constituted the non-selected sample pool.

First, basic statistics for chemical composition were calculated for the full, se-
lected, and non-selected sample pools, and significant differences in chemical
composition between the selected and non-selected pools were tested. Principal
component analysis was then performed on the chemical composition and EHGE
data of all 23 corn DDGS samples to examine whether the first and second prin-
cipal component scores overlapped between the selected and non-selected pools.
Finally, regression models relating chemical composition to EHGE were devel-
oped separately for the full sample pool (23 samples) and the selected sample
pool (9 samples). These two models were used to calculate EHGE values for the
non-selected sample pool to compare their predictive accuracy. These compre-
hensive statistical analyses were employed to evaluate whether the nine calibra-
tion corn DDGS samples selected based on EHGE gradients could adequately
represent the variation present in all 23 corn DDGS samples.

1.3 Measurement Indicators and Methods

Moisture content was determined according to GB/T 6435-2014 and used to cal-
culate dry matter content. Gross energy (GE) of feed samples and undigested
residues after simulated digestion was measured according to ISO 9831:1998.
Contents of crude protein (CP), crude ash (Ash), ether extract (EE), crude fiber
(CF), neutral detergent fiber (NDF), and acid detergent fiber (ADF) were deter-
mined following GB/T 6432-1994, GB/T 6438-2007, GB/T 6433-2006, GB/T
6434-2006, GB/T 20806-2006, and NY /T 1459-2007, respectively. EHGE was
measured according to the procedure described by Zhao et al. for determining
the enzymative hydrolyzate gross energy of chicken feed using the Single-Phase
Digestion System (SDS-2). Dialysis bag specifications and pretreatment, gas-
tric buffer solution, small intestinal front and rear segment buffer solutions,
and simulated digestive fluid preparation followed the Technical Regulations for
Determination of Enzymative Hydrolyzate Gross Energy in Chicken Feed.

1.4 Data Processing and Statistical Analysis

The MEANS procedure in SAS 9.3 was used to calculate basic statistics for
the chemical composition of corn DDGS in the full, selected, and non-selected
sample pools. The TTEST procedure was employed to test for significant dif-
ferences in chemical composition between the selected and non-selected sample
pools based on the statistical principle of two-sample mean difference testing.
Principal component analysis of chemical composition data from the full sample
pool was conducted using the PRINCOMP procedure to obtain eigenvectors for
the first and second principal components and component scores for both sample
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pools, with loading plots generated using Simca-P 11.5. Stepwise regression of
chemical composition against EHGE for both the selected and full sample pools
was performed using the REG procedure with the Stepwise option to develop
prediction models (designated Model 1 and Model 2). EHGE values for the
non-selected sample pool were calculated using these models, and the MEANS
procedure was used to compare differences between the predicted values from
the two models.

2.1 Differences and Variation in Chemical Composition Between Se-
lected and Non-Selected Sample Pools

As shown in Table 2 , when the full sample pool of 23 corn DDGS samples
was divided into selected and non-selected pools based on EHGE, no significant
differences were observed in the mean contents of CP, Ash, EE, CF, NDF, ADF,
or EHGE between the two pools (P>0.05). Similarly, no significant differences
were found in the variances of CP, Ash, EE, CF, ADF, NDF, GE, or EHGE
between the selected and non-selected sample pools (P<0.05).

2.2 Principal Component Analysis and Score Distribution of Chemical
Composition

As illustrated in Figures 1 [Figure 1: see original paper] and 2 [Figure 2: see
original paper], the first and second principal components derived from CP, Ash,
EE, CF, NDF, ADF, GE, and EHGE of the 23 corn DDGS samples accounted
for 51.97% and 19.89% of total variation, respectively, with a cumulative con-
tribution of 71.86%. Neutral detergent fiber, ADF, and Ash were the primary
weighting factors for the first principal component, while EHGE, GE, CF, and
EE were the main contributors to the second principal component. On the
score plots of the first and second principal components, only one sample (B23)
from the selected sample pool (n=9) fell outside the 95% confidence interval of
the non-selected sample pool (n=14). The scatter plot showed no clear sepa-
ration between the two groups, indicating similar overall variation in chemical
composition.

2.3 Differences in Prediction Models Relating Chemical Composition
to EHGE Between Full and Selected Sample Pools

In the full sample pool of 23 corn DDGS samples, Ash and EE contents and GE
showed significant or highly significant positive correlations with EHGE (P<0.05
or P<0.01), while CP, CF, and NDF contents exhibited significant or highly
significant negative correlations (P<0.05 or P<0.01). In the selected sample
pool of nine corn DDGS samples, CP content showed a significant negative
correlation with EHGE (P<0.05), while EE content and GE showed highly
significant positive correlations (P<0.01); other chemical components showed
weak correlations with EHGE.

Since the simple positive correlation between Ash content and EHGE contra-
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dicts basic nutritional principles, Ash was excluded from stepwise regression

analysis. The resulting regression model for the selected sample pool (Model 1)

was EHGE=(3566+53.94x EE—32.68 x NDF)$x4.184/1000( R{2}= 0-7981, RSD = 0.45MJ /kg), whilethemodel forthe fulls
RSD=0.44 MJ/kg). Both models included the same prediction factors.

To further compare the equivalence of the two EHGE prediction models, EHGE
values were calculated for each sample in the non-selected pool. As shown in
Table 4 , the mean predicted EHGE values from Models 1 and 2 were 13.61 and
13.69 MJ/kg, respectively, with no significant difference between them (P>0.05).
The mean residual between calculated and measured EHGE values was 0.46
MJ/kg for Model 1, with individual sample deviations within 0.62 MJ/kg except
for sample B24. For Model 2, the mean residual was 0.33 MJ /kg, with individual
deviations within 0.69 MJ/kg except for sample B24. The standard error of
prediction (SEP) was 0.56 MJ/kg for Model 1 and 0.40 MJ/kg for Model 2
(0.33 and 0.44 MJ/kg when sample B24 was excluded). These statistical results
indicate that both models provide similar accuracy in predicting EHGE of corn
DDGS.

3.1 Basis for Selecting Calibration Samples in Prediction Models

Appropriate selection of calibration samples not only reduces workload but
also improves the precision and generalizability of prediction models. In near-
infrared spectroscopy modeling for feed chemical composition (GB/T 18868-
2002), calibration samples are selected either based on the maximum and min-
imum scores of each principal component of the spectra, or according to Ma-
halanobis distances greater than 0.6 after spectral cluster analysis. This ap-
proach essentially expresses the overall variation of all independent variables in
the sample set through dimensionality reduction based on the intrinsic relation-
ships among variables, thereby avoiding over-concentration of samples in certain
ranges. Theoretically, this provides good representativeness.

Zhao et al., when developing a prediction model for duck metabolizable energy
of corn, created 30 calibration samples based on survey data from 427 corn
samples to ensure the calibration set had a normal distribution of proximate
nutrients similar to the full set of 427 samples, achieving satisfactory results.
However, this method considers the distribution probability of individual chem-
ical components but not the correlations among them. Meloche et al. selected
15 calibration samples based on EE range (3.15%-13.23%) when developing a
prediction model for broiler metabolizable energy of low-oil corn DDGS, yet still
encountered over-concentration of samples in certain regions (six samples with
EE content between 9.6%-10.8% and four samples between 11%-12%). More-
over, this selection principle did not consider whether the variation range of
other chemical components was representative.

In the present study, using EHGE as the selection criterion for corn DDGS
calibration samples is feasible because EHGE is significantly correlated with
chemical composition, thereby allowing indirect control of chemical composition
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variation through controlling EHGE variation in the sample set. Additionally,
the non-significant differences in chemical composition between selected and non-
selected pools demonstrate that samples selected based on EHGE are similar
to those not selected, thus preventing entry of overly similar samples into the
calibration set.

3.2 Evaluation of Calibration Sample Representativeness

Sample representativeness refers to the similarity between selected samples and
the overall sample population in terms of chemical composition content and
biological effects. Statistically, representativeness is typically evaluated by com-
paring whether the means and variances of investigated indicators follow the
same probability distribution as the total population.

Recently, principal component analysis has been applied to samples from dif-
ferent sources, with score plots of the first and second principal components
used to visually assess whether sample sets are separated, thereby identifying
samples belonging to the same category or detecting outliers. This method can
also serve as a reference for evaluating calibration sample representativeness. In
this study, no significant differences were observed in the means or variances
of chemical composition and EHGE between selected and non-selected sample
pools, and the score distributions on the first and second principal components
overlapped between the two pools. This indicates that the selected sample pool
can represent the non-selected pool in terms of chemical composition content
and variation. Furthermore, the consistency between the regression model de-
veloped from the selected pool and that from the full pool in predicting EHGE
of the non-selected pool demonstrates that the intrinsic relationship between
chemical composition and EHGE in the selected pool can also represent the
non-selected pool. Based on these three aspects of evidence, selecting corn
DDGS calibration samples based on EHGE gradients provides satisfactory rep-
resentativeness and can therefore be used to establish a calibration sample pool.

Conclusion

The calibration sample pool constructed by selecting corn DDGS samples based
on EHGE intervals of approximately 0.21 MJ/kg can adequately represent the
full sample pool in terms of chemical composition content and variation, as well
as the relationships between chemical composition and EHGE. Therefore, using
EHGE as a criterion for selecting calibration samples in corn DDGS effective
energy prediction models is feasible.
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