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ABSTRACT - The goal of our study was to evaluate the nutritional potential of dented
corn hybrids for silage production. We performed a two-location trial in which 19
dented corn hybrids and five corn controls grew in four randomized blocks within two
experimental areas located in the Northern (Campos dos Goytacazes) and Northwestern
(Itaocara) Rio de Janeiro State, Brazil. We recorded yields of fresh and dry forage matter
and yields of fresh and dry grain matter, as well as chemical composition variables. We
interpreted variables by assuming a Normal distribution for yield variables and a Beta
distribution for chemical composition and ratios. The SAS GLIMMIX procedure fitted
the linear model under those assumptions. Dual-pool models fitted the gas production
profiles generated by in vitro anaerobic fermentations. We used the nlme of R software
to fit the dual-pool models and the information-theoretic approach to evaluate their
quality of fit. We did a cluster analysis (NbClust of R) to group corn hybrids based on fresh
and DM yields and kinetic parameters of in vitro gas production. Three clusters of corn
hybrids stood out, their basic differences relied on fresh and DM yields. Nonetheless, the
least-squares means for gas production characteristics among groups did not present
disjoint confidence intervals. Therefore, we can infer that dented corn hybrids rank by
forage yield, but not by forage quality, and recommend the most productive ones that
consistently outstand in both locations (hybrids UENF-2203, UENF-2192, UENF-2193,
and UENF-506-11).

Keywords: corn silage, forage quality, gas production, nutritional value

1. Introduction

A balance between amounts of nutrients available and intake, digestibility, and efficiency of nutrient
utilization by animals characterizes an ideal forage. It is desirable that forage plants alike yield large
amounts of forage mass per unit of area, with the lowest possible cost and with the objective of
obtaining increments in livestock performance.
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The act of ensiling the corn plant is a traditional forage preservation technique for livestock feeding
around the world, for feeding herds either during dry periods or as the primary component of total-mixed
rations in intensive production systems. Corn shows interesting characteristics for this purpose such as
high yield of dry matter (DM), nutrient levels (e.g., starch), and palatability. The ensiling process of the
corn plant preserves and sometimes increases its nutrient digestibility (Van Soest, 1994).

Companies have developed genetically improved corn hybrids based on grain yield, but it appears that
the use of the same hybrids for silage production arose regardless of the main goal of grain production.
Therefore, in the past, they did not focus their genetic improvement programs to release corn varieties
and hybrids for silage production (Bunting, 1975; Hunter, 1978). In Brazil, there is a wide diversity
of corn hybrids in the market, which are adapted to different environmental conditions and present
divergent productive characteristics. Nonetheless, companies seldom have developed few corn hybrids
by considering nutritional aspects other than chemical composition and grain and forage yields. Some
aspects of ruminal fermentation or digestibility parameters of corn as a forage plant are missing.

Several studies demonstrate variations in starch digestibility for different corn hybrids, which can lead
to different animal production responses (Philippeau and Michalet-Doreau, 1997; Philippeau et al.,
1999; Correa et al., 2002; Taylor and Allen, 2005c). Therefore, an increased grain proportion does not
necessarily imply a corn silage with high quality, because grain digestibility varies considerably among
corn hybrids (Russell et al., 1992; Cox et al., 1994; Correa et al,, 2002; Ferrareto and Shaver, 2015).
In addition, environmental constraints affect the forage yield of corn hybrids, which demand specific
recommendations to corn forage cropping by region to predict the effect of environmental factors (e.g.,
altitude and temperature) on silage quantity and quality (Buxton, 1996; Crevelari et al., 2017, 2018,
2019). Therefore, our goal was to evaluate the forage and nutritional potential of dented corn hybrids
for silage production in two locations of low altitudes above sea level (a.s.l.) and under the influence of
predominant humid tropical conditions.

2. Material and Methods

We conducted the evaluation of corn hybrids simultaneously in Campos dos Goytacazes (21°38'57,48" S
and 41°20'34.65" W, and 15 m a.s.l. - Northern Rio de Janeiro State) and Itaocara (21°38'39.93" S
e 42°3'7,18" W, and 90 m a.s.l. - Northwestern Rio de Janeiro State), in the 2013/2014 crop year.
The climate in both regions is tropical with well-defined dry and wet seasons and classified as Aw
(Kottek et al., 2006; Beck et al., 2018). The average annual rainfalls were 800 and 1221 mm-yr~ for
the Northern and Northwestern regions, respectively. The experimental layout was a completely
randomized block design with four replicates in both locations.

2.1. Cropping conditions

We used a conventional planting system to sow the hybrid corn seeds in November and December of
2013 at the experimental areas of Campos (Location 1) and Itaocara (Location 2). We fertilized the
areas at sowing with 400 kg-ha™ of formulated NPK 8-28-16. Subsequently, we did two topdressing
fertilizations: the first at 30 days after planting with 300 kg-ha™ of NPK 20-0-20, and the second on day
45 after planting with 200 kg-ha™! of urea.

We evaluated 24 corn hybrids, and considered five of them as control hybrids (Table 1). Each
experimental plot consisted of a 5-m row (120 m per block), and rows (blocks) 1 m apart from each
other. We sowed five seeds-m™.

We harvested the hybrids when at least three of the four plots presented grains at silage harvesting
point. We considered the harvesting point when the milk line reached 1/2 of the kernel profile.
We harvested 15 plants per plot manually at 0.2 m above ground, and weighed the samples collected in
the field with 50-kg pointer scales (0.1-kg increment).
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Table 1 - Corn hybrid topcrosses, testers, and controls sown in the two-location trial

Identification Genotype?< Grain type
1 UENF-21942 Dent
2 UENF-2195% Dent
3 UENF-21992 Dent
4 UENF-2205% Dent
5 UENF-2198° Dent
6 UENF-2203? Dent
7 UENF-21922 Dent
8 UENF-2206* Dent
9 UENF-2207° Dent
10 UENF-2208? Dent
11 UENF-2209? Dent
12 UENF-2210° Dent
13 UENF- 2200° Dent
14 UENF-22022 Dent
15 UENF-2201° Dent
16 UENF-2204* Dent
17 UENF-2193® Dent
18 UENF-2191° Dent
19 Pirando 13° Dent
20 AG 1051° Dent
21 UENF-2197° Dent
22 UENF-2196° Dent
23 BR 106° Semi-dent
24 UENF-506-11° Semi-dent

@ Topcross hybrids.
b Control.
¢ Genotypes 1-19, 21, and 22 were crossed with Pirando 12. Pirando 12 was a tester (Crevelari et al., 2017, 2019).

2.2. Sampling and processing of corn plants

We threshed and recorded the mass of grains from corn ears of five plants and chopped their husks and
cobs along with vegetative parts (stem and leaves). We sampled grains separately and quantitatively
from the husks, cobs, and remaining vegetative part (fibrous part or stover). The chopped husks, cobs,
stems, and leaves formed one single sample of ca. 0.6 kg per plot. We stored grain and fibrous samples
for further processing and analysis under freezing conditions.

We dried grains and chopped fibrous parts at 55 °C for 72 h in a forced-air oven, subsampled the
partially dried grains and fibrous parts, and ground them quantitatively in a Wiley-type mill fitted with
a 1-mm-sieve. We carried out the analyses of total DM (method 967.03; AOAC, 2019) on grains and
fibrous parts. In sequence, we combined the milled parts of grains and fibrous parts quantitatively
in appropriate DM portions to resemble the composition of the whole plant (Kruse et al., 2008). That
procedure was necessary for saving samples for chemical analysis and in vitro incubations. We also
determined crude fat (CF, method 2003.06; Thiex et al., 2003), ash (method 942.05; AOAC, 2019), and
crude protein (CP, method 984.13 and method 2001.11; AOAC, 2019; Thiex et al., 2002). We determined
the neutral detergent fiber (NDF) fraction with a standardized heat-stable amylase solution, 0.5 g of
Na,S0,, and expressed results exclusive of residual ash (aNDFom as method 2002.04; Mertens, 2002).
The lignin fraction or Lignin(sa) is the organic matter (OM) determined on the acid detergent residue
by solubilization of cellulose with standardized sulfuric acid solution (Méller, 2009). The aNDFom
and Lignin(sa) analyses were made with Berzelius beakers with spouts. We estimated the amount of
non-fibrous carbohydrates as follows: NFC = DM - ASH - CP - CF - aNDFom.

We determined the ASH contents in porcelain crucibles (method 942.05; AOAC, 2019), fitted with
porcelain covers to avoid spillages during incineration and manipulation of crucibles. However,

R. Bras. Zootec., 50:e20200110, 2021



A two-location trial for selecting corn silage hybrids for the humid tropic: forage and grain yields...
Bendia et al.

we used two types of muffle furnaces: one with the temperature electronically programmable (model
Q318M24; Quimis Aparelhos Cientificos, Diadema, SP, Brazil), and the other was analogic (model
Q318D24; Quimis Aparelhos Cientificos, Diadema, SP, Brazil). The temperatures in the analogic furnace
were manually increased (approximate 50 °C increase) to gradually reach 525+15 °C.

The Kjeldahl CP method (method 2001.11) was used for digesting samples in aluminum blocks
using copper catalyst, K,SO,, H,SO,, and 1 g of feed sample into 250 mL borosilicate digestion tubes.
Nonetheless, we used 100 mL micro-assay borosilicate tubes for digesting samples in two 40-probe
aluminum blocks (model TE-040/25; Tecnal Equipamentos Cientificos, Piracicaba, SP, Brazil); the
100 mL tubes also fit to a specific steam distillation unit (TE-0363; Tecnal Equipamentos Cientificos,
Piracicaba, SP, Brazil). We proportionally adjusted the amounts of catalyst-salt mixture for 0.25 g samples
and sulfuric acid (5 mL per tube). The concentration of the NaOH solution used for neutralization in
the distillation step was 40% (w/w). We determined duplicate blanks per 40-probes run, and used
certified purity NH,H,PO,and Lysine-HCl to check for N-recovery of the distillation step and the entire
method, respectively (Thiex et al., 2002).

2.3. Statistical analysis

We analyzed yields (kg-ha™) of fresh (Yha, as is) and dry (YDMha, DM) forage mass, yields of fresh
(Ygha, as is) and dry (YgDMha, DM) grain matter, and yields (kg-ha™') of the chemical components CP
(CPYha),aNDFom (aNDFomYha), Lignin(sa) (Lignin(sa)Yha), and NFC (NFCYha), which were estimated
using the following statistical models:

Y, ~ Normal(u,, 0%) and (D
Yijk Sptrat ﬁk + bj(k) + aﬁik * e (2)

in which Y, corresponds to the observed production of the i-th corn hybrid harvested in the plot
corresponding to the j-th block within the k-th location. Parameter u is a constant, a, is the hybrid effect
(i=1,2,3,..24), b].(k) ~ Normal(0, alz,w]) corresponds to block effect (j = 1, 2, 3, 4) within each location,
B, is the location effect (k = 1, 2), af, is the hybrid x location interaction, and € ~ Normal(0, ¢?)
represents the random error term. Hybrid, location, and their interaction were fixed effects in the
model, whereas blocks within locations were random effects.

The GLIMMIX procedure of SAS (Statistical Analysis System, University Edition) fitted equations 1 and
2 to the data. First, we fitted the model using the estimation method of maximum likelihood to choose
the best variance-covariance structure to verify the need to account for dependence and heterogeneity
for variables normally distributed. Subsequently, the model was chosen based on the lowest value of
the Akaike information criterion (Akaike, 1974), as recommended by Wolfinger (1993) and Littell et al.
(2006). We adopted P = 0.001 as a strong evidence of an effect, and P-values between 0.01 and 0.001
as evidences of effects. We did this to minimize the risk of finding false positives (Johnson, 2013).
The Tukey-Cramer adjustment compared the least-squares means of treatments to avoid the inflation
of the type-I error rate (Littell et al., 2006).

We presented the chemical composition on a DM basis. Because chemical components are continuous
proportions, the most suitable probability density function for such variables is the Beta distribution
(Mood et al, 1974; Ferrari and Cribari-Neto, 2004; Carlton and Devore, 2014; Stroup, 2015).
Therefore, we estimated the chemical components DM, CE ash, CP, NFC, aNDFom, Lignin(sa), and
Lignin(sa):aNDFom ratio, as well as the grain proportions in fresh and dry forage mass (Ygha/Yha or
YgDMha/YDMha) using the following stochastic models:

p,~Beta(r,, ), 3)
n,'jk = IOg (puk/(l - p,’jk)] =n+ a,‘ + bj(k) + ﬁk + aﬁ,‘k’ or (4)
n,‘jk = _log [_log (p,]k)] =n+ a,‘ + bj(k) + .Bk + aﬁ,‘k (5)
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The general constant 7 is associated with the transformed mean 7,,, which is linked by logarithmic
functions to a linear predictor (Vonesh, 2012; Stroup, 2015). The expected value of a given chemical
component, i.e, 7, € (0, 1), is the inverse link function, as follows:

E[p,] =,=1/(1 +exp(-4,)), (6)

in which 7j, found in equations 4 and 5 is the expected linear predictor 7, =E[n,]=1+4, +f +ap

i i ijk- i k iK'
and 7, is the expected mass proportion of the chemical component. The observed Dy € (0, 1) is the
proportion corresponding to the measured chemical constituent (e.g., DM/1000, CP/1000, etc.)
of the i-th hybrid (&) planted in the j-th block (bj(k)) within the k-th location (f,). Parameter ¢ is a
positive scale parameter that completes the variance of the Beta distribution, as follows (Ferrari and
Cribari-Neto, 2004):

Vip,l =1, (1-#,)/(1 + ). (7)

Equations 3 and 4 are applicable to values within the open interval 0.1 < Dy, < 0.9. However, outside
this range, but still within the interval (0, 1), we also tested the model defined by equations 3 and 5,
as recommended by Stroup (2013, 2015). It is important to emphasize that the quality of both fits
was compared using the concordance correlation coefficient (Lin, 1989), according to the procedures
recommended by Vonesh et al. (1996), and implemented as a macro in the SAS program (Vonesh,
2012). We used the restricted pseudo-likelihood method (RSPL) of GLIMMIX to fit this model to the
observed chemical component concentrations and ratios. One of the requested outputs (given by the
“ilink” function) of the GLIMMIX procedure is given by equation 6, and variances of the estimates
given by equation 7. The final chemical concentrations resulted from the product 1000-7%, and the
respective standard deviation of the estimate obtained from the product 1000-(V [pl.].k])O-S.

2.4. In vitro incubations and related quantitative interpretation

We obtained cumulative gas production profiles through in vitro anaerobic incubations (Hall and
Mertens, 2008, 2012). The gas pressures generated from the onset of fermentation were recorded by
manometric readings (0-7 psi manometer,; 0.05-psi increments), as well as the volumes displaced within
a graduated pipette (0-25 mL, 0.1-mL increments) by the pressurized gas diverted into the pipette using
a three-way valve. Pressure and volume readings were taken at initial equilibrium (zero time) and at 1,
2,3,4,6,8,10,12, 16, 20, 24, 30, 36, 42, 48, 72, and 96 h after rumen inoculum addition. We collected
the inoculum from three mature sheep (wethers with approximately 60 kg live weight) fitted with
permanent rumen cannulas (Protocol 207, revised as protocol 308 by the Institutional Committee on
Ethics of Animal Use). The inoculum donor animals were fed a TMR diet of corn silage and concentrate
(2:1, DM basis) at 2X the maintenance energy needs computed from NRC (2007). We obtained the
cumulative volume readings of fermentation gases by summing actual volume readings throughout
measurement times. The gas volume readings were standardized as mL-dg™! of DM from the incubated
sample (Malafaia et al., 1999; Abreu et al., 2014).

The general structure attributed to the nonlinear model used to quantitatively explain the cumulative
gas production profiles were V, = u,, + e, with V ~Normal(u,,0?). The mean function u,, is described
as follows:

=V, (1 - exp(-,8)) + V,,(1 - (6" exp(-xt) + exp(-At) ¥V-1 (1 - 6"~ (At)//i1)), and (8)
Hy,= V(1 - exp(-x, ) + V,,(1 - exp(-yt) £1_, (vt)/11) 9

Equations 8 and 9 are dual-pool models formed by the combination of the monomolecular and GNG1
models (M-GNG1), and M-GN as a combination of the monomolecular and GN models (Matis et al.,
1989; Ellis et al., 2005; Vieira et al., 2008a). In equation 8, parameters Vf1 and sz are the asymptotic
gas volumes (mL-dg™) produced by rapidly and slowly degradable fractions; k, is the fractional rate
(h™1) of the rapidly fermentable fraction, and « is the rate (h™') of slowly fermentable fraction of the
sample DM. Parameter N is a positive integer that represents the order of time dependency, A is the
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asymptotic rate (h™!) of preparation for digestion of the insoluble and slowly degradable substrate,
and constant § = A(A - k)™ (Vieira et al,, 2008a, 2012). In equation 9, Vﬂ, V/z, and K, have the same
biological meanings as in equation 8, excepting parameter y (h™!), which represents an asymptotic rate
of substrate fermentation. We challenged the conventional homoscedasticity assumption for fitting
both nonlinear models using the nlme function of the R statistical package and modeled variances as

follows (Pinheiro and Bates, 2000; Pinheiro et al., 2017):
oy, = 0% or (10)
07, = 07| Uy, | (11)

Parameter o? is the homogeneous and true residual variance scaled or not by the expected y,, value to
the power 1. We also had to challenge the assumption about independence among residuals, because
gas readings are repeated measures over time for each flask. Therefore, we fitted equation 8 or 9 with
equations 10 or 11, and with a function (corCAR1) that accounted for a first-order autoregressive
correlation (¢) structure of nlme. The required condition to run the analysis was grouping data
(groupedData object) using the following formula:

V ~ Time|gbl. (12)

Term V corresponds to the accumulated gas production records, Time corresponds to time points
when volume readings were taken for each flask, and gbl corresponds to the random effect associated
to the experimental unit, that is, the plot within each block x location intersection where corn hybrids
grew. In all cases, we used the Akaike information criterion (Akaike, 1974) to evaluate the quality of
fit of the models.

We determined the matrices of standardized mean Euclidean distances (ED) among hybrids based on
canonical analysis considering variables Yha (as is), YDMha (DM), Vy and V, (mL-dg™), k,, A, and k (h™).
Those relative scale distances were dissimilarity measures for cluster analysis of hybrids according
to the Ward method, and we used the NbClust function of R to determine the best number of clusters
(Charrad et al.,, 2014).

3. Results

The Normal (Gaussian) distribution was valuable to interpret fresh forage, DM, and grain yields of
corn hybrids in the two locations (Table 2). There was no hybrid x location effect for those variables,
as well as no location effects, but hybrids differed significantly. Fresh forage (Yha, as is) and grain
(Ygha, as is) yields presented considerable block variations within location and heteroscedastic
residual variations. Block variation was also important for YDMha and YgDMha, but homogeneous
variances were more likely to describe forage and grain DM yields. In addition, Yha, YDMha, Ygha,
and YgDMha differed significantly among hybrids, but location and hybrid x location interaction
did not affect those yields (Table 2).

The hybrid effect was significant over the yields of chemical components (DM basis), namely
aNDFomYha, CPYha, NFCYha, and Lignin(sa)Yha, whereas location and hybrid x location interaction
did not affect chemical component yields. Block and homoscedastic residual variations were
more likely for aNDFom, CP, and Lignin(sa) yields; however, the NFC yield presented block and
heteroscedastic variances for the location effect (Table 2).

Beta distribution was most suited to describe the YgDMha:YDMha ratio, and the fit of equations
1-5 revealed that block variation was considerable (Table 2). Similarly, Beta distribution was the most
suitable for the quantitative description of the chemical components. The model fitting allowed us to
identify the significant effect of hybrid x location interaction on DM content, and it was necessary to
add parameter 6, . Fixed effects (hybrid and location) did not significantly influence CP and aNDFom
levels, but these chemical components showed heteroscedastic residual variances for each location
(6,.,and 6, _,). Block variation was important for the quantitative description of the other chemical
composition variables, including Lignin(sa):aNDFom ratio. According to the adopted statistical criteria,
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the fixed effects (hybrid and location) did not influence chemical components. The exception was the
significant effect of hybrid over the ASH content (Table 2).

The best model for describing in vitro gas production profiles resulted from the monomolecular phase
with the sigmoid phase G6G1 combination. A random effect was ascribed to the diagonal matrix (D) with
parameters V,, k,, V,, A, and k, a correlation between repeated measures over time (¢), and the variance
power of the mean (). As a result, 248 parameters were estimated. Due to the high probability for
this solution, we can consider that it was the best model solution, given the data (Table 3). In addition,
this model contained the hybrid x location interaction effects, which yielded feasible gas production
parameter estimates (Table 4). In fact, despite the absence of the interaction effect over the chemical

composition, there was a detectable interaction effect over the fermentation parameters (Table 4).

The cluster analysis allowed gathering information about fresh and DM yields, as well as on biological
fermentation parameters of gas production from in vitro incubations (Table 5). We identified three
main clusters, and each cluster grouped together hybrids that grew at different locations (Figure 1
and Table 4), even when no significant effects for fresh and DM yields were detected for individual
variables (Table 2).

The cluster analysis identified similar treatment (hybrids and locations) groups, and we computed
least-squares means for each group (Table 5). One can note that the main dissimilar variables are
those related to fresh and DM yield, which characterizes each group based on disjoint confidence

Table 2 - P-values regarding fixed effects of corn hybrids (a), locations (), their interaction (af,), and estimates
for variance components (6,,, as SD for blocks within locations, residual SD for each location 6, _, or
Gy ¢ as a scale parameter for the Beta distribution, and homoscedastic residual SD as ) for yields and

chemical composition

P-value for fixed effects

Variable*® Distribution Variance component

a, By ap,
Yha (as is) Normal <0.001 0.057 0.057 6,,,=576.1,6,_,=66804,6,_,=5468.6
YDMha (DM) Normal 0.005 0.458 0.865 64y = 435.7,6 =2252.5
Ygha (as is) Normal 0.016 0.041 0.772 6,,,=2639,6,_=1551.4,6,_,=1157.8
YgDMha (DM) Normal 0.012 0.069 0.884 6,,,=189.9,6=787.4
aNDFomYha (DM) Normal 0.003 0.370 0.697 6,4, =257.9,6=11483
CPYha (DM) Normal 0.001 0.821 0.673 6,4,=25.7,6=157.3
NFCYha (DM) Normal 0.001 0.619 0.862 6,,=34,6,_,=1154,6,_,=93.2
Lignin(sa)Yha (DM) Normal 0.011 0.394 0.639 6,4,=27.0,6=79.2
Ygha/Yha (as is) Beta <0.001 0.076 <0001  0,=0.0214,¢ =361.04
YgDMha/YDMha (DM) Beta <0.001 0.007 0.007 6,4, = 0.0320, = 224.63
DM Beta <0.001 0.009 <0001  6,,=00037,¢=47291
CP (DM) Beta 0.297 0.445 0.961 6,.,=0012,6,_ ,=0.006,$ = 1590.54
aNDFom (DM) Beta 0.066 0.577 0.036 6,.,=0.054,6,_,=0.018,¢=312.12
Lignin(sa) (DM) Beta 0.016 0.209 0.021 6,4, =0.010,$ =2721.11
Lignin(sa)/aNDFom (DM) Beta 0.016 0.172 0.376 6,4,=0.010, $ = 138.49
CF (DM) Beta 0.031 0.364 0.130 6,4, = 0.008, § = 3473.51
Ash (DM) Beta 0.001 0.268 0.440 6,4, = 0.011, § = 2624.7
NFC (DM) Beta 0.290 0.753 0.164 0, =0.052,¢=253.36

2 Yields (kg-ha™) of forage matter (Yha), grain mass (Ygha), insoluble fiber (aNDFomYha); crude protein (CPYha), nonfibrous carbohydrates
(NFCYha), and lignin (Lignin(sa)Yha).

b Ratios and chemical component fractions presented as kg't™ or g-kg™ but statistically analyzed as dimensionless proportions: grain to forage
ratio (Ygha:Yha), dry matter (DM), insoluble fiber (aNDFom), lignin (Lignin(sa)), lignin to insoluble fiber ratio (Lignin(sa):aNDFom), crude fat
(CF), ash, and nonfibrous carbohydrates (NFC).
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Table 3 - Estimate of the negative logarithm of the likelihood function (/) and derived information criteria®
for the best fitted one-compartment (GN), and double-compartment (GNG1) nonlinear mixed effects models

Effect Model® Random® Variance® - AlCc? 40 w? ER?® 6?
General M-G1G1 No effect Homog 5871.0 11754.1 10623.1 -0 —00 6
M-G6G1 No effect Homog 5852.9 11717.8 10586.8 -0 —00 6
M-G6G1 No effect VP 4085.4 8184.8 7053.8 -0 —00 7
M-G6G1 No effect CORR 2874.3 5762.6 4631.6 -0 —00 7
M-G6G1 No effect VP, CORR 1437.2 2890.4 1759.4 -0 —00 8
B, M-G6G1 No effect VP, CORR 1185.5 2397.2 1266.2 1.1-10%%  9.0-10%"* 9
a; M-G6G1 K VP, CORR 918.5 2095.2 964.2 4.2-107210 2.4-10%° 124
M-G6G1 D (V,, k,V, A x) VPCORR 575.7 1418.1 287.1 45107 2.2:10* 128
ap, M-G6G1 D (V,, k,V,AK) VP CORR 296.5 1131 0.0 =1 =1 248
M-G1 D (Vﬂ, k, Vﬂ, A, k) VP, CORR 604.6 1634 503 6.0-10711° 1.7-10* 199
M-G2 D(V,, k,VyA k) VP CORR 567.2 1559 428 1.2-10°% 8.7:10°2 199
M-G3 D(V, k,V,Ax) VP CORR 675.8 1776.2 645.2 7.9-10*  1.3-10™° 199

# AlCc, - Akaike information criterion corrected for small samples; 4 - Akaike difference; w_ - model probability; ER - evidence ratio; and
number of parameters (@) of the r-th model combination.

b Model combinations described by the fixed part of the model, i.e., monomolecular combined with GN or GNG1 equations, followed by the
parameter(s) to which random effects were ascribed with a diagonal (D) variance-covariance structure if applied to two or more parameters.

¢ The homoscedastic variance (Homog) and residual independence correspond to the traditional assumptions for fitting a given model. Variance
functions: VarPower (VP), and correlation (CORR).

intervals. Regarding the fermentative potential, it is not possible to discriminate parameters related to
gas production with the same criteria. Therefore, qualitatively, the evaluated hybrids showed similar
characteristics in terms of the potential nutritive value, but differed in total forage yield.

The group with greater fresh and DM forage yields (group 1, Table 5) contains hybrids recommendable
for both locations, for example, hybrids 6, 7, 17, and 24. Hybrid 20 and the other hybrids of group 1 did
not show consistent performances between the two locations. The other two groups contain hybrids
with lower fresh and DM forage yields (Figure 1 and Table 5).

4. Discussion

Corn genetic improvement can enhance its agronomic performance and nutritional qualities for silage
production (Roth etal., 1970; Deinum and Bakker, 1981; Crevelari etal., 2019; Pereira et al., 2020). Some
results indicate that environmental factors, such as agronomic factors that change grain:stover ratio,
do not greatly influence the final digestibility of the corn silage, nor improve ensiling characteristics,
but the factors affecting yields and economic returns may be worth investigating (Russell et al., 1992).
Nonetheless, the development of corn hybrids with higher rumen OM degradability or fermentability
becomes essential for producing high-quality forage for feeding ruminants (Philippeau and
Michalet-Doreau, 1997; Taylor et al.,, 2005a,b,c), particularly if we consider the importance of fiber
quality and starch concentration and digestibility in the forage mass produced under humid tropical
conditions. Low-altitude areas represent an additional challenge because of their warmer nights,
when metabolism and respiration of the forage plant do not slow down and reduce starch and other
NFC accumulation (Van Soest, 1994). Environmental conditions generated by year-to-year variations
exert greater influence over the fibrous (aNDFom) content of the whole-corn crop than genotypes do
(Kruse et al., 2008). This is important because both corn silage concentration and aNDFom quality
affect intake (Oba and Allen, 1999; Tjardes et al.,, 2002; Huhtanen et al., 2008a; Vieira et al., 2008b,
2020). Because productive animals generally have an increased demand for nutrients, including fiber
for rumen health (Van Soest, 1994), the selection of corn hybrids with higher nutritional values can
provide more energy that is useful to the animal (digestible and metabolizable energies), especially
when the aNDFom content constrains intake (Van Soest, 1994; Mertens, 2010; Akins and Shaver, 2014;
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Table 5 - Least-squares means of yields and fermentation parameters related to the groups arranged after cluster
analysis (similar predicted performances for hybrid x location were grouped by Euclidean distances)

Variable*® Group
Gl G2 G3
Yha (as is) 37.9+0.62 (36.7, 39.2) 26.3+0.47 (25.4,27.2) 31.6+0.39 (30.8, 32.4)
YDMha (DM) 13.3£0.25 (12.7, 13.8) 10.120.19 (9.7, 10.5) 11.740.16 (11.3, 12.0)
v, 15£0.9 (13,17) 14£0.3 (13, 15) 13£0.5 (12, 14)
K, 0.140+0.0071 (0.125, 0.154) 0.141+0.0047 (0.132, 0.151) 0.160+0.008 (0.144, 0.176)
v, 16£0.4 (16,17) 17£0.3 (17, 18) 17+0.3 (16, 18)
A 0.9+0.10 (0.7, 1.1) 1.0£0.17 (0.7, 1.4) 1.0£0.15 (0.7, 1.3)
K 0.024+0.0017 (0.021, 0.028) 0.021+0.0015 (0.018, 0.024) 0.026+0.0007 (0.024, 0.027)

@ Variables regarding fresh forage mass (as is) and dry matter (DM) yields (t-ha™).

b Kinetic variables of cumulative gas production: gas volume produced from the rapidly fermented fraction (Vﬂ, mL-dg! DM) and its fractional
fermentation rate (k,, h™'), gas volume produced from the slowly fermented fraction [Vﬂ, mL-dg™! DM), rate of preparation of the slowly
fermentable fraction for digestion and fermentation (A, h'), and effective fermentation rate of the slowly fermentable fraction (x, h™).

22
182
201
242

61

12
131
241

72

71
232

52
171
162

62
172

42
121
191
161
212

11
111

41
101

32

31

51

21
152
102
112
122
132

91
142
202

81
192
181

92
231

82
141
221
151
211
222

JJU%MTU

G3

UJLUUJQ%M#

The corresponding yields of the groups are listed on Table 5.
Location 1 represents Campos dos Goytacazes and location 2 represents Itaocara.

Figure 1 - Hierarchical clustering of hybrids (1 to 24, numbers on the left) x location (1 to 2, numbers on the right)
combinations forming the three groups (G1, G2, and G3).
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Allen, 2014). Oba and Allen (1999) demonstrated that an increase in one unit of fiber digestibility
results in an increase of 0.17 g-d™! in DM intake and an increase of 0.23 kg-d~!in milk yield.

We observed a significant genetic variation about the potential DM digestibility of the studied corn
hybrids, as revealed by the in vitro gas production technique and the need for a nonlinear model that
accounted for the hybrid x location interaction effect for a better description of gas production profiles.
This result may be attributable to the corn variability studied by our research group (Crevelari et al.,
2017, 2018, 2019). The variable digestibility relates to the quality of the fibrous fraction because of
somewhat different environmental conditions, as mentioned before (Van Soest, 1994). The year-to-year
variation interacts with the genotype, and the interaction affects the fibrous content of the final
whole-crop corn; temperature and radiation might be major determinant factors that explain a greater
proportion of variability about fiber and lignin contents at harvest for corn silage production, with soil
water playing a minor influence over those response variables (Kruse et al., 2008). Different growing
conditions from place to place favor genetic variations among corn hybrids used for silage production,
mainly because of temperature, radiation, and water supply, but the in vitro digestibility amplitude for
corn silages under temperate and snow environments ranging from Mediterranean to Scandinavian
conditions is about 647 to 814 g-kg™! DM, regardless of the hybrid cultivated (Deinum, 1988). We did
not detect effects of hybrids and locations over the Lignin(sa) and aNDFom levels; differences in rainfall
were remarkable (data not shown), but average temperature differences between locations from
Nov/2013 to Mar/2014 were not (https://www.agritempo.gov.br/agritempo/jsp/PesquisaClima/
index.jsp?siglaUF=R]&lang=pt_br, accessed on 11/13/2020).

Differences regarding feed efficiency for milk production from cows fed silage made with nutrient-
dense, brown midrib, or dual-purpose corn hybrids are difficult to detect for some corn types
cultivated in America; nonetheless, the phenotypic variation about fiber digestibility correlates to
fiber quality, e.g., low lignin contents in brown midrib corn hybrids (Akins and Shaver, 2014). These
are further evidences that the relationship between dietary aNDFom content and its digestibility is not
constant (Van Soest, 1967; Huhtanen et al,, 2006), and measures of fiber digestibility are necessary
for predicting animal performance (Van Soest et al,, 1992; Oba and Allen, 1999; Huhtanen et al,,
2008b; Vieira et al., 2008b, 2020). However, we warn the readers that we biased our fiber results to
some extent, because at the time we performed the fiber analyses, there were no Berzelius beakers
without spouts in our laboratory (Silva et al.,, 2018). We presently corrected this fault by asking
our lab suppliers to produce Berzelius beakers without spouts as requested by reference methods
for measuring insoluble fiber and lignin in feeds and fibrous foods (Goering and Van Soest, 1970;
Mertens, 2002; Moller, 2009).

The variations about corn DM and aNDFom digestibilities among different genetic materials concur
for different animal performances (Roth et al,, 1970; Deinum and Bakker, 1981; Dhillon et al., 1990).
Digestibility of silages made with different corn hybrids also vary according to cropping conditions
observed in different environments (Deinum, 1988). Voluntary intake and digestibility are related to
the kinetic parameters of gas production (Menke et al.,, 1979; Huhtanen et al., 2008a,b); therefore,
fermentation characteristics may be useful attributes to discriminate potential nutritive traits for
clustering corn hybrids into distinct groups, as observed for sugarcane varieties (Freitas et al,,
2006). However, we did not detect important differences among fermentation parameters, despite
the necessary use of a 248-parameter-model as the best solution to account for the genotype x
environment interaction.

Unlike neutral detergent solubles, which behave uniformly (Van Soest, 1967; Van Soest et al., 1992;
Huhtanen et al., 2006), fiber is a heterogeneous physicochemical feed fraction (Van Soest, 1967;
Robinson et al,, 1986; Schofield et al., 1994; Huhtanen et al., 2006; Vieira et al., 2008a,b; 2012; Regadas
Filho et al,, 2014). Nonetheless, only one parameter (k) represented the gas production rate of the
insoluble, but potentially digestible fraction in our study. Huhtanen et al. (2008a) associated this rate
to the fibrous fraction (aNDFom). This parameter and the asymptotic volume (Vﬁ) may be of use as
measures to select hybrids with an improved quality of the fibrous fraction (greater potential and
faster digestibilities). Therefore, the goal for silage corn selection may be to achieve an increased OM
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digestibility of the corn forage mass through changes in the vegetative part (Oba and Allen, 1999;
Akins and Shaver, 2014), or by improving grain characteristics that favor its fermentation in the
ruminoreticulum (Ferraretto and Shaver, 2015).

Another important feature for choosing corn hybrids for silage production is the quantity and
proportion of grains; a higher grain proportion in the ensiled mass means higher metabolizable
and net energy contents for maintenance and productive functions (Woody et al., 1983; Akins and
Shaver, 2014). Our research group predicted the genetic potential of corn hybrids for the Northern
and Northwestern Rio de Janeiro State and found hybrids with high heritabilities for forage mass
(h? = 0.69) and grain (h%? = 0.51) yields in the whole crop mass at the harvesting point for silage
production (Crevelari et al.,, 2019).

Animal scientists always face the challenge to improve the use of corn by animals, because genetic
differences between corn hybrids concur for different starch digestibilities in the ruminoreticulum. The
most important differences rely on the endosperm vitreousness (Philippeau et al., 1999). Differences
regarding vitreous and floury endosperms in grains are crucial to ruminal starch digestibility. Those
differences depend on the encapsulating degree of starch granules by a protein matrix (Kotarski et al.,
1992), which determines the grain vitreousness (Lopes et al,, 2009). The amount of the aminoacid
proline in the protein matrix of the corn grain (Hamaker et al.,, 1995) is another potential inhibitor of
protein degradation by microbial enzymes (Yang and Russell, 1992), which might explain the reduced
starch digestibility for some corn hybrids. Vitreousness is negatively associated with starch degradation
in the rumen (Correa et al.,, 2002; Taylor and Allen, 2005a,b; Corona et al., 2006; Ngonyamo-Majee et al.,
2008; Lopes et al,, 2009). The presence of a protein matrix encompassing starch granules makes them
densely packed and less susceptible to microbial digestion (Kotarski et al., 1992). Pereira et al. (2004)
found 44% of vitreous endosperms in hybrids sold in the Brazilian market classified as dented corn.
Correa et al. (2002) and Philippeau and Michalet-Doreau (1997) found 43 and 48% of vitreous
endosperms in dented corn hybrids cultivated in tropical and temperate environments, respectively.
Nonetheless, we used only hybrids classified as dented or semi-dented corn hybrids (Crevelari et al,,
2017,2019). Our research group is currently making further comparisons among dented and flint corn
hybrids (Crevelari et al., 2018), with special reference to fermentation characteristics.

In this study, we did not determine the relationship between vitreous and floury endosperms in the
grains harvested from the cultivated corn hybrids. However, some hybrids showed higher yields of a
gas-producing fraction with faster fermentation characteristics (Vf1 and «,; Table 4), which indicate a
larger contribution from NFC to the fermentable OM (Beuvink and Spoelstra, 1992; Schofield et al.,
1994; Schofield and Pell, 1995a,b). Whether this fermentable fraction can be associated to a higher
endosperm starch availability or not is an open question, because we were not able to detect qualitative
differences in this regard. In addition, it is worth remembering that we incubated the harvested and
partially dried forage in vitro. Therefore, not only starch but also the most soluble carbohydrates were
mostly preserved and contributed substantially to the measured gas production, because the NFC
fraction in our study was not fermented, as partially occurs with ensiled forages (Van Soest, 1994).
Nonetheless, because we applied the same procedure to all corn hybrids, we can speculate that some
hybrids naturally were richer in floury endosperm, had a finer and incomplete protein matrix with
empty spaces surrounding the starch granules, or had a reduced starch density (Huntington, 1997).

The microbial accessibility to the corn endosperm is essential for the use of starch granules (McAllister
and Cheng, 1996). Thus, the selection of corn hybrids considering the fermentative potential and grain
texture might result in a better utilization of starch by the animals. Corn hybrids present a median
heritability (h? = 0.46) for rumen degradability of grains and high heritabilities (h?* = 0.74) for stalk
fiber degradability (stem, leaves, and leaf sheaths) and OM digestibility (h* = 0.80), which enhance
forage quality (Dolstra et al.,, 1992; Davide et al., 2011). Nonetheless, we remind the reader that in vitro
fermentation records rely on finely grounded samples (Goering and Van Soest, 1970; Hall and Mertens,
2008, 2012). Therefore, limitations observed in the silage bunk (e.g., kernel processing and theoretical
length of cut) are not overcome (Ferraretto et al., 2018), and inferences taken insofar may be at risk.
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The cluster analysis allowed the grouping of genotypes using a combination of variables to highlight
corn hybrids with the best performance according to genotypes and environmental conditions.
Freitas et al. (2006) performed a similar task when they selected sugarcane varieties. In our study,
forage yield was determinant for clustering, and this trait is of economic importance (Kruse et al.,
2008). Therefore, we can infer that hybrids that presented higher production levels in both locations
have potential for silage production, because they presented good forage yield without compromising
nutritional quality, as revealed by comparable in vitro fermentation traits (parameters) regardless
of group (Table 5). In addition, the fresh mass and DM yields indicated an increase in nutrient
availability per hectare, which might be another trait of economic importance. Crevelari et al. (2017)
found an expected genetic gain of 6.13% for fresh mass yield at the ensiling phase, which highlights
the forage potential of the selected corn hybrids for the Northern and Northwestern regions of the
Rio de Janeiro State. This study and the studies of Crevelari et al. (2017, 2019) allowed the selection
(mostly based on agronomic characteristics, e.g., stay green trait) of two main hybrids that were
registered at the Brazilian Ministry of Agriculture, Livestock and Supply (UENF MS2208 - no. 41705
and UENF MSV2210 - no. 41721). The regions we are referring to are typically of low-altitude areas
a.s.l. with a characteristic humid tropical savanna climate (Kottek et al., 2006; Beck et al., 2018).
Nonetheless, we have to challenge those corn genotypes (Table 1) and other potential genotypes
(floury and flint starch) in long-term, multi-location trials to check the consistency of results, as well
as other genetic materials with divergent nutritional potential for forage and silage production.

The mean DM yield of the group that outstood the others was within 12.8 to 18.7 t-ha'-harvest™,
as shown in some literature reports (Almeida Filho et al,, 1999; Paziani et al.,, 2009). The sowing density
may have contributed to the observed yields, because studies with a higher forage yield used between
55,000 and 58,000 plants-ha™’. In our study, the sowing density was about 50,000 plants-ha™!, which
indicates the good performance of the selected corn hybrids for these two locations. Some reported
experiments in America contain stands that yield DM forage mass from 19 to 28 t-ha*-harvest™, with a
sowing density of 84,000 seeds-ha™! or stands with 66,700 plants-ha™ (Tjardes et al., 2002; Akins and
Shaver, 2014).

5. Conclusions

The corn silage hybrids UENF-2203, UENF-2192, UENF-2193, and UENF-506-11 stand out as potential
genotypes for the production of silage in the North and Northwest regions of the Rio de Janeiro
State for consistently presenting, in both locations, the highest yields of fresh and dry forage matter,
without compromising their in vitro fermentation characteristics.

Conflict of Interest

The authors declare no conflict of interest.

Author Contributions

Conceptualization: R.A.M. Vieira. Data curation: L.C.R. Bendia, FH.V. Azevedo, D.ED. Sant/Anna and J.A.
Crevelari. Formal analysis: R.A.M. Vieira. Funding acquisition: M.G. Pereira. Investigation: L.C.R. Bendia,
F.H.V. Azevedo, ].A. Crevelari and R.A.M. Vieira. Methodology: FH.V. Azevedo, J.A. Crevelari, M.G. Pereira
and R.A.M. Vieira. Project administration: M.G. Pereira and R.A.M. Vieira. Supervision: M.G. Pereira.
Validation: L.C.R. Bendia and D.E.D. Sant’Anna. Writing-original draft: L.C.R. Bendia, ].G. Oliveira, M.A.R.
Nogueira, L.V. Silva, E.S. Aniceto and R.A.M. Vieira. Writing-review & editing: R.A.M. Vieira.

Acknowledgments

R.A.M. Vieira thanks the grants provided by the Conselho Nacional de Desenvolvimento Cientifico e
Tecnolégico - CNPq (303974/2019-2) and Fundagdo Carlos Chagas Filho de Amparo a Pesquisa do

R. Bras. Zootec., 50:e20200110, 2021



14

A two-location trial for selecting corn silage hybrids for the humid tropic: forage and grain yields...

Bendia et al.

Estado do Rio de Janeiro - FAPER] (E-26/202.544/2019). ].G. Oliveira thanks the Post-Doc fellowship
provided by Universidade Estadual do Norte Fluminense (Edital 001/2020). This study was financed
in part by Coordenacio de Aperfeicoamento de Pessoal de Nivel Superior - Brazil (CAPES) - Finance
Code 001.

References

Abreu, M. L. C; Vieira, R. A. M,; Rocha, N. S.; Araujo, R. P; Gléria, L. S;; Fernandes, A. M.; Lacerda, P. D. and Gesualdi
Janior, A. 2014. Clitoria ternatea L. as a potential high quality forage legume. Asian-Australasian Journal of Animal
Sciences 27:169-178. https://doi.org/10.5713 /ajas.2013.13343

Akaike, H. 1974. A new look at the statistical model identification. IEEE Transactions on Automatic Control
19:716-723. https://doi.org/10.1109/TAC.1974.1100705

Akins, M. S. and Shaver, R. D. 2014. Influence of corn silage hybrid type on lactation performance by Holstein dairy
cows. Journal of Dairy Science 97:7811-7820. https://doi.org/10.3168/jds.2014-8400

Allen, M. S. 2014. Drives and limits to feed intake in ruminants. Animal Production Science 54:1513-1524. https://doi.
org/10.1071/AN14478

Almeida Filho, S. L.; Fonseca, D. M.; Garcia, R.; Obeid, J. A. and Oliveira, J. S. 1999. Caracteristicas agrondémicas de
cultivares de milho (Zea mays L.) e qualidade dos componentes e silagem. Revista Brasileira de Zootecnia 28:7-13.
https://doi.org/10.1590/S1516-35981999000100002

AOAC - Association of Official Analytical Chemistry. 2019. Official methods of analysis. 21st ed. Association of Official
Analytical Chemistry, Gaithersburg, Maryland.

Beck, H. E.; Zimmermann, N. E.; McVicar, T. R; Vergopolan, N.; Berg, A. and Wood, E. F. 2018. Present and future Képpen-
Geiger climate classification maps at 1-km resolution. Scientific Data 5:180214. https://doi.org/10.1038/sdata.2018.214

Beuvink, J. M. W. and Spoelstra, S. F. 1992. Interactions between substrate, fermentation end-products, buffering
systems and gas-production upon fermentation of different carbohydrates by mixed rumen microorganisms in vitro.
Applied Microbiology and Biotechnology 37:505-509. https://doi.org/10.1007 /BF00180978

Bunting, E. S. 1975. The question of grain content and forage quality in maize: comparisons between isogenic fertile
and sterile plants. The Journal of Agricultural Science 85:455-463. https://doi.org/10.1017/S002185960006233X

Buxton, D. R. 1996. Quality-related characteristics of forages as influenced by plant environment and agronomic
factors. Animal Feed Science and Technology 59:37-49. https://doi.org/10.1016/0377-8401(95)00885-3

Carlton, M. A. and Devore, ]. L. 2014. Probability with applications in engineering, science, and technology. Springer,
New York.

Charrad, M., Ghazzali, N.; Boiteau, V. and Niknafs, A. 2014. NbClust: an R package for determining the relevant
number of clusters in a data set. Journal of Statistical Software 61:1-36. https://doi.org/10.18637 /jss.v061.i06

Corona, L.; Owens, F. N. and Zinn, R. A. 2006. Impact of corn vitreousness and processing on site and extent of
digestion by feedlot cattle. Journal of Animal Science 84:3020-3031. https://doi.org/10.2527 /jas.2005-603

Correa, C. E. S;; Shaver, R. D.; Pereira, M. N.; Lauer, ]J. G. and Kohn, K. 2002. Relationship between corn vitreousness
and ruminal in situ starch degradability. Journal of Dairy Science 85:3008-3012. https://doi.org/10.3168/jds.S0022-
0302(02)74386-5

Cox, W. J.; Cherney, ]J. H.; Pardee, W. D. and Cherney, D. J. R. 1994. Forage quality and harvest index of corn
hybrids under different growing conditions. Agronomy Journal 86:277-282. https://doi.org/10.2134/agronj1994.
00021962008600020013x

Crevelari, J. A; Durdes, N. N. L.; Bendia, L. C. R;; Silva, A. J. and Pereira, M. G. 2017. Prediction of genetic gains and
correlations in corn hybrids for silage. Australian Journal of Crop Science 11:1411-1417. https://doi.org/10.21475/
ajcs.17.11.11.pne539

Crevelari, ]. A,; Durdes, N. N. L.; Bendia, L. C. R;; Silva, A. J.; Azevedo, F. H. V.; Azeredo, V. C. and Pereira, M. G. 2018.
Assessment of agronomic performance and prediction of genetic gains through selection indices in silage corn.
Australian Journal of Crop Science 12:800-8007. https://doi.org/10.21475/ajcs.18.12.05.PNE1004

Crevelari, J. A.; Pereira, M. G.; Azevedo, F. H. V. and Vieira, R. A. M. 2019. Genetic improvement of silage maize: predicting
genetic gain using selection indexes and best linear unbiased prediction. Revista Ciéncia Agronémica 50:197-204.

Davide, L. M. C.; Ramalho, M. A. P; Figueiredo, U. ]J. and Souza, ]J. C. 2011. Assessment of genetic parameters of
degradability in maize grains due to indentation scores. Scientia Agricola 68:347-352. https://doi.org/10.1590/S0103-
90162011000300012

Deinum, B. and Bakker, J. J. 1981. Genetic differences in digestibility of forage maize hybrids. Netherlands Journal of
Agricultural Science 29:93-98. https://library.wur.nl/ojs/index.php/njas/article/view/17010

R. Bras. Zootec., 50:e20200110, 2021


https://doi.org/10.5713/ajas.2013.13343
https://doi.org/10.1109/TAC.1974.1100705
https://doi.org/10.3168/jds.2014-8400
https://doi.org/10.1071/AN14478
https://doi.org/10.1071/AN14478
https://doi.org/10.1590/S1516-35981999000100002
https://doi.org/10.1038/sdata.2018.214
https://doi.org/10.1007/BF00180978
https://doi.org/10.1017/S002185960006233X
https://doi.org/10.1016/0377-8401(95)00885-3
https://doi.org/10.18637/jss.v061.i06
https://doi.org/10.2527/jas.2005-603
https://doi.org/10.3168/jds.S0022-0302(02)74386-5
https://doi.org/10.3168/jds.S0022-0302(02)74386-5
https://doi.org/10.2134/agronj1994.00021962008600020013x
https://doi.org/10.2134/agronj1994.00021962008600020013x
https://doi.org/10.21475/ajcs.17.11.11.pne539
https://doi.org/10.21475/ajcs.17.11.11.pne539
https://doi.org/10.21475/ajcs.18.12.05.PNE1004
https://doi.org/10.1590/S0103-90162011000300012
https://doi.org/10.1590/S0103-90162011000300012
https://library.wur.nl/ojs/index.php/njas/article/view/17010

15

A two-location trial for selecting corn silage hybrids for the humid tropic: forage and grain yields...
Bendia et al.

Deinum, B. 1988. Genetic and environmental variation in quality of forage maize in Europe. Netherlands Journal of
Agricultural Science 36:400-403. https://library.wur.nl/ojs/index.php/njas/article /view/16667

Dhillon, B. S.; Paul, C.; Zimmer, E.; Gurrath, P. A; Klein, D. and Pollmer, W. G. 1990. Variation and covariation
in stover digestibility traits in diallel crosses of maize. Crop Science 30:931-936. https://doi.org/10.2135/
cropsci1990.0011183X003000040035x

Dolstra, O.; Medema, ]. H. and Jong, A. W. 1992. Genetic improvement of cell-wall digestibility in forage maize
(Zea mays L.). 1. Performance of inbred lines and related hybrids. Euphytica 65:187-194. https://doi.org/10.1007/
BF00023082

Ellis, W. C.; Mahlooji, M. and Matis, ]J. H. 2005. Models for estimating parameters of neutral detergent fiber digestion
by ruminal microorganisms. Journal of Animal Science 83:1591-1601. https://doi.org/10.2527/2005.8371591x

Ferraretto, L .F. and Shaver, R. D. 2015. Effects of whole-plant corn silage hybrid type on intake, digestion, ruminal
fermentation, and lactation performance by dairy cows through a meta-analysis. Journal of Dairy Science 98:2662-2675.
https://doi.org/10.3168/jds.2014-9045

Ferraretto, L. F; Shaver, R. D. and Luck, B. D. 2018. Silage review: Recent advances and future technologies for
whole-plant and fractionated corn silage harvesting. Journal of Dairy Science 101:3937-3951. https://doi.org/10.3168/
jds.2017-13728

Ferrari, S. and Cribari-Neto, F. 2004. Beta regression for modelling rates and proportions. Journal of Applied Statistics
31:799-815. https://doi.org/10.1080/0266476042000214501

Freitas, A. W. P; Pereira, ]. C.; Rocha, E C.; Detmann, E.; Barbosa, M. H. P; Ribeiro, M. D. and Costa, M. G. 2006.
Avalia¢do da divergéncia nutricional de gendtipos de cana-de-agticar (Saccharum spp.). Revista Brasileira de Zootecnia
35:229-236. https://doi.org/10.1590/S1516-35982006000100029

Goering, H. K. and Van Soest, P. ]. 1970. Forage fiber analysis (apparatus, reagents, procedures, and some applications).
Agriculture handbook No. 379. U.S.D.A,, Washington, D. C.

Hall, M. B. and Mertens, D. R. 2008. In vitro fermentation vessel type and method alter fiber digestibility estimates.
Journal of Dairy Science 91:301-307. https://doi.org/10.3168/jds.2006-689

Hall, M. B. and Mertens, D. R. 2012. A ring test of in vitro neutral detergent fiber digestibility: Analytical variability and
sample ranking. Journal of Dairy Science 95:1992-2003. https://doi.org/10.3168/jds.2011-4802

Hamaker, B. R; Mohamed, A. A, Habben, ]J. E; Huang, C. P. and Larkins, B. A. 1995. Efficient procedure for
extracting maize and sorghum kernel proteins reveals higher prolamin contents than the conventional method. Cereal
Chemistry 72:583-588.

Huhtanen, P; Nousiainen, ]. and Rinne, M. 2006. Recent developments in forage evaluation with special reference to
practical applications. Agricultural and Food Science 15:293-323. https://doi.org/10.2137/145960606779216317

Huhtanen, P; Seppél4, A.; Ahvenjarvi, S. and Rinne, M. 2008a. Prediction of in vivo neutral detergent fiber digestibility
and digestion rate of potentially digestible neutral detergent fiber: Comparison of models. Journal of Animal Science
86:2657-2669. https://doi.org/10.2527 /jas.2008-0894

Huhtanen, P; Seppdld, A.; Ots, M.; Ahvenjarvi, S. and Rinne, M. 2008b. In vitro gas production profiles to estimate
extent and effective first-order rate of neutral detergent fiber digestion in the rumen. Journal of Animal Science
86:651-659. https://doi.org/10.2527 /jas.2007-0246

Hunter, R. B. 1978. Selection and evaluation procedures for whole-plant corn silage. Canadian Journal of Plant
Science 58:661-678. https://doi.org/10.4141/cjps78-101

Huntington, G. B. 1997. Starch utilization by ruminants: from basics to the bunk. Journal of Animal Science 75:852-867.
https://doi.org/10.2527/1997.753852x

Johnson, V. E. 2013. Revised standards for statistical evidence. Proceedings of the National Academy of Sciences
of the United States of America 110:19313-19317. https://doi.org/10.1073/pnas.1313476110

Kotarski, S. F; Waniska, R. D. and Thurn, K. K. 1992. Starch hydrolysis by the ruminal microflora. The Journal of
Nutrition 122:178-190. https://doi.org/10.1093/jn/122.1.178

Kottek, M.; Grieser, ].; Beck, C.; Rudolf, B. and Rubel, F. 2006. World map of the Képpen-Geiger climate classification
updated. Meteorologische Zeitschrift 15:259-263. https://doi.org/10.1127/0941-2948/2006/0130

Kruse, S.; Herrmann, A.; Kornher, A. and Taube, F. 2008. Evaluation of genotype and environmental variation
in fibre content of silage maize using a model-assisted approach. European Journal of Agronomy 28:210-223.
https://doi.org/10.1016/j.eja.2007.07.007

Lin, L. I-K. 1989. A concordance correlation coefficient to evaluate reproducibility. Biometrics 45:255-268.
https://doi.org/10.2307 /2532051

Littell, R. C.; Milliken, G. A,; Stroup, W. W,; Wolfinger, R. D. and Schabenberger, 0. 2006. SAS® for mixed models. SAS
Institute Inc., Cary, USA.

R. Bras. Zootec., 50:e20200110, 2021


https://library.wur.nl/ojs/index.php/njas/article/view/16667
https://doi.org/10.2135/cropsci1990.0011183X003000040035x
https://doi.org/10.2135/cropsci1990.0011183X003000040035x
https://doi.org/10.1007/BF00023082
https://doi.org/10.1007/BF00023082
https://doi.org/10.2527/2005.8371591x
https://doi.org/10.3168/jds.2014-9045
https://doi.org/10.3168/jds.2017-13728
https://doi.org/10.3168/jds.2017-13728
https://doi.org/10.1080/0266476042000214501
https://doi.org/10.1590/S1516-35982006000100029
https://doi.org/10.3168/jds.2006-689
https://doi.org/10.3168/jds.2011-4802
https://doi.org/10.2137/145960606779216317
https://doi.org/10.2527/jas.2008-0894
https://doi.org/10.2527/jas.2007-0246
https://doi.org/10.4141/cjps78-101
https://doi.org/10.2527/1997.753852x
https://doi.org/10.1073/pnas.1313476110
https://doi.org/10.1093/jn/122.1.178
https://doi.org/10.1127/0941-2948/2006/0130
https://doi.org/10.1016/j.eja.2007.07.007
https://doi.org/10.2307/2532051

16

A two-location trial for selecting corn silage hybrids for the humid tropic: forage and grain yields...
Bendia et al.

Lopes, J. C; Shaver, R. D.; Hoffman, P. C;; Akins, M. S,; Bertics, S. J.; Gencoglu, H. and Coors, J. G. 2009. Type of corn
endosperm influences nutrient digestibility in lactating dairy cows. Journal of Dairy Science 92:4541-4548. https://doi.
org/10.3168/jds.2009-2090

Malafaia, P. A. M.; Valadares Filho, S. C. and Vieira, R. A. M. 1999. Kinetic parameters of ruminal degradation estimated
with a non-automated system to measure gas production. Livestock Production Science 58:65-73. https://doi.
org/10.1016/S0301-6226(98)00183-3

Matis, J. H.; Wehrly, T. E. and Ellis, W. C. 1989. Some generalized stochastic compartment models for digesta flow.
Biometrics 45:703-720. https://doi.org/10.2307/2531678

McAllister, T. A. and Cheng, K. J. 1996. Microbial strategies in the ruminal digestion of cereal grains. Animal Feed
Science and Technology 62:29-36. https://doi.org/10.1016/S0377-8401(96)01003-6

Menke, K. H.; Raab, L.; Salewski, A.; Steingass, H.; Fritz, D. and Schneider, W. 1979. The estimation of the digestibility
and metabolizable energy content of ruminant feedingstuffs from the gas production when they are incubated
with rumen liquor in vitro. The Journal of Agricultural Science 93:217-222. https://doi.org/10.1017/
$0021859600086305

Mertens, D. R. 2002. Gravimetric determination of amylase-treated neutral detergent fiber in feeds with refluxing in
beakers or crucibles: collaborative study. Journal of AOAC International 85:1217-1240.

Mertens, D. R. 2010. NDF and DMI - Has anything changed? p.160-174. In: Proceedings of the 72nd Cornell Nutrition
Conference for Feed Manufacturers. Chase, L. E.; van Amburgh, M. E. and Howland, H., eds. Cornell University, Ithaca.

Moller, J. 2009. Gravimetric determination of acid detergent fiber and lignin in feed: interlaboratory study. Journal of
AOAC International 92:74-90. https://doi.org/10.1093 /jaoac/92.1.74

Mood, A. M.; Graybill, F. A. and Boes, D. C. 1974. Introduction to the theory of statistics. McGraw-Hill Kogakusha,
Ltd., Tokyo.

Ngonyamo-Majee, D.; Shaver, R. D.; Coors, ]. G.; Sapienza, D.; Correa, C. E. S,; Lauer, ]J. G. and Berzaghi, P. 2008.
Relationships between kernel vitreousness and dry matter degradability for diverse corn germplasm: I. Development
of near-infrared reflectance spectroscopy calibrations. Animal Feed Science and Technology 142:247-258.
https://doi.org/10.1016/j.anifeedsci.2007.09.023

NRC - National Research Council. 2007. Nutrient requirements of small ruminants. The National Academies Press,
Washington, DC.

Oba, M. and Allen, M. S. 1999. Evaluation of the importance of the digestibility of neutral detergent fiber from forage:
effects on dry matter intake and milk yield of dairy cows. Journal of Dairy Science 82:589-596. https://doi.org/10.3168/
jds.S0022-0302(99)75271-9

Paziani, S. F; Duarte, A. P; Nussio, L. G.; Gallo, P. B.; Bittar, C. M. M.; Zopollatto, M. and Reco, P. C. 2009. Caracteristicas
agrondmicas e bromatoldgicas de hibridos de milho para produgdo de silagem. Revista Brasileira de Zootecnia
38:411-417. https://doi.org/10.1590/S1516-35982009000300002

Pereira, M. N.; Von Pinho, R. G.; Bruno, R. G. S. and Calestine, G. A. 2004. Ruminal degradability of hard or soft texture corn
grain at three maturity stages. Scientia Agricola 61:358-363. https://doi.org/10.1590/S0103-90162004000400002

Pereira, M. G.; Crevelari, J. A,; Viana, F. N.; Gongalves, G. M. B.; Ferreira Junior, J. A.; Gongalves, V. M. L.; Bendia, L. C. R;
Azevedo, F. H. V,; Duries, N. N. L.; Vieira, R. A. M,; Viana, L. H. and Rabello, W. S. 2020. UENF MSV2210 and UENF MS2208:
Silage and green maize hybrids for Rio de Janeiro State, Brazil. Crop Breeding and Applied Biotechnology 20:e309320310.
https://doi.org/10.1590/1984-70332020v20n3c44

Philippeau, C. and Michalet-Doreau, B. 1997. Influence of genotype and stage of maturity of maize on rate of ruminal
starch degradation. Animal Feed Science and Technology 68:25-35. https://doi.org/10.1016/S0377-8401(97)00042-4

Philippeau, C.; Monredon, F. D. and Michalet-Doreau, B. 1999. Relationship between ruminal starch degradation and
the physical characteristics of corn grain. Journal of Animal Science 77:238-243. https://doi.org/10.2527/1999.771238x

Pinheiro, J. C. and Bates, D. M. 2000. Mixed-effects models in S and S-PLUS. Springer-Verlag Inc., New York.

Pinheiro, ]. C.; Bates, D. M.; DebRoy, S. and Sarkar, D. 2017. nlme: Linear and nonlinear mixed effects models. R package
version 3.1-130. Available at: <https://CRAN.R-project.org/package=nlme>. Accessed on: Feb. 10, 2020.

Regadas Filho, J. G. L.; Tedeschi, L. O.; Vieira, R. A. M. and Rodrigues, M. T. 2014. Assessment of the heterogeneous
ruminal fiber pool and development of a mathematical approach for predicting the mean retention time of feeds in
goats. Journal of Animal Science 92:1099-11009. https://doi.org/10.2527 /jas.2013-6866

Robinson, P. H,; Fadel, J. G. and Tamminga, S. 1986. Evaluation of mathematical models to describe neutral detergent
residue in terms of its susceptibility to degradation in the rumen. Animal Feed Science and Technology 15:249-271.
https://doi.org/10.1016/0377-8401(86)90079-9

Roth, L. S.; Marten, G. C; Compton, W. A. and Stuthman, D. D. 1970. Genetic variation of quality traits in maize
(Zea mays L.) forage. Crop Science 10:365-367. https://doi.org/10.2135/cropsci1970.0011183X001000040014x

R. Bras. Zootec., 50:e20200110, 2021


https://doi.org/10.3168/jds.2009-2090
https://doi.org/10.3168/jds.2009-2090
https://doi.org/10.1016/S0301-6226(98)00183-3
https://doi.org/10.1016/S0301-6226(98)00183-3
https://doi.org/10.2307/2531678
https://doi.org/10.1016/S0377-8401(96)01003-6
https://doi.org/10.1017/S0021859600086305
https://doi.org/10.1017/S0021859600086305
https://doi.org/10.1093/jaoac/92.1.74
https://doi.org/10.1016/j.anifeedsci.2007.09.023
https://doi.org/10.3168/jds.S0022-0302(99)75271-9
https://doi.org/10.3168/jds.S0022-0302(99)75271-9
https://doi.org/10.1590/S1516-35982009000300002
https://doi.org/10.1590/S0103-90162004000400002
https://doi.org/10.1590/1984-70332020v20n3c44
https://doi.org/10.1016/S0377-8401(97)00042-4
https://doi.org/10.2527/1999.771238x
https://doi.org/10.2527/jas.2013-6866
https://doi.org/10.1016/0377-8401(86)90079-9
https://doi.org/10.2135/cropsci1970.0011183X001000040014x

17

A two-location trial for selecting corn silage hybrids for the humid tropic: forage and grain yields...
Bendia et al.

Russell, J. R; Irlbeck, N. A; Hallauer, A. R. and Buxton, D. R. 1992. Nutritive value and ensiling characteristics of
maize herbage as influenced by agronomic factors. Animal Feed Science and Technology 38:11-24. https://doi.
org/10.1016/0377-8401(92)90072-E

Schofield, P; Pitt, R. E. and Pell, A. N. 1994. Kinetics of fiber digestion from in vitro gas production. Journal of Animal
Science 72:2980-2991. https://doi.org/10.2527/1994.72112980x

Schofield, P. and Pell, A. N. 1995a. Measurement and Kkinetic-analysis of the neutral detergent-soluble carbohydrate
fraction of legumes and grasses. Journal of Animal Science 73:3455-3463. https://doi.org/10.2527/1995.73113455x

Schofield, P. and Pell, A. N. 1995b. Validity of using accumulated gas pressure readings to measure forage digestion
in vitro: a comparison involving three forages. Journal of Dairy Science 78:2230-2238. https://doi.org/10.3168/jds.
S0022-0302(95)76850-3

Silva, R. S. T;; Fernandes, A. M.; Gomes, R. S.; Bendia, L. C. R;; Silva, L. C. and Vieira, R. A. M. 2018. On the specificity of
different methods for neutral detergent fiber and related problems. Animal Feed Science and Technology 240:128-144.
https://doi.org/10.1016/j.anifeedsci.2018.04.003

Stroup, W. W. 2013. Generalized linear mixed models: Modern concepts, methods and applications. Taylor & Francis
Group, LLC, Boca Raton.

Stroup, W. W. 2015. Rethinking the analysis of non-normal data in plant and soil science. Agronomy Journal 107:811-827.
https://doi.org/10.2134 /agronj2013.0342

Taylor, C. C. and Allen, M. S. 2005a. Corn grain endosperm type and brown midrib 3 corn silage: ruminal fermentation
and N partitioning in lactating cows. Journal of Dairy Science 88:1434-1442. https://doi.org/10.3168/jds.S0022-
0302(05)72811-3

Taylor, C. C. and Allen, M. S. 2005b. Corn grain endosperm type and brown midrib 3 corn silage: site of digestion and
ruminal digestion kinetics in lactating cows. Journal of Dairy Science 88:1413-1424. https://doi.org/10.3168/jds.S0022-
0302(05)72809-5

Taylor, C. C. and Allen, M. S. 2005c. Corn grain endosperm type and brown midrib 3 corn silage: feeding behavior and milk
yield of lactating cows. Journal of Dairy Science 88:1425-1433. https://doi.org/10.3168/jds.S0022-0302(05)72810-1

Thiex, N. ].; Manson, H.; Anderson, S. and Persson, |. A. 2002. Determination of crude protein in animal feed, forage,
grain, and oilseeds by using block digestion with a copper catalyst and steam distillation into boric acid: collaborative
study. Journal of AOAC International 85:309-317. https://doi.org/10.1093/jaoac/85.2.309

Thiex, N. J.; Anderson, S. and Gildemeister, B. 2003. Crude fat, hexanes extraction, in feed, cereal grain, and forage
(Randall/Soxtec/submersion method): collaborative study. Journal of AOAC International 86:899-908. https://doi.
org/10.1093/jaoac/86.5.899

Tjardes, K. E;; Buskirk, D. D.; Allen, M. S.; Ames, N. K.; Bourquin, L. D. and Rust, S. R. 2002. Neutral detergent
fiber concentration of corn silage and rumen inert bulk influences dry matter intake and ruminal digesta kinetics of
growing steers. Journal of Animal Science 80:833-840. https://doi.org/10.2527/2002.803833x

Van Soest, P. J. 1967. Development of a comprehensive system of feed analyses and its application to forages. Journal
of Animal Science 26:119-128. https://doi.org/10.2527 /jas1967.261119x

Van Soest, P. J.; France, ]J. and Siddons, R. C. 1992. On the steady-state turnover of compartments in the ruminant
gastrointestinal tract. Journal of Theoretical Biology 159:135-145. https://doi.org/10.1016/S0022-5193(05)80698-8

Van Soest, P.]. 1994. Nutritional ecology of the ruminant. 2nd ed. Cornell University Press, Ithaca, NY, USA. 476p.

Vieira, R. A. M.; Tedeschi, L. O. and Cannas, A. 2008a. A generalized compartmental model to estimate the fibre mass
in the ruminoreticulum: 1. Estimating parameters of digestion. Journal of Theoretical Biology 255:345-356.
https://doi.org/10.1016/j.jtbi.2008.08.014

Vieira, R. A. M.; Tedeschi, L. O. and Cannas, A. 2008b. A generalized compartmental model to estimate the fibre
mass in the ruminoreticulum: 2. Integrating digestion and passage. Journal of Theoretical Biology 255:357-368.
https://doi.org/10.1016/j.jtbi.2008.08.013

Vieira, R. A. M,; Campos, P. R. S. S;; Silva, J. E. C.; Tedeschi, L. 0. and Tamy, W. P. 2012. Heterogeneity of the digestible
insoluble fiber of selected forages in situ. Animal Feed Science and Technology 171:154-166. https://doi.org/10.1016/j.
anifeedsci.2011.11.001

Vieira, R. A. M.; Rohem Junior, N. M.; Abreu, M. L. C,; Silva, M. C.; Oliveira, J. G.; Tedeschi, L. O. and Gléria, L. S. 2020.
The transit of external markers throughout the ruminant digestive tract: 2. The estimation of fiber digestibility,
ruminoreticular fill, and related biases. Animal Feed Science and Technology 261:114420. https://doi.org/10.1016/j.
anifeedsci.2020.114420

Vonesh, E. F; Chinchilli V. M. and Pu, K. 1996. Goodness-of-fit in generalized nonlinear mixed-effects models.
Biometrics 52:572-587. https://doi.org/10.2307 /2532896

Vonesh, E. F. 2012. Generalized linear and nonlinear models for correlated data: theory and applications using SAS®.
SAS Institute Inc., Cary.

R. Bras. Zootec., 50:e20200110, 2021


https://doi.org/10.1016/0377-8401(92)90072-E
https://doi.org/10.1016/0377-8401(92)90072-E
https://doi.org/10.2527/1994.72112980x
https://doi.org/10.2527/1995.73113455x
https://doi.org/10.3168/jds.S0022-0302(95)76850-3
https://doi.org/10.3168/jds.S0022-0302(95)76850-3
https://doi.org/10.1016/j.anifeedsci.2018.04.003
https://doi.org/10.2134/agronj2013.0342
https://doi.org/10.3168/jds.S0022-0302(05)72811-3
https://doi.org/10.3168/jds.S0022-0302(05)72811-3
https://doi.org/10.3168/jds.S0022-0302(05)72809-5
https://doi.org/10.3168/jds.S0022-0302(05)72809-5
https://doi.org/10.3168/jds.S0022-0302(05)72810-1
https://doi.org/10.1093/jaoac/85.2.309
https://doi.org/10.1093/jaoac/86.5.899
https://doi.org/10.1093/jaoac/86.5.899
https://doi.org/10.2527/2002.803833x
https://doi.org/10.2527/jas1967.261119x
https://doi.org/10.1016/S0022-5193(05)80698-8
https://doi.org/10.1016/j.jtbi.2008.08.014
https://doi.org/10.1016/j.jtbi.2008.08.013
https://doi.org/10.1016/j.anifeedsci.2011.11.001
https://doi.org/10.1016/j.anifeedsci.2011.11.001
https://doi.org/10.1016/j.anifeedsci.2020.114420
https://doi.org/10.1016/j.anifeedsci.2020.114420
https://doi.org/10.2307/2532896

18

A two-location trial for selecting corn silage hybrids for the humid tropic: forage and grain yields...

Bendia et al.

Wolfinger;, R. D. 1993. Covariance structure selection in general mixed models. Communications in Statistics -
Simulation and Computation 22:1079-1106. https://doi.org/10.1080/03610919308813143

Woody, H. D.; Fox, D. G. and Black, J. R. 1983. Predicting net energy value of corn silage varying in grain content. Journal of
Animal Science 57:710-716. https://doi.org/10.2527 /jas1983.573710x

Yang, C. M. ]. and Russell, ]. B. 1992. Resistance of proline-containing peptides to ruminal degradation in vitro. Applied
and Environmental Microbiology 58:3954-3958. https://aem.asm.org/content/58/12/3954

R. Bras. Zootec., 50:€¢20200110, 2021


https://doi.org/10.1080/03610919308813143
https://doi.org/10.2527/jas1983.573710x
https://aem.asm.org/content/58/12/3954

