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Abstract

BACKGROUND: The in vitro gas production (GP) technique has been useful for evaluating the potential degradability of feed-
stuffs in ruminal environments; GP is related to the components of feedstuff ingredients.

RESULTS: Linear models were generated and validated as alternatives of quantifying neutral detergent-soluble fiber, starch
(St)/hemicellulose (Hem) and cellulose (Cel) through GP. Residuals of models obtained from the peaks of GP [0–8 h (GP-8),
> 8–24 h (GP-24), > 24–48 h (GP-48) and > 24–81 h (GP-81)] of 0.02, 0.04, 0.08, 0.12 and 0.20 g of glucose (Glu), St and Cel
respectively. The incubations were analyzed in mixtures of Glu, St and Cel. The best fitting models (r2 from 0.709 to 0.935) were
tested on corn stover (CS) to quantify rapid fermentation fractions (RF; equivalent to Glu), medium fermentation fractions (MF;
equivalent to St) and low fermentation fractions (LF48; equivalent to Cel); in CS, RF, MF and LF models had standardized
residuals < 0.09. The analysis with Leucaena (Leucaena leucocephala Lam. de Wit) and star grass (Cynodon nlemfuensis Vander-
yst) consider high-protein ingredients.

CONCLUSION: The in vitro GP of RF, MF and LF48 fractions equivalent to Glu, St and Cel are affected by maturity and harvest
time even when the chemical composition remains similar, and so RF, MF and LF48 should be considered during the design
of ruminant diets. In vitro GP could be used to quantify the components of some forages, although further studies are neces-
sary.
© 2020 Society of Chemical Industry
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INTRODUCTION
The quantities and degradability of nonstructural carbohydrates
and neutral detergent fiber (NDF) affect the ruminal microorgan-
isms and endogenous enzymes, the production and kinetids
of gas during fermentation, and ruminal pH as well as
temperature.1–4

In the rumen, high-quality forages, grains and concentrates
increase the propionate production, and the ions of H+ that
form methane (CH4) reduce in correlation with the proportion
of nonstructural carbohydrates, improving the rate of microbial
growth and microbial protein synthesis, as well as milk and
meat production.1,5 By contrast, low-quality forages increase
the production of acetate, H+ ions and CH4 emissions6–9; there-
fore, feed utilization is related to ruminal fermentation kinetics
and is a potential predictor of ruminant productivity and bio-
gas emissions.10–13

Previous studies have related the kinetics of gas production
(GP) and fermentation patterns to diet composition,9,14,15 degrad-
ability16,17 and animal productivity.18

Logistic and exponential models of in vitro systems have consid-
ered one or more poolsof degradability and GP peaks19–22 to
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obtain useful parameters for the kinetics of fermentation in a
comparison of different ingredients in ruminal diets.2,23 Using
in vitroGP to estimate the proportions of NDF, acid detergent fiber
(ADF), starch (St)/hemicellulose (Hem) and cellulose (Cel) in forage
ingredients would be an alternative application of the technique
that could reduce the costs of analysis.
The present study aimed to model, test and validate the rela-

tionships of nonstructural carbohydrates, NDF, Hem and Cel with
the in vitro GP as an alternative test the nutritional quality of
forages.

MATERIALS AND METHODS
Substrates
The substrates used in the present study include a glucose stan-
dard (Glu) (Ricca Chemical Company), starch from maize
(St) (MilliporeSigma, Burlington. MA, USA) and microcrystalline
cellulose (5–40 μm) (Cel) (MilliporeSigma).
Hybrids of corn stover (CS) (subtropical germplasm) were har-

vested at 170 days,24 and star grass (Cynodon nlemfuensis Vander-
yst) and Leucaena (Leucaena leucocephala Lam. de Wit) were
harvested at 35 and 75 days in two different seasons (rainy and
dry seasons). CS, star grass and Leucaena were sampled in four
places, obtaining four runs (replicates) per site.

Experiments
In vitro experiments were conducted in four phases: (i) doses of 0.02,
0.04, 0.08, 0.12 and 0.20 g of Glu, St and Cel were independently eval-
uated to obtain simple linear regression models to relate in vitro GP
from 0 to 8 h, > 8 to 24 h and > 24 h (GP-8 h, GP-24 h, GP-48 h
and GP-81 h, respectively) to rapid, medium and low rates of fermen-
tation (RF, MF and LF48, respectively), with doses representing the
equivalent contents of Glu, St and Cel in forage; (ii) mixtures of differ-
ent combinations of 0.05, 0.1 and 0.15 g of Gl, St and Cel were fer-
mented to test the fit of models through residuals analysis; (iii) GP
of CS was also used to analyze the fit of models; and (iv) GP wasmea-
sured in star grass and Leucaena to validate the models.

Chemical analysis
Glu, St and Cel, CS, star grass and Leucaena were dehydrated in an
oven at 65 °C for 48 h before analysis to obtain the dry matter (DM).
CS samples were dried in a forced air oven at 60 °C until they reached
aconstantweight (DM); then, sampleswereground inaThomas-Wiley
Mill 4 (Thomas Scientific, Swedesboro, NJ, USA) with a 1-mm sieve.
The NDF, ADF and acid detergent lignin (ADL) fractions were

analyzed as described by Van Soest et al.25 using the reagents
and filter bags of the Ankom filter bag system (Ankom Technol-
ogy Corp., Macedon, NY, USA). The NDSF, Hem and Cel were cal-
culated by subtracting the NDF from 1000 g DM, ADF from NDF,
and ADL from ADF percentages, respectively.
The ash content was obtained in a muffle oven (AR-340, Felisa®,

Fabricantes Feligneo S.A. de C.V., Zapopan, Jalisco, Mexico) at 520 °
C for 4 h, calcining the samples. Crude protein (CP) and ether were
measured according the 992.15 and 920.39 AOAC methods.26,27

Fermentation and in vitro degradability
Rumen liquid extraction and rumen inoculum preparation
Rumen liquidwas extracted from two sheep on themorning and the
rumen liquid was filtered with eight layers of gauze and mixed with
a reduced mineral solution in a 1 to 9 dilution (v/v; ruminal liquid/
mineral solution). The reducedmineral solution contained a solution

I [K2HPO4 (6 g L−1 of water]; solution II [KH2PO4 (6 g), (NH4)2SO4 (6 g),
NaCl (12 g), MgSO4 (2.45 g) and CaCl2·H2O (1.6 g L−1 of water)]; 8%
sodium carbonate solution [Na2CO3 (8 g/100 mL of water)]; reduc-
tion solution [L-cysteine (2.5 g), NaOH 2N (15 mL L−1), Na2S (2.5 g)
and 0.01% resazurin (1 drop per 100 mL of water)].28 Once the
rumen inoculum was prepared, it was placed in a 39 °C water bath
with a continuous flow of CO2.

Rumen fermentation
The gas production technique16,29 was implemented to analyze
different concentrations of individual and mixed Glu, St and
Cel, as well as the CS, star grass, and Leucaena fermentations.
The experiments were conducted using four runs (replicates)
and repeated in two different times. Each sample was placed
in a 125-mL amber flask and rumen inoculum (90 mL) was
added under a continuous flow of CO2. Flasks with rumen inoc-
ulum but without sample were used as blanks. Flasks were her-
metically sealed and placed in a water bath at 39 °C.29 Flask
pressure was measured at 0, 2, 4, 6, 8, 12, 16, 20, 24, 30,
36, 42, 48, 60, 72 and 81 h of incubation with a gauge
(0–1 kg cm2; model 63100; Metron, Texcoco, México) and trans-
formed into gas volume using the equation V = [P(kg/cm2)
+ 0.0495]/0.0185.

Rapid, medium and low fermentable fractions
After initiating the in vitro incubation, the fermentable fractions
were determined by calculating the cumulative GP from 0 to 8 h
(GP-8 from RF fractions), from 9 to 24 h (GP-24 h from MF frac-
tions) and from 25 to 48 h [GP-48 h from LF48 fractions).

Statistical analysis
Statistical analysis was performed using the SAS, version 9.2 (SAS
Institute Inc., Cary, NC, USA).30

Linear regression models
Using the Reg procedure (Proc Reg), simple regression models of
GP-8, GP-24, GP-48 from levels of Gl, Starch and Cel fermented by
separately were obtained to relate the GP to RF, MF and LF48 frac-
tions, respectively. Each experiment was run four times and the
average of parameters ⊎0 and ⊎i, the coefficient of determination
(r2) and r2 adjusted were calculated.
Multiple linear regressionmodels were obtained from the in vitro

GP of mixtures of Glu, St and Cel [forward of stepwise method
(Slentry = 0.15), r2 adjusted and Mallow's CP are reported].

Residuals analysis
To test the fit of the generated models, they were used to calcu-
late estimations of GP-8, GP-24, and GP-48 from fermentation of
the mixtures of Gl, St and Cel, and estimations of RF, MF and
LF48 fractions from GP of CS. Estimated values (Yest) were com-
pared against the real values (Yobs) (residuals = Yobs – Yest) to
obtain the residuals and calculate mean square errors (MSE),
mean absolute errors (MAE), root mean square errors (RMSE),
standardized residuals (SR), and correlation and determination
coefficients (r and r2), according Eqns ((1) to ((5).31

MSE=
∑
n

i=1
Yest−Yobsð Þ2

n
ð1Þ

MAE= ∑
n

i=1

Yest−Yobsj j
n

ð2Þ
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RMSE=
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SR= ∑
n

i=1

Yobs−Yestð Þ
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n
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Variance analysis
The GP-8, GP-24 and GP-48 (RF, MF and LF48, respectively) andmodel
residuals were statistically analyzed using a completely randomized
design with a factorial arrangement, according to Models 1 to 4 for
independently and combined substrates, and for linear regression
model residuals, respectively. Analysis was performed in SAS, version
9.230 to obtain the variation and determination (R2) coefficients. A gen-
eral linear model procedure (Proc GLM) was implemented and signifi-
cances were obtained with Proc Mixed (mixed procedure). Adjusted
means (LsMeans instruction) were compared through least significant
differences (LSD) calculated from the SE obtained from Proc Mixed.

Y=μ+Rep Tð Þij +Sk +Dl +TIm+ S*Dð Þkl + S*TIð Þkm+ D*TIð Þlm
+ S*D*TIð Þklm +εijklm

ðModel1Þ

where: Y = GP-8 h, GP-24 h, GP-48 h, GP-81 h; Rep(T)ij = the ran-
dom effect of the i-th run nested into the j-th time of experiment
execution; Sk = the effect of the k-th substrate; Dl = the l-th effect
of level of substrate; TIm = the m-th effect of the incubation time;
S*D)kl, (S*TI)km, (D*TI)lm and (S*D*TI)klm = interaction between
fixed effects; εijklm, random error.

Y=⊘+Rep TIð Þij +Starchk +Glul +Celm+ Starch*Gluð Þkl
+ Starch*Celð Þkm + Glu*Celð Þlm + Starch*Glu*Celð Þklm +εijklm

ðModel2Þ

where: Y = GP 0 to 81 h; Rep(TI)ij = the random effect of the i-th
run nested into the j-th time of incubation time; Sk = the effect
of the k-th level of starch; Glul = the effect of l-th level of glucose;
Celm = the effect of the m-th level of cellulose; (Starch*Glu)kl,
(Starch*Cel)km, (Glu*Cel)lm and (Starch*Glu*Cel)klm = interaction
between fixed effects; εijklm = random error.

Y=⊘+Rep Tð Þij +Mok +TIl + Mo*TIð Þkl +⊎1 x−xið Þ+εijk ðModel3Þ

where: Y = GP estimated, RF estimated, MF starch estimated, LF
estimated, MSE, MAE, RMSE, r, r2 and SR; Rep(T)ij = the random
effect of the i-th run nested into j-th time of experiment execution;
Mok = the fixed effect of k-th Model; TIl = the fixed effect of the l-th
incubation period (0 to 8 h, > 8 to 24 h and > 24 h);
(Mo*TI)kl = interaction between fixed effects; ⊎1(x-xi) = effect of
the covariate (Starch:Glu, Cel:Glu, St:Cel ratios); εijk = random error.

Y=⊘+Rep Tð Þij +TPk +THl +GDm+ TP*THð Þkl + TP*GDð Þkm
+ TH*GDð Þlm + TP*TH*GDð Þklm +εijklm

ðModel4Þ

where: Y=GP-8, GP-24, GP-48, estimated equivalents of Glu, St, and
Cel, ether, ashes, CP, DM, OM, NDF, NDSF, ADF, Hem, Cel and ADL;
Rep(T)ij = the random effect of the i-th run nested into j-th time of
experiment execution; TPk = the fixed effect of the k-th type of
plant (SG or LL); THl = the fixed effect of the l-th time of harvest
(rainy or dry seasons); GDm = the fixed effect of the m-th growth
days; (TP*TH)kl, (TP*GD)km, (TH*GD)lm and (TP*TH*GD)klm = interac-
tion between fixed effects; εijklm = random error.

RESULTS
In vitro gas production of different levels of Glu, St and Cel
Accumulated GP of Glu, St and Cel from 0 to 8 h, after 8 to 24 h
and after 24 h
The accumulated GP-8, GP-24 and GP-48 differed among the
levels of Glu, St and Cel (P < 0.0001) (Table 1). The highest peak
of GP was between 8 and 24 h after initiating the incubation
(42.34 mL). Regarding the levels of substrates, fermented Glu
had higher GP from 0 to 8 h after in vitro incubation compared
to St and Cel (average 40.80 versus 10.93 and 2.65 mL, respec-
tively; P < 0.0001), St had the highest GP-24 (average 68.56 versus
47.30 from Glu and 11.16 mL from Cel; P < 0.0001) and Cel had
the highest GP after 24 h (average 58.91 versus 15.79 mL from
Glu and 20.00 from St; P < 0.0001).

Accumulated GP of combinations of different levels of Glu, St and
Cel from 0 to 81 h
The GP increased with the increments of Glu and St levels from
0.05 to 0.15 g (P < 0.0001) (Table 2); in flasks with Cel, GP tended
to be better when 0.05 g was added (P = 0.085); the best GP was
observed in mixtures with the highest levels of Glu and the lowest
of Cel (P < 0.029).
The r2 adjusted and CP Mallows criteria (Table 3), from GP of a

combination of substrates, multiple regression models showed
that the level of Glu was primarily related to GP-8 and GP-24
(r2 adjusted = 0.77 and 0.70), although, in both periods, St con-
tributed with 0.13 ± 0.03 of r2 adjusted. The Mallow's CP criteria
from two different valid models obtained for GP-8 and GP-24
included the effects of starch. The multiple linear model to
relate GP-48 and GP-81 with fermentable substrates had the
lowest r2 adjusted (r2 adjusted = 0.32) and included the effects
of Cel, St and Glu levels.

Simple linear regression models
Determination coefficients (r2 and r2 adjusted) of the models
derived from in vitro GP-8, GP-24 and GP-48 of different levels of
Glu, St and Cel varied from 0.891 to 0.995, and all were considered
in further analysis (Table 4). According to simple linear models,
1 mg of Glu, St and Cel increased GP-8 by 0.369, 0.0597 and
0.0163 mL; GP-24 by 0.495, 0.703 and 0.077 mL; and GP-48 by
0.115, 0.126 and 0.252 mL, respectively.

Test and selection of best fitting models
The fit of models was tested through residual analysis of results
from the flasks containing mixtures of different levels of Glu, St
and Cel.

RF, MF and LF48 fractions models
Estimated values of GP accumulated from 0 to 8 h differed
among the models; therefore, some of them had higher resid-
uals (Table 5) (P < 0.0001). The model that considered the GP-8
relationship to the Glu level (RF Glu) without the intercept ⊎0
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had the lowest MSE, MAE, RMSE and SR (residuals calculated
from Yobs and Yest differences; Model 1 to Model 4) and the best
r and r2, suggesting that Glu primarily composed the RF fraction

and that its fermentation explained the most of the GP-8.
Similarly, considering MSE, MAE, RMSE, r and r2 as decision of fitting
criteria, themodels that relate the GP-24 with St fermentation [MF St

Table 1. In vitro gas production (GP) of different levels of glucose (Glu), starch and cellulose (Cel) among different incubation periods*

In vitro GP (mL)†

Substrate

0.02 g 0.04 g 0.08 g 0.12 g 0.2 g

Incubation 0 to 8 h
Glucose 10.61 23.42 40.61 56.05 78.33
Starch 3.42 6.05 11.49 15.18 18.51
Cellulose 1.67 1.84 2.02 3.25 4.47

Incubation > 8 to 24 h
Glucose 10.35 20.7 42.28 64.56 98.6
Starch 15.09 32.81 61.58 90.88 142.46
Cellulose 5.61 6.49 10.35 14.56 18.77

Incubation > 24 to 81 h
Glucose 1.93 8.07 11.58 18.77 38.6
Starch 4.56 11.05 17.19 26.54 40.53
Cellulose 16.32 32.1 57.89 83.33 104.91

P-values
R2 0.99 TI < 0.0001 TI*D < 0.0001
VC (%) 7.06 D < 0.0001 TI*Subs < 0.0001
SEM 1.255 Substrate < 0.0001 D*Subs < 0.0001
LSD (0.05) 2.088 TI*D*Subs < 0.0001

*From statistical Model 1.
†GP, gas production; R2, determination coefficient; VC, variation coefficient; SEM, standard error of themean; LSD, least significant difference; TI, incu-
bation time (0 to 8 h, > 8 to 24 h, > 24 h); D, levels of substrate (0.02, 0.04, 0.08, 0.12, 0.20 g); Subs, substrates (Glu, St, Cel).

Table 2. In vitro gas production (GP) of different combinations of levels of glucose (Glu), starch and cellulose (Cel) from 0 to 81 h of incubation*

In vitro GP (mL)†

Cellulose

0.05 g 0.1 g 0.15 g

Glucose 0.05 g
Starch 0.05 g 35.123 25.549 27.131
Starch 0.10 g 46.872 36.363 36.956
Starch 0.15 g 56.627 47.372 44.176

Glucose 0.1 g
Starch 0.05 g 34.629 34.731 34.679
Starch 0.10 g 43.079 44.130 39.124
Starch 0.15 g 50.051 50.472 52.426

Glucose 0.15 g
Starch 0.05 g 42.011 41.991 43.486
Starch 0.10 g 47.994 53.798 51.702
Starch 0.15 g 60.031 51.861 58.134

P-values
R2 = 0.79 Glu < 0.0001 Glu*Starch 0.637
VC = 24.35% Starch < 0.0001 Glu*Cel 0.029
SEM = 5.062 Cel 0.085 Starch*Cel 0.813
LSD (0.05) = 8.327 Glu*Starch*Cel 0.842

*From statistical Model 2.
†GP, gas production; R2, determination coefficient; VC, variation coefficient; SEM, standard error of the mean; LSD, least significant difference; Glu,
levels of glucose (0.05, 0.10 and 0.15 g); Starch, levels of starch (0.05, 0.10 and 0.15 g), Cel, levels of cellulose (0.05, 0.10 and 0.15 g).
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and MF St (⊎0)] and the GP-48 with Cel fermentation [LF48 Cel and
LF48 Cel (⊎0)] had the best fit (P < 0.0001) (Tables 6 and 7), then
St, individually or combined with other carbohydrates, is primarily
fermented after 8–24 h, and Cel after 24 h.

Estimated values of NSDF, Hem and Cel of CS and residuals
Table 8 shows the estimated values and residuals (MSE, MAE, RMSE
and SR; (Model 1 to (Model 4) of RF, MF and LF48 fermented from
0 to 8 h,> 8 to 24 h and> 24 h CS incubation, equivalent to values

for fermented Glu, St and Cel obtained from best fitting models
[RF Glu, RF Glu (⊎0), MF St, MF St (⊎0), LF48 Cel and LF48 Cel (⊎0)].
The estimated RF were compared against their NDSF value

(323.6 ± 15 versus 310.3 g kg−1 DM) with an acceptable SR
(0.36), By assuming that ADF proportion of CS would be primarily
produced in vitro gas due to Cel fermentation, LF48 Cel and LF48
Cel (⊎0) model estimations were compared with Cel values (399.5
versus 393.7 g kg−1 DM) and both (with and without ⊎0) were
found to have similar MSE, MAE and RMSE values (P > 0.54) and
low SR (< 0.22). GP-24 related to St fermentation by MF models
was compared with the CS Hem proportion (Hem = NDF – ADF;
NDF = 1000 – NDSF) (189.3 ± 3.90 versus 226.3 g kg−1 DM) and
the MF models were found to have higher values of MSE, MAE
and RMSE compared to RF and LF48 models (SR > 0.82).

Model’ application in Leucaena and star grass
Leucaena has less fiber (NDF, ADF, Hem and Cel) andmore CP than
star grass (P < 0.0001) (Table 9). However, star grass harvested
during the rainy season had less ADL than Leucaena harvested
in the dry season. The GP-8, GP-24 and GP-48 converted in Glu,
St and Cel equivalents, showed more RF and MF fractions for Leu-
caena and star grass harvested during the rainy season compared
to those harvested in the dry season (P < 0.0001). Although, in this
feedstuff, RF, MF and LF48 did not allow calculation of the NDSF,
Hem and Cel, they were more sensitive for categorizing treat-
ments according to the harvesting season and the time of growing
than the variables NDF, ADF and Cel, which were more sensitive
with respect to differentiating between type of plant.
Table 10 shows negative Pearson's correlations between NDF,

ADF, Hem, Cel, ADL and ashes, and RF and MF (equivalents to
in vitro GP as a result of Glu and St fermentation) (r2 ranged from
−0.42 to −0.64) (P < 0.01) RF and MF show positive correlations
with CP, DM as well as Glu and St equivalents (r2 ranged from
0.40 to 0.65) (P < 0.0001). However, LF48 (equivalent to in vitro
GP as a result of Cel fermentation) positively correlated with
NDF, ADF, Hem and Cel (r2 ranged from 0.56 to 0.66) (P < 0.01),
but negatively correlated with CP (r2 = −0.61) (P < 0.0001).

Table 3. Multiple linear models of in vitro gas production (GP) from
different combination of levels of glucose (Glu), starch and cellulose
(Cel) among different incubation periods

In vitro gas production (GP)

Rapid fermentation (RF): GP from 0 to 8 h
r2 adjusted Mallow's CP Independent variables

0.86 3.17 Glu Starch
0.77 53.06 Glu
In vitro GP from 0 to 8 h = 10.105 + 0.183 Glu + 0.064 Starch

Medium fermentation (MF): GP > 8 to 24 h
r2 adjusted Mallow's CP Independent variables

0.83 2 Glu Starch
0.7 54.92 Glu
In vitro GP > 8 to 24 h = 10.136 + 0.173 Glu + 0.384 Starch

Low fermentation (LF48): GP > 24 h
r2 adjusted Mallow's CP Independent variables

0.32 4.00 Glu Starch Cel
0.28 6.27 Glu Cel
0.24 8.93 Cel

In vitro GP > 24 h = 16.121–0.055 Glu + 0.05 Starch + 0.122 Cel

r2 adjusted, adjusted determination coefficient; Glu, glucose; Cel, cel-
lulose; GP, gas production, GP > 8 to 24 h, gas production after 8 to
24 h; GP > 24 h, gas production after 24 h (to 81 h).

Table 4. Simple linear models of in vitro gas production (GP) for different of levels of glucose (Glu), starch and cellulose (Cel) and different incuba-
tion periods

In vitro GP

RF: GP from 0 to 8 h
r2 r2 adjusted ⊎0 ⊎i

GP-8 h Glucose 0.977 0.97 7.846 0.369
GP-8 h Starch 0.919 0.891 2.801 0.597
GP-8 h Cellulose 0.925 0.901 1.148 0.016

MF: GP > 8 to 24 h
r2 r2 adjusted ⊎0 Βi

GP-24 h Glucose 0.995 0.993 1.805 0.495
GP-24 h Starch 0.995 0.993 3.88 0.703
GP-24 h Cellulose 0.965 0.953 4.11 0.077

LF48: GP >24 to 48 h
r2 r2 adjusted ⊎0 ⊎i

GP-48 h Glucose 0.994 0.992 −1.423 0.115
GP-48 h Starch 0.987 0.982 1.101 0.125
GP-48 h Cellulose 0.986 0.981 3.684 0.253

r2, determination coefficient; r2 adjusted, adjusted determination coefficient; ⊎0, intercept; ⊎i, increments of in vitro gas production by level of sub-
strate; GP-8 h, gas production from 0 to 8 h; GP-24 h, gas production after 8 to 24 h; GP-48, gas production after 24 to 48 h.
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DISCUSSION
It has been hypothesized previously that the proportions and
degradability of NDF should be the most important predictors
of animal productive behavior32–35; NDF and LDA impacts the par-
tial and total degradability of feedstuffs and, as the complexity
increases, the in vivo passage rate limits the DM intake and the
potential production of milk and meat.9,13,15

In addition to body weight and other animal specifications, NDF
and starch digestibility, other regression models had included
other components of DM.18 In the present study, starch showed

the highest peak of GP between 8 and 24 h of incubation; in a
complete diet, starch fermentation could enhance Hem
degradability.36–40 Then, total NDF carbohydrate equivalents to
St (in the same period of fermentation) should be considered dur-
ing the design of ruminant diets.

Gas production
The in vitro GP technique is a sensitive and reliable method for
evaluating different diets simultaneously,5,23,41 Murillo et al.2

Table 5. Residuals of models of in vitro gas production obtained from individual andmixtures of levels of glucose, cellulose and starch from 0 to 8 h
of incubation*

RF models: GP 0–8 h†

GP est MSE MAE RMSE R r2 SR

RF Glu (⊎0) = 7.846 + 0.369 Glu 64.304 178.1 10.95 13.064 0.973 0.948 −0.769
RF Glu = 0.369 Glu 56.443 78.838 7.017 8.612 0.973 0.948 −0.278
RF St (⊎0) = 2.801 + 0.0597 St 9.037 771.155 26.572 27.742 0.249 0.357 0.957
RF St = 0.0597 St 6.248 927.282 29.367 30.426 0.301 0.367 0.964
RF Cel (⊎0) = 1.148 + 0.0163 Cel 2.867 1141.114 32.68 33.629 0.056 0.491 0.967
RF Cel = 0.0163 Cel 1.684 1220.481 33.873 34.789 0.05 0.466 0.97
R2 0.99 0.94 0.87 0.97 0.44 0.53 0.91
VC (%) 8.91 20.07 9.88 10.25 49.66 16.29 19.67
SEM 1.022 36.781 0.63 0.697 0.16 0.08 0.133
LSD (0.05) 1.681 60.505 1.036 1.147 0.263 0.131 0.218
P-values
Model < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001

*From statistical Model 3.
†RF, models to relate in vitro gas production from 0 to 8 h with rapid fermentation proportion; RF (⊎0), models of RF including the intercept; Glu, glu-
cose; Cel, cellulose; GP, gas production; MSE, mean square error; MAE, mean absolute error, RMSE, root mean square error; r, correlation coefficient; r2,
determination coefficient; SR, standard residual; R2, determination coefficient; VC, variation coefficient; SEM, standard error of the mean; LSD, least
significant difference.

Table 6. Residuals of models of in vitro gas production obtained from individual and mixtures of levels of glucose, cellulose and starch from 8 to
24 h of incubation*

MF: GP 8–24 h†

GP est MSE MAE RMSE R r2 SR

MF Glu (⊎0) = 1.805 + 0.495 Glu 53.165 701.808 20.979 24.719 0.336 0.537 0.567
MF Glu = 0.495 Glu 51.36 758.061 21.628 25.66 0.37 0.588 0.619
MF St (⊎0) = 3.88 + 0.703 St 112.09 357.909 15.379 18.084 0.935 0.928 −0.48
MF St = 0.703 St 108.21 304.142 14.091 16.605 0.934 0.927 −0.294
MF Cel (⊎0) = 4.11 + 0.077 Cel 12.116 3509.311 55.911 58.618 0.26 0.496 0.944
MF Cel = 0.077 Cel 8.006 3985.657 60.02 62.541 0.276 0.512 0.951
R2 0.94 0.78 0.88 0.86 0.3 0.32 0.78
VC (%) 17.44 5.22 25.4 25.27 57.3 18.5 18.76
SEM 4.824 0.38 3.044 3.232 0.157 0.094 0.128
LSD (0.05) 7.935 624.38 5.007 5.316 0.258 0.154 0.21
P-values
Model < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001

*From statistical Model 3.
†MF,models to relate in vitro gas production from 8 to 24 hwithmedium fermentation proportion; MF (⊎0), models of MF including the intercept; Glu,
glucose; Cel, cellulose; GP, gas production; MSE, mean square error; MAE, mean absolute error, RMSE, root mean square error; r, correlation coefficient;
r2, determination coefficient; SR, standard residual; R2, determination coefficient; VC, variation coefficient; SEM, standard error of the mean; LSD, least
significant difference.
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reported correlations from 0.95 to 0.99 for 24 and 96 h between
in vitro, in situ and in vivo results.
GP is related to the degradation of diets as a result of enzyme

and bacterial activity. The effects of production rates and types

of gases produced in the rumen depend of the chemical compo-
sition of the ingredients and the interaction with the successive
changes of microorganisms.1,4 Interactions of specific cell wall
structures with microorganisms and enzymes are not fully

Table 7. Residuals of models of in vitro gas production obtained from individual and mixtures of levels of glucose, cellulose and starch from 24 to
48 h of incubation*

LF48: GP 24–48 h†

GP est MSE MAE RMSE R r2 SR

LF48 Glu (⊎0) = −1.423 + 0.115 Glu 10.539 460.699 17.659 19.304 0.175 0.576 0.003
LF48 Glu = 0.115 Glu 11.856 428.454 16.82 18.286 0.184 0.578 0.813
LF48 St (⊎0) = 1.101 + 0.125 St 14.04 290.753 14.05 15.805 0.087 0.492 0.826
LF48 St = 0.125 St 12.938 355.442 15.632 17.36 0.044 0.545 0.833
LF48 Cel (⊎0) = 3.684 + 0.252 Cel 42.277 107.827 8.156 9.602 0.717 0.722 −0.099
LF48 Cel = 0.252 Cel 38.593 116.052 8.259 9.781 0.709 0.707 0.248
R2 0.95 0.37 0.51 0.47 0.23 0.11 0.77
VC (%) 15.01 47.79 41.35 41.96 51.08 31.99 22.89
SEM 0.638 0.01 0.49 0.438 5.141 9.139 8.225
LSD (0.05) 2.58 173.06 3.36 3.76 0.32 0.18 0.2
P-values
Model < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001

*From statistical Model 3.
†LF48, models to relate in vitro gas production from 24 to 48 h with low fermentation proportion; LF48 (⊎0), models of LF48 including the intercept;
Glu, glucose; Cel, cellulose; GP, gas production; MSE, mean square error; MAE, mean absolute error, RMSE, root mean square error; r, correlation coef-
ficient; r2, determination coefficient; SR, standard residual; R2, determination coefficient; VC, variation coefficient; SEM, standard error of the mean;
LSD, least significant difference.

Table 8. Estimated values and residuals of rapid, medium and low fermentation fractions (RF, MF and LF48) of corn stover (CS)*

RF: GP 0–8 h†

NDSF g kg−1 DM RF g kg−1 DM MSE MAE RMSE SR

RF Glu (⊎0) = 0.369 Glu 310.3 334.2 416.43 4.98 5.13 0.04
RF Glu = 7.846 + 0.369 Glu 310.3 313.0 362.64 4.66 4.89 0.04
R2 0.98 0.61 0.7 0.7 0.96
LSD (0.05) 1.45 531 3.11 3.09 0.03
P-values
Model 0.009 0.82 0.82 0.86 0.03

MF: GP8-24 h
Hem g kg−1 DM MF g kg−1 DM MSE MAE RMSE SR

MF Glu (⊎0) = 0.495 Glu 226.3 192.1 194.44 3.58 3.70 0.08
MF Glu = 1.805 + 0.495 Glu 226.3 186.6 224.64 4.10 4.24 0.09
R2 0.81 0.80 0.76 0.79 0.75
LSD (0.05) 1.34 136.35 1.56 1.47 0.04
P-values
Model 0.35 0.58 0.49 0.46 0.83

LF48: GP 24–48 h
Cel g kg−1 DM LF48 g kg−1 DM MSE MAE RMSE SR

LF48 Cel (⊎0) = 0.252 Cel 393.7 399.5 783.35 7.14 7.81 0.02
LF48 Cel = 3.684 + 0.252 Cel 393.7 384.9 862.07 7.21 7.94 0.04
r2 0.76 0.71 0.75 0.75 0.99
LSD (0.05) 5.13 718.25 2.85 3.39 0.01
P-values
Model 0.54 0.81 0.95 0.93 0.008

*From statistical Model 3.
†RF, MF and LF48, models related in vitro gas production from 0 to 8, > 8 to 24, and> 24 to 48 h with Glu, St and Cel estimated values; RF(⊎0), MF(⊎0)
and LF48 (⊎0), models including the intercept; Glu, glucose; Cel, cellulose; MSE, mean square error; MAE, mean absolute error, RMSE, root mean square
error; SR, standard residual; R2, determination coefficient; LSD, least significant difference.

Quantifying chemical composition through in vitro gas production www.soci.org

J Sci Food Agric 2020; 100: 3099–3110 © 2020 Society of Chemical Industry wileyonlinelibrary.com/jsfa

3105

http://wileyonlinelibrary.com/jsfa


Ta
b
le

9.
Ra

pi
d,

m
ed

iu
m

an
d
lo
w
fe
rm

en
ta
tio

n
fr
ac
tio

ns
(R
F,
M
F
an

d
LF
48

)a
nd

ch
em

ic
al
an

al
ys
is
of

Le
uc
ae
na

(L
eu
ca
en
a
le
uc
oc
ep
ha

la
La
m
.d

e
W
it)

an
d
st
ar

gr
as
s
(C
yn
od

on
nl
em

fu
en
si
s
Va

nd
er
ys
t)
*

Es
tim

at
ed

va
lu
es

(g
kg

−
1
D
M
)†

C
he

m
ic
al
an

al
ys
is
(g

kg
−
1
D
M
)

RF
M
F

LF
48

D
M

A
sh
es

Et
he

r
C
P

N
D
SF

N
D
F

A
D
F

H
em

C
el

A
D
L

St
ar

gr
as
s

Ra
in
y
se
as
on

35
da

ys
17

9
35

8.
6

66
6.
6

94
4.
3

11
8.
7

6.
5

11
1.
8

36
5.
1

63
4.
9

38
2.
4

25
2.
5

26
7.
6

53
.1

70
da

ys
11

9.
1

23
6.
8

46
4.
4

94
7.
3

12
8.
3

5.
5

96
35

6.
3

64
3.
7

41
1.
2

23
2.
5

27
0.
3

53
.4

D
ry

se
as
on

35
da

ys
83

.7
21

8.
4

47
9.
6

95
2

12
2

13
10

9.
3

33
0.
1

66
9.
9

42
4.
5

24
5.
4

29
6.
1

71
.8

70
da

ys
89

.4
16

5.
8

43
1.
5

95
1.
7

12
8

10
.1

96
.1

29
8.
9

70
1.
1

44
9.
2

25
1.
9

29
8

75
.4

Le
uc
ae
na

le
uc
oc
ep
ha

la
Ra

in
y
se
as
on

35
da

ys
54

3.
2

47
8.
2

35
8.
3

96
2.
3

10
6

14
.3

29
2.
8

73
9.
4

26
0.
6

18
6.
6

73
.9

14
6.
9

41
.6

70
da

ys
34

1.
1

34
1.
8

36
3.
8

95
1

11
0

17
.5

28
6.
6

69
8.
7

30
1.
3

21
8.
4

82
.9

15
3.
9

69
.3

D
ry

se
as
on

35
da

ys
14

9.
8

28
0.
1

22
7.
6

94
9

11
8.
3

22
.1

25
3.
6

65
6.
3

34
3.
7

18
5.
8

15
7.
9

13
2.
8

55
.6

70
da

ys
91

.5
22

0.
5

24
8.
5

94
6.
7

11
4.
7

32
.1

23
4.
5

65
6

34
4

21
4.
2

12
9.
9

16
0

69
.4

R2
0.
9

0.
8

0.
8

7.
8

7.
2

9
9.
9

9.
9

9.
9

9.
9

9.
4

9.
9

7.
7

VC
(%

)
21

.3
15

.8
17

.8
3.
1

44
.6

18
8

53
.6

27
.8

29
.2

33
.8

10
6

36
.1

93
.5

SE
M

10
10

.7
17

0.
69

1.
2

1
2.
3

8.
8

3.
4

2.
5

4.
5

1.
8

1.
3

LS
D
(0
.0
05

)
25

.8
27

.5
43

.9
1.
8

3.
1

2.
6

5.
9

22
.7

8.
7

6.
4

11
.6

4.
6

3.
4

P-
va
lu
es

TP
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
TH

<
0.
00

01
<
0.
00

01
0.
07

<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
N
S

G
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
0.
00

2
<
0.
00

01
<
0.
00

01
TP
*T
H

<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
TP
*G

<
0.
00

01
N
S

N
S

<
0.
00

01
<
0.
00

01
<
0.
00

01
N
S

N
S

N
S

N
S

N
S

<
0.
00

01
<
0.
00

01
TH

*G
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
<
0.
00

01
0.
00

1
0.
05

0.
00

1
0.
00

1
N
S

N
S

<
0.
00

01
<
0.
00

01
TP
*T
H
*G

<
0.
00

01
N
S

<
0.
00

01
<
0.
00

01
0.
08

<
0.
00

01
0.
01

<
0.
00

01
<
0.
00

01
N
S

<
0.
00

01
<
0.
00

01
N
S

*F
ro
m

st
at
is
tic
al
M
od

el
4.

†R
F,
M
F
an

d
LF
48

fr
om

es
tim

at
io
ns

of
G
lu
,S
ta

nd
C
el
,r
es
pe

ct
iv
el
y;
D
M
,d
ry

m
at
te
r;
C
P,
cr
ud

e
pr
ot
ei
n;
N
D
SF
,n
eu

tr
al
de

te
rg
en

t
so
lu
bl
e
fi
be

r;
N
D
F,
ne

ut
ra
ld

et
er
ge

nt
fi
be

r;
A
D
F,
ac
id

de
te
rg
en

tfi
be

r;
H
em

,
he

m
ic
el
lu
lo
se
;C

el
,c
el
lu
lo
se
;A

D
L,
ac
id

de
te
rg
en

tl
ig
ni
n;
R2
,d
et
er
m
in
at
io
n
co
ef
fi
ci
en

t;
VC

,v
ar
ia
tio

n
co
ef
fi
ci
en

t;
SE
M
,s
ta
nd

ar
d
er
ro
rm

ed
iu
m
;L
SD

,l
ea
st
si
gn

ifi
ca
nt

di
ff
er
en

ce
;T
P,
ty
pe

of
pl
an

t;
TH

,h
ar
ve
st

tim
e;
G
,g

ro
w
th

da
ys
;P
-v
al
ue

s,
pr
ob

ab
ili
ty

va
lu
es

of
F.

www.soci.org LA Miranda-Romero et al.

wileyonlinelibrary.com/jsfa © 2020 Society of Chemical Industry J Sci Food Agric 2020; 100: 3099–3110

3106

http://wileyonlinelibrary.com/jsfa


understood, although pyrosequencing of ruminal microbiota
have indicated that diet is one of the major factors driving the
change of major ruminal phyla (Bacteroidetes, Firmicutes and Pro-
teobacteria) and archaeas.42–45

Feedstuff components can be classified into two major ferment-
able fractions: soluble and nonstructural carbohydrates (quantified
as NDSF and equivalent to Glu) and structural carbohydrates
nested in cell walls (almost all NDF proportion), mainly composed
of Hem and Cel. During maturity and lignification, the amount,
composition and structure of lignin changes, and phenolic acids
with ⊎-O-4, ⊎-⊎ and ⊎-5 units limit the accessibility to xylose46–48;
after breaking simple and ether and esterified cross-linkages of fer-
ulate and p-cumarate of lignin with arabinoxylan of Hem and the
⊎-1, 4 of Cel, both Hem and Cel are sources of mostly glucose and
xylose.47–50

The digestibility of feedstuff organic matter, DM and NDF are
highly correlated with GP, volatile fatty acids (VFA), N and
CH4.

8,51 NDSF is fermented in the first 6–8 h and may be the initial
energy source for bacteria populations, releasing mainly propio-
nate, and could be a further source of N for the fibrolytic bacteria
that ferment Hem after 8 h and Cel after 24 h (NDF complex) to
produce primarily acetate and butyrate. During fermentation, H+

ions can be used to produce short volatile fatty acids or methane
(CH4) in a stoichiometry where each butyrate and propionate mol
captures four H ions, whereas acetate releases two H ions that are
further used to form CH4.

7,52

Models to convert GP to Glu, St and Cel equivalents
Fermentation of almost exclusively Glu, St, Hem or Cel in the pre-
sent study might lead to intervals of times with different peaks of
GP and fermentation patterns related to the degradability of each
component. Glu would be rapidly fermented during the first 8 h
but, because of ⊎-1, 4 linkages, Cel would hardly be available as
a glucose source and would be fermented after 24 h as one of
the slowest fermentable components. St, composed of chains of
glucose with ⊍ linkages, would be fermented soon after Glu but
before Hem, which primarily consists of xylose (48–66%) and
arabinose (10.4 to 35%)46; however, in the rumen, both St and
Hem might be fermented between 6 and 26 h after initiating
the in vitro incubation.53

Some of the NDSF and St proportions are still being fermented
after 8 and 24 h. Because the ADF is mostly composed of Cel, ADL
and ashes, only Cel is the primary source of fermentable carbohy-
drates from 24 to 48 h (LF48). ADL and ashes are nonfermentable
residues.
Previous studies have reported the in vitro GP at different times

from substrates such Glu, pectin, starch and Cel. The accumulated
GP at different incubation times has been defined for soluble car-
bohydrates such as RF,54,55 for starch, xylose and pectin as MF 54,55

and Cel as LF fractions.56 Sigmoidal and non-sigmoidal models
described by France et al.,20,57 Groot et al.58 and Schofield
et al.22 considered the total GP from one or more pools of ingredi-
ent degradability.13,59

In present study, GP was divided within intervals of time with
peaks at GP-8, GP-24 and GP-48 and simple linear models were
obtained from exclusive Glu, St/Hem and Cel fermentations,
although, overall, time series would show different peaks at differ-
ent times and may or not present self-similarities. Lag, exponen-
tial increases and declines of curves of each content would be
nested in the overall trend and, in the overlapped phases, residual
degradability and GP of a first substrate would be related to the
initial degradability of the next, but not necessarily with the
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maximum GP observed in the nonoverlapped intervals. Some
time series analysis methods such as fractal and multifractal
detrended fluctuation focus on finding the temporospatial loca-
tion of detrended data, first nesting the highest or lowest values
in intervals and ignoring the general trends and shapes, where
peaks are individually analyzed, and after determining short or
long term correlations.60,61 Inversely, the amount of a component
might be related to the accumulated GP of peaks.

Potential of models in analysis of forage components
The maximum peak of GP of CS occurred from 8 to 24 h coincid-
ing with the forage, grain and ruminant diet fermentation
reported by García-Montes et al.,62 González et al.63 and Tirado-
Estrada et al.64 Similarly, highest degradability for DM and NDF
from 0 to 24 h was reported by Trujillo et al.23 who analyzed six
forages (white clover, birdsfoot trefoil, ryegrass, alfalfa, barley
straw), brewer's grains and citrus pulp and found that the partial
percentages of degradability of DM and NDF for forages were
47.62 ± 16.76% and 22.59 ± 8.94% from 0 to 8 h after initiating
in vitro incubation, 26.67 ± 5.54% and 41.08 ± 17.67% after 8 to
24 h, and 15.12 ± 15.11% and 22.79 ± 15.91% after 24 to 96 h
[regardless of the method of analysis (in vitro versus in situ), all of
the ingredients reached the maximum degradability at 96 h]; cal-
culated correlations between initial values of NDF, ADL, ADF, Hem
and Cel and in vitro GP from 8 to 24 h of ingredients were − 0.63,
0.10, −0.46, −0.53 and − 0.46, respectively, but, at 96 h, the
in vitro GP were − 0.83, −0.73, −0.69, −0.66, −0.56.
Regarding other ingredients, the content and composition of

NDF in Leucaena and star grass negatively correlated with poten-
tial GP from 0 to 24 h of incubation, although lignin content neg-
atively impacted the GP total (from 0 to 48 h). In vitro NDF
degradability is correlated with VFA,41 for which the contribution
of 75% of ruminants’ energy requirements and individual propor-
tions is related to the quantity and quality of production and rumi-
nant enteric emissions.3,9,52 In addition, although Glu, St and Cel
equivalents did not predict the values of NDSF, Hem or Cel of all
of the ingredients, those variables showed more sensitivity with
respect to finding differences between feedstuffs as a result
of conditions independent of the type of plants, such as the
maturity process,36,37 genetic selection,32–35,38–40 supplementation
of fibrolytic enzymes65,66 and pre-fermentation processing.67

Limits of in vitro GP technique to feedstuff evaluation
Regardless of the method of analysis, at 96 h, feedstuffs had
achieved the maximum degradation, although the rates of
degradability change through the times,23 and GP peaks are pre-
ceded by a lag phase.20,56

Forages and concentrates are complex combinations of soluble
and nonstructural carbohydrate equivalents to Glu, as well as mid-
or low-available sources of carbohydrates nested in cell walls
(NDF complex), and the population peaks of microorganisms
and the proportions of gases are interdependent, with lag phase
modifying the time of fermentation of structural and non-
structural carbohydrates.
The lag phases also depend on the rumen inoculum, which

might vary according to the composition and nutrient availability
of diets offered to donors for which microorganisms persist
despite their rapid adaptation to diets (changes of endogenous
carboximetil cellulases and xylanases, microorganisms and VFA
patterns reach the maximum differences 6 to 15 days after
change the diet)4; however, characteristics of ruminal fluid like
the pH and temperature can vary among the donors.3,9

Other sources of bias are the ruminal fluid sampling time, the
inoculum preparation and the availability to sustain the anaerobic
environment, the composition of buffer solutions, and the execu-
tion of in vitro gas production technique, which can vary between
laboratories.23

Themodels derived in present study can be useful; the analyzed
samples would be ≤ 0.5 g DM to measure ≤ 0.4 g of any fraction
(NDSF, St and/or Hem, and Cel). However, it is necessary to cor-
rectly interpretate the GP peaks, which might be quite different
for grains (the GP from 8 to 24 h would be mainly starch),9 as well
as to differentiate, from 8 to 24 h, the GP resulting from the non-
structural, the starch and the Hem fermentation.52

CONCLUSIONS
In vitro GP was useful for obtaining reliable approximations of Cel
and NDF of CS, and considered as a forage with low CP and ether
contents. In Leucaena and star grass, the estimated RF, MF and
LF48 from accumulated GP-8 h, GP-24 h, and GP-48 h were signif-
icantly correlated with NDSF, Hem and Cel. They were more
sensitive than chemical composition for comparing feedstuffs,
suggesting that the GP equivalent to RF, MF and LF fractions
would be useful for comparing the nutritional quality of ruminant
diets.
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