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ABSTRACT

The objective of this study was to evaluate the ef-
fects of ensiling time and exogenous protease addition 
on soluble CP (% of CP), ammonia-N (% of N), and 
ruminal in vitro starch digestibility (ivSD) of whole-
plant corn silage (WPCS) from 3 hybrids, 2 maturities, 
and 2 chop lengths. Samples from 3 nonisogenic hy-
brids [brown midrib containing the bm3 gene mutation 
(BM3), dual-purpose (DP), or floury-leafy (LFY)] at 2 
harvest maturities [2/3 kernel milk line (early) or 7 d 
later (late)] with 2 theoretical lengths of cut settings 
(0.64 or 1.95 cm) on a forage harvester were collected 
at harvest, treated with or without exogenous protease, 
and ensiled in triplicate in vacuum heat-sealed plastic 
bags for 0, 30, 60, 120, and 240 d. Thus, the experiment 
consisted of 120 treatments (3 hybrids × 2 maturities 
× 2 chop lengths × 2 protease treatments × 5 time 
points) and 360 mini-silos (3 replications per treat-
ment). Vitreousness, measured by dissection on unfer-
mented kernels on the day of harvest, averaged 66.8, 
65.0, and 59.0% for BM3, DP, and LFY, respectively. 
A protease × maturity interaction was observed with 
protease increasing ivSD in late but not early maturity. 
Ensiling time × hybrid interactions were observed for 
ammonia-N and soluble CP concentrations with greater 
values for FLY than other hybrids only after 120 d of 
ensiling. Ensiling time × hybrid or protease × hybrid 
interactions were not observed for ivSD. Measurements 
of ivSD were greatest for FLY and lowest for BM3. 
Length of the ensiling period did not attenuate nega-
tive effects of kernel vitreousness or maturity on ivSD 
in WPCS. Results suggest that the dosage of exogenous 
protease addition used in the present study may reduce 
but not overcome the negative effects of maturity on 
ivSD in WPCS. No interactions between chop length 
and ensiling time or exogenous protease addition were 
observed for ivSD.

Key words: corn silage, ensiling, protease, ruminal in 
vitro starch digestibility

INTRODUCTION

Starch digestibility of whole-plant corn silage 
(WPCS) may be affected by several factors. First, the 
starch endosperm is protected by the pericarp, which, 
if intact, is highly resistant to microbial attachment 
(McAllister et al., 1994); thereby, breakage of the seed 
coat can increase starch digestibility (Ferraretto and 
Shaver, 2012a,b). However, even the exposed endosperm 
is not fully digested due to existence of starch-protein 
matrices formed by the chemical bonds of zein proteins 
with starch granules (Kotarski et al., 1992; McAllister 
et al., 1993). The concentration of zein proteins in corn 
kernels may be affected by several factors, including 
nitrogen fertilization rates (Masoero et al., 2011), 
maturity at harvest (Ferraretto and Shaver, 2012b), 
fermentation (Hoffman et al., 2011), and endosperm 
type (Philippeau and Michalet-Doreau, 1997; Correa 
et al., 2002).

Recently, greater in vitro starch digestibility (ivSD) 
was observed for WPCS stored for a longer length of 
time (Der Bedrosian et al., 2012; Ferraretto et al., 
2015d). The greater concentration of soluble CP (% of 
CP) and ammonia-N (% CP) for WPCS with extended 
ensiling time in these trials imply the occurrence of 
proteolysis of zein proteins (Hoffman et al., 2011) or an 
effect of fermentation on particle size (Ferraretto et al., 
2015a). Although improvement in ruminal ivSD with 
extended ensiling time is well established, its effects on 
WPCS of various hybrids, maturity, and chop length 
are not well understood. When WPCS was harvested 
at 41% DM, brown midrib containing the bm3 gene 
mutation (BM3) WPCS had similar ruminal ivSD 
compared with conventional WPCS as fresh forage 
but lower ivSD when compared after 45 to 360 d of 
ensiling (Der Bedrosian et al., 2012). In contrast, these 
authors observed that when WPCS was harvested at 
32% DM the BM3 took 270 d to reach the same ivSD 
as conventional WPCS. To our knowledge, no studies 
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have evaluated the effects of ensiling time on WPCS of 
various chop lengths.

Addition of exogenous protease to WPCS at ensiling 
has increased ivSD (Young et al., 2012). Windle et al. 
(2014) reported increased ivSD with both early and 
late maturity WPCS. However, this is the sole study 
found in the literature evaluating exogenous protease 
addition at ensiling in WPCS of varied maturities. Per-
haps exogenous protease addition at ensiling to WPCS 
of varied hybrids may attenuate the negative effects of 
vitreous endosperm on starch digestibility, but to our 
knowledge no such studies have been published.

Although the effects of ensiling time and exogenous 
protease on ivSD are well established, their use as a 
tool to attenuate the negative effects of maturity, endo-
sperm type, and lack of kernel processing is uncertain. 
Therefore, the objective of the present study was to 
evaluate the effects of ensiling time and exogenous pro-
tease addition on soluble CP (% of CP), ammonia-N (% 
of N), and ivSD in WPCS of various hybrids, maturi-
ties, and chop lengths. We hypothesized that ensiling 
WPCS for an extended time or adding an exogenous 
protease at ensiling would attenuate the differences in 
ivSD between various hybrids, maturities, and chop 
lengths.

MATERIALS AND METHODS

Silage Production and Treatments

A brown midrib containing the bm3 gene mutation 
(BM3; F2F485, Mycogen Seeds, Dow AgroSciences 
LLC, Indianapolis, IN), a dual-purpose (DP; P960, 
DuPont Pioneer, Johnston, IA) and an experimental 
leafy-floury (LFY; GLF97, Glenn Seed Ltd., Blenheim, 
ON, Canada) WPCS hybrid were grown in separate 
field plots (6.5 ha planted at 69,000 seeds/ha for LFY, 
5.4 ha planted at 86,000 seeds/ha for DP, and 5.8 ha 
planted at 79,000 seeds/ha for BM3) at the University 
of Wisconsin–Madison Agricultural Research Station 
(Arlington, WI) under the same tillage, fertilizer appli-
cation, and weed control practices for a companion feed-
ing trial (Ferraretto et al., 2015b). Plant population, re-
ported as seeds planted, was targeted as recommended 
by respective seed company representatives. The 3 hy-
brids were harvested at 2 maturities, two-thirds kernel 
milk line (early) and 7 d later (late), and whole-plants 
were chopped at 2 theoretical lengths of cut (TLOC) 
settings [0.64-cm (short) or 1.95-cm (long)] on the 
self-propelled forage harvester (JD 6910, John Deere, 
Moline, IL) fitted with a conventional kernel processor 
(2-mm roll gap). Harvest dates were September 7, 10, 
and 14, 2012, for LFY, DP, and BMR, respectively, at 
early maturity based on kernel milk line and 7 d later 

at late maturity stage. The day of harvest, samples of 
the 3 hybrids, at both maturities and for both chop 
lengths, were treated with an experimental exogenous 
bacterial protease produced in Bacillus licheniformis 
(guaranteed protease activity against p-nitroaniline of 
75,000 PROT units/mL; DSM Nutritional Products, 
Basel, Switzerland/Novozymes, Bagsvaerd, Denmark) 
or with an equivalent amount of distilled water that 
served as a control. Exogenous protease was added at 
a rate of 1.825 mL (1,825 mg) of protease per kg of 
corn DM to PROT treatments, which is equivalent to 
136.9 PROT units per kg of WPCS of DM. One PROT 
unit is the amount of enzyme that releases 1 μmol of p-
nitroaniline from 1 μM of substrate (Suc-Ala-Ala-Pro-
Phe-pNA) per minute at pH 9.0 and 37°C. This dosage 
matched supplier recommendations and was previously 
demonstrated to increase ivSD of rehydrated and high-
moisture corn (Ferraretto et al., 2015c). Samples were 
vacuum sealed in triplicate in nylon-polyethylene stan-
dard barrier vacuum pouches (3.5-mil thickness, 25.4 × 
35.6 cm; Doug Care Equipment Inc., Springville, CA) 
containing 600 g of as-fed WPCS using an external 
clamp vacuum machine (Bestvac; distributed by Doug 
Care Equipment Inc., Springville, CA) for each time 
point and ensiled for 0, 30, 60, 120, and 240 d. Thus, 
the experiment consisted of 120 treatments (3 hybrids 
× 2 maturities × 2 chop lengths × 2 protease treat-
ments × 5 ensiling time points) and 360 mini-silos (3 
replications per treatment). Mini-silos were stored at 
room temperature (approximately 20°C) in the dark 
until reaching the targeted ensiling time. After the 
ensiling time was reached, the bags were immediately 
frozen and stored at −20°C to stop fermentation until 
being processed for analysis. All samples, including 240 
d, were frozen for at least 21 d to ensure protocol simi-
larity among all samples. Prior to exogenous protease 
addition and ensiling, 2 sub-samples for each hybrid at 
both maturities and each chop length were collected 
and immediately frozen for further physical and nu-
trient characterization. Throughout the manuscript 
these sub-samples will be referred to as fresh samples, 
whereas samples ensiled but frozen immediately will be 
referred to as d 0 or whole-plant corn fresh forage.

Fermentation Profile, Physical Characteristics, 
Nutrients, and Digestibility Analysis

Fresh samples were analyzed undried and unground 
for particle size as described by Kononoff et al. (2003), 
whereas dried (at 60°C for 48 h in a forced-air oven) 
and unground samples were analyzed for corn silage 
processing score (Ferreira and Mertens, 2005) at the 
University of Wisconsin–Madison. Samples were com-
posited by hybrid and maturity and sent to Dairyland 
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Laboratories Inc. (Arcadia, WI) for analysis. Fresh 
samples were analyzed for DM (method 930.15, AOAC, 
2012), CP (method 990.03; AOAC, 2012), borate-
phosphate buffer soluble CP (Krishnamoorthy et al., 
1982), ammonia-N (method 973.49, AOAC, 2012), 
NDF (method 2002.04; AOAC, 2012), ADF (method 
973.18; AOAC, 2012), lignin (method 973.18; AOAC, 
2012), ether extract (method 2003.05; AOAC, 2012), 
ash (method 942.05; AOAC, 2012), and starch (Bach 
Knudsen, 1997; YSI Biochemistry Analyzer, YSI Inc., 
Yellow Springs, OH). The 30-h in vitro NDF digestibil-
ity (ivNDFD) on dried 1-mm screen ground samples 
was performed using the Goering and Van Soest (1970) 
method, whereas ivSD (7 h) was performed on dried 
4-mm ground samples using the procedures described 
by Richards et al. (1995). Fermentation profile was 
measured by HPLC as described by Muck and Dick-
erson (1988). Ensiled samples, including d 0, were 
analyzed for DM, CP, borate-phosphate buffer soluble 
CP, ammonia-N, starch, ivSD, and fermentation profile 
as described above. Samples analyzed for ivNDFD and 
ivSD were dried at 60°C for 48 h in a forced-air oven, 
and ground to pass a 4-mm Wiley mill screen (Thomas 
Scientific, Swedesboro, NJ) before analysis.

Kernel Sample Collection and Analysis

On the day of harvest, 10 random ears of corn were 
sampled from each hybrid at both maturities for kernel 
characterization. Ear samples were husked and stored 
in a −20°C freezer. All 10 ears were hand shelled while 
frozen and composited into one sample. Samples were 

sent to the University of Wisconsin Soil and Forage 
Analysis Laboratory (Marshfield, WI) in duplicate for 
the analyses described below. Samples were dried at 
40°C for 72 h in a forced-air oven to determine DM 
content; low temperature was used to maintain intact 
kernel cell structure (Philippeau and Michalet-Doreau, 
1997). Dried samples were analyzed for vitreousness by 
manual dissection (Correa et al., 2002), zein protein 
profile (Nellis et al., 2013), and in vitro gas production 
(as described by Hoffman et al., 2012). Briefly, in vitro 
gas production was measured on duplicate 0.5-g dried 
and 1-mm ground corn samples using the Ankom-RFS 
system (Ankom Technology Corp., Macedon, NY) with 
wireless transponders. Samples were adjusted for the 
gas production in a blank sample.

Statistical Analysis

Data were analyzed as a split-split-plot design us-
ing the procedure MIXED of SAS (SAS Institute Inc., 
2004). Samples from d 0 were not included in the full 
model to avoid confounding of ensiling time effects and 
interactions. The model included the fixed effects of 
hybrid, maturity, chop length, exogenous protease addi-
tion, ensiling time, and their 2-, 3-, and 4-way interac-
tions with the exception of any interaction containing 
hybrid and maturity together. Random effects were hy-
brid × maturity and hybrid × maturity × chop length. 
Mini-silo was used as the experimental unit. Means 
were determined using the LSMEANS statement and 
were compared using the PDIFF option. Orthogonal 
contrasts were used to evaluate linear and quadratic 

Table 1. Nutrient composition and fermentation profile of unfermented whole-plant corn1

Item

BM3

 

DP

 

LFY

Early Late Early Late Early Late

Nutrient         
 DM (% of as fed) 43.2 48.0  43.8 49.3  34.3 38.1
 CP (% of DM) 7.0 7.5  6.8 7.2  7.5 7.8
 Soluble CP (% of CP) 11.1 20.4  8.8 7.7  14.1 12.0
 Ether extract (% of DM) 2.7 1.9  3.0 3.1  2.7 2.7
 NDF (% of DM) 31.4 34.8  31.9 22.8  38.3 39.2
 ADF (% of DM) 17.5 17.8  16.5 12.0  20.5 21.4
 Lignin (% of DM) 1.4 1.5  2.2 2.6  2.6 3.0
 ivNDFD2 (% of NDF) 67.5 72.5  57.4 57.3  57.7 57.4
 Starch (% of DM) 40.6 35.3  42.7 50.1  30.7 29.4
 ivSD3 (% of starch) 52.7 47.4  57.8 54.0  61.4 60.2
 Ash (% of DM) 5.0 3.0  3.0 2.7  3.7 3.9
Fermentation profile         
 pH 5.6 5.7  5.6 5.7  5.6 5.5
 Ammonia-N (% of CP) 0.65 0.48  0.60 0.49  0.90 0.52
1Treatments were brown midrib containing the bm3 gene mutation (BM3), dual-purpose (DP), or leafy-floury (LFY) hybrid at 2 harvest maturi-
ties, 2/3 kernel milk line (early) or 7 d later (late).
2Ruminal in vitro NDF digestibility at 30 h.
3Ruminal in vitro starch digestibility at 7 h.
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responses to ensiling time from 30 to 240 d. Because 
treatments were unequally spaced, contrast coefficients 
were determined using the ORPOL statement within 
the procedure IML of SAS (SAS Institute Inc., 2004). 
Further analyses were performed using the same model 
and with d 0 samples added to the data set to evaluate 
fermentation effects by using an orthogonal contrast 
comparing d 0 versus 30. Statistical significance and 
trends were declared at P ≤ 0.05 and P > 0.05 to P < 
0.10, respectively. Because harvest measurements and 
unfermented kernel samples were not replicated, means 
are presented to characterize the material, but differ-
ences could not be tested statistically. Interactions are 
presented in Appendix Tables A1 and A2.

RESULTS AND DISCUSSION

Fresh Sample Chemical and Physical Characteristics

Nutrient composition and fermentation profile of fresh 
forage for the 3 hybrids at both harvest maturities are 
in Table 1. Dry matter, NDF, and starch concentrations 
ranged from 34.3 to 49.3%, 22.8 to 39.2%, and 29.4 
to 50.1%, respectively. Dry matter content at harvest 
was greater than expected, and greater than commonly 
recommended (Seglar and Shaver, 2014), even though 
a similar range was reported in a review of hybrid-type 
feeding trials (Ferraretto and Shaver, 2015). This vari-
ance may be partially related to harvest timing being 
determined by kernel milk line location (Ganoe and 
Roth, 1992) rather than whole-plant DM content. Ac-
cumulation of DM in the kernels was variable among 
hybrids at a similar harvest stage in previous trials from 
our laboratory (Ngonyamo-Majee et al., 2008, 2009). 
However, because the objective of the present study 
was to evaluate effects of ensiling time and exogenous 
protease addition on hybrids of varied endosperm types 
and maturities, the use of kernel milk line as an indi-
cator of maturity was thought to be essential. Total 
precipitation at University of Wisconsin–Madison Ar-
lington Agricultural Research Station during April to 
September of 2012 (366 mm) was less than the average 
of the past 20 yr (1995 to 2014; 597 mm; NOAA, 2015), 
which may have affected whole-plant DM yield and nu-
trient concentrations. Total amounts of DM harvested 
per hectare were 13.7, 13.8 and 15.2 Mg for BM3, DP, 
and LFY, respectively, at early maturity. Because these 
were large field plots for a companion feeding trial (Fer-
raretto et al., 2015b), plots were not replicated and late 
maturity yields are unavailable; thereby statistical eval-
uation of the yield observations is not possible and thus 
no valid comparison of the potential economic effect 
of yield differences can be performed. Further research 
is warranted to evaluate the effects of these hybrids at T
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these maturities on total yield of digestible starch. As 
expected, DM, CP, and lignin contents increased with 
advanced maturity, but starch and NDF contents did 
not follow a consistent pattern across hybrids. Lignin 
content was 1.2% units lower and ivNDFD 12.6% units 
greater for BM3 compared with other hybrids in agree-
ment with previous literature (Ferraretto and Shaver, 
2015). Fiber fractions were measured only on fresh 
samples to characterize the corn forage used in the pres-
ent study, but not evaluated in ensiled samples because 
ivNDFD has been reported to be minimally affected by 
ensiling time or exogenous protease addition (Young et 
al., 2012; Ferraretto et al., 2015d). Fermentation profile 
of fresh forage was not different among all hybrids and 
maturities.

Particle size and kernel processing score for total plant 
material measured on the 3 hybrids at both maturities 
and TLOC settings are presented in Table 2. Particle 
size was minimally affected by hybrid or maturity but 
increased with longer TLOC settings as expected. 
Short-TLOC samples, on average, had less material 
retained on the coarse (3.5 vs. 9.0%) and medium (52.9 
vs. 58.1%) sieves, but more material retained on the 
fine sieve (41.3 vs. 30.6%) than long-TLOC samples. 
Material on the pan was similar between TLOC set-
tings and averaged 2.3%. Kernel processing score was 

variable among all samples and was not affected by 
the TLOC setting. The BM3 and DP, but not LFY, 
samples had greater kernel processing scores for late 
than early maturity. This may relate to the greater 
whole-plant DM content for these 2 hybrids compared 
with the LFY hybrid resulting in greater kernel frag-
mentation by the kernel processor for the drier BM3 
and DP kernels (refer to Table 3), as reported by Shin-
ners et al. (2000). Furthermore, only DP had increased 
starch content at late maturity.

Kernel Characteristics

Chemical composition and in vitro gas production of 
unfermented corn kernels are presented in Table 3. Ker-
nel DM content varied among hybrids with the great-
est values observed for BM3 and lowest for LFY, and 
increased with maturity for all 3 hybrids. Accumulation 
of DM in the kernels was variable among hybrids at a 
similar harvest stage in previous trials from our labo-
ratory (Ngonyamo-Majee et al., 2008, 2009). Kernels 
appeared to have more starch and lower CP concentra-
tions from the BM3 and DP compared with the LFY 
hybrid. This may be related to the reduced DM content 
at harvest for LFY kernels (Philippeau and Michalet-
Doreau, 1997). Soluble CP concentration was similar 

Table 3. Chemical composition and in vitro gas production for unfermented corn kernels1

Item

BM3

 

DP

 

LFY

Early Late Early Late Early Late

Nutrient         
 DM (% of as fed) 66.8 70.9  62.9 67.6  57.5 60.5
 CP (% of DM) 8.6 9.2  8.7 8.6  10.1 9.6
 Soluble CP (% of CP) 28.2 25.1  28.3 25.8  27.9 27.6
 NDF (% of DM) 6.7 7.0  7.2 7.7  7.1 7.8
 Starch (% of DM) 72.8 72.2  72.0 71.4  69.6 69.2
 Ether extract (% of DM) 3.1 3.4  3.6 3.6  3.9 4.1
 Ash (% of DM) 1.3 1.4  1.4 1.4  1.4 1.5
Endosperm         
 Vitreousness (% of endosperm) 63.5 70.0  56.8 73.3  52.9 65.1
Zein protein profile         
 Total zein (% of DM) 3.4 3.7  2.6 3.4  4.5 3.8
 Total zein (% of CP) 39.9 40.5  29.9 40.0  44.4 39.3
 Total zein (% of starch) 4.7 5.1  3.6 4.8  6.4 5.5
 α zein (% of DM) 2.3 2.5  2.0 2.0  2.4 2.2
 α zein (% of CP) 26.8 27.3  23.3 23.4  23.7 23.3
 α zein (% of starch) 3.2 3.5  2.8 2.8  3.4 3.2
 β,γ,δ zein (% of DM) 1.2 0.8  0.8 1.2  1.3 1.4
 β,γ,δ zein (% of CP) 13.7 8.2  9.6 14.5  13.3 14.1
 β,γ,δ zein (% of starch) 1.6 1.0  1.2 1.7  1.9 2.0
In vitro gas production2         
 PAR (mL/0.1 g of DM per h) 2.3 1.8  2.5 2.1  2.2 2.2
 Time of PAR (h) 7.8 8.5  7.8 7.3  8.5 7.8
 Maximum cumulative gas (mL/0.1 g of DM) 32.0 31.4  34.9 33.4  31.8 31.6
 0–12 h gas production (%) 60.6 58.8  66.0 64.9  64.9 63.6
 12–24 h gas production (%) 39.4 41.2  34.0 35.1  35.1 36.4
1Treatments were brown midrib containing the bm3 gene mutation (BM3), dual-purpose (DP), or leafy-floury (LFY) hybrid.
2PAR = peak absolute rate.
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among hybrids and decreased with maturity for all 3 
hybrids. In contrast, content of NDF was similar among 
hybrids and increased with maturity. Ash concentration 
was similar across hybrids and maturities and averaged 
1.4%. Ether extract content was slightly higher for 
LFY than BM3 kernels. Variation in kernel DM and 

nutrient concentrations between hybrids suggest that 
recommendations for harvesting based on maturity 
may vary depending on the hybrid grown. Kernel vit-
reousness was numerically lower in LFY kernels than 
BM3 and DP kernels at both maturities, but the value 
for DP was lower than BM3 at the early but not later 
maturity. The vitreousness range in the present study 
was similar to the range of 14 commercially available 
hybrids in the United States reported by Correa et al. 
(2002). A negative relationship between kernel vitre-
ousness and ivSD has been reported in the literature 
(Philippeau and Michalet-Doreau, 1997; Correa et al., 
2002), in agreement with the lower in vitro gas pro-
duction from 0 to 12 h for BM3 compared with the 
other hybrids observed in the present study. Kernel 
zein contents and profiles, however, were similar among 
the 3 hybrids. A positive relationship between zein 
content and vitreousness has been previously reported 
by Philippeau et al. (2000) and Lopes et al. (2009) in 
corn grain. Data comparing WPCS hybrids, however, 
is limited, and further research is necessary to better 
understand the relationship among kernel vitreousness, 
zein protein, and starch digestibility in WPCS hybrids. 
In addition, maximum cumulative gas, peak absolute 
rate, and time of peak absolute rate was similar across 
hybrids and maturities and averaged 32.5 mL/0.1 g of 
DM, 2.2 mL/0.1 g of DM/h, and 8 h, respectively.

Fermentation Profile

Hybrid × ensiling time interactions were observed 
(P < 0.01) for pH, lactate, acetate, ethanol, and total 
acid concentrations. Measurements of pH (data not 
presented in figure) were lower for BM3 and LFY (3.70 
on average) than DP (3.78) on d 30, lower for LFY 
than BM3 on d 60 and 120 (3.67 vs. 3.73 on average, re-
spectively), and lower for LFY than DP on 240 d (3.68 
vs. 3.75, respectively). In contrast, no interaction was 
observed by Der Bedrosian et al. (2012), whereas Fer-
raretto et al. (2015d) reported a more rapid pH decline 
for BM3 than LFY. Lactate (1.2-% units on average; 
Figure 1A) and total acid (1.7%-units on average; data 
not presented in figure) concentrations were greater for 
LFY than the other hybrids on d 30, 60, 120, and 240. 
A similar pattern was observed for acetate with greater 
concentrations for LFY on d 120 and 240 (0.8-% units 
on average; Figure 1B). Ethanol content was greater 
on d 30 for BM3 compared with LFY (0.96 vs. 0.47%, 
respectively; Figure 1C). Hybrid × ensiling time inter-
actions may be related to the lower DM content (P = 
0.01; Table 4) observed for the LFY than other hybrids. 
In addition, a hybrid × exogenous protease addition 
interaction was observed for ethanol (P = 0.03; Figure 
2) with lower ethanol concentrations for protease than 

Figure 1. Interaction between ensiling time and hybrids for lactic 
acid (A; P = 0.001; SEM = 0.26), acetic acid (B; P = 0.001; SEM = 
0.22), and ethanol (C; P = 0.02; SEM = 0.21) concentrations. DP = 
dual-purpose; LFY = leafy-floury; BM3 = brown midrib containing 
the bm3 gene mutation. Means within the same day with different let-
ters (a,b) differ (P < 0.05). 
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control in DP and LFY WPCS. In contrast, a high dos-
age of exogenous protease addition increased ethanol 
concentration in the studies of Young et al. (2012) and 
Windle et al. (2014).

Maturity × ensiling time interactions were observed 
(P < 0.01) for pH, lactate, ethanol, and total acid con-
centrations. Although pH was similar between early and 
late harvest on d 30 (3.72 on average), it was greater 
for late than early maturity from d 60 to 240 (3.64 
vs. 3.76 on average, respectively; Figure 3A). A later 
decline in pH for late WPCS was previously reported 
(Der Bedrosian et al., 2012) and may be related to 
decreased bacterial growth due to low water availability 
(Muck, 1988). Lactate (Figure 3B) and total acid (data 
not presented in figure) concentrations were greater for 
early than late harvest on d 30 and 240, and support 
this premise. Similar results were reported by Der Bed-

rosian et al. (2012) and Windle et al. (2014). Corn silage 
harvested at late maturity had 2-fold greater ethanol 
concentrations on d 30, 60, and 120 (Figure 3C) than 
early. Greater ethanol concentrations in late maturity 
WPCS was reported by Der Bedrosian et al. (2012). 
However, the ethanol increase ceased at d 90 for early 
harvest but increased steadily up to d 360 for late in 
their trial. Lack of a maturity effect on concentrations 
of acetate (Table 5), a well-known antifungal agent 
(Muck, 2010), may explain the difference between the 
Der Bedrosian et al. (2012) and the present study. No 
maturity × exogenous protease addition interactions 
were observed (P > 0.10).

Effects of chop length and exogenous protease addi-
tion on fermentation profile are presented in Tables 6 
and 7, respectively. A chop length × exogenous protease 
addition interaction was observed for lactate (P = 0.03; 
Figure 4) and total acid (P = 0.02; data not presented 
in figure) concentrations. Lactate (4.69 vs. 4.37%, re-
spectively) and total acid (5.86 vs. 5.39%, respectively) 
concentrations were greater for long than short WPCS 
when both were treated with protease. An interaction 
for chop length × ensiling time was observed (P = 0.02; 
Figure 5) for ethanol content with 0.2%-units greater 
values for long WPCS on d 120.

Nitrogen Fractions and Starch Digestibility

Concentration of CP was greater for LFY compared 
with BM3 and DP (P = 0.02; Table 4). No effects of 
maturity and chop length on CP content were observed 
(Tables 5 and 6, respectively). Although exogenous 
protease addition (P = 0.03; Table 7) and ensiling time 
(P = 0.001; Table 8) effects were observed, the mag-
nitude of the differences were small (range = 0.1- and 

Table 4. Effect of hybrid on fermentation profile and ruminal in vitro starch digestibility in whole-plant corn 
silage1

Item BM3 DP LFY SEM P-value

DM (% as fed) 45.7a 46.1a 34.5b 0.4 0.01
CP (% of DM) 8.1b 7.7b 8.8a 0.1 0.02
Soluble CP (% of DM) 3.65b 3.72b 4.57a 0.07 0.02
Soluble CP (% of CP) 45.2 48.1 51.7 0.8 0.06
Ammonia-N (% of DM) 0.45 0.44 0.54 0.02 0.09
Ammonia-N (% of CP) 5.61 5.67 6.11 0.22 0.39
Starch (% of DM) 40.2a 43.4a 33.9b 0.6 0.02
ivSD2 (% of starch) 57.2c 62.6b 67.7a 0.7 0.02
pH 3.72 3.73 3.67 0.02 0.17
Lactic acid (% of DM) 4.10 4.13 5.34 0.24 0.11
Acetic acid (% of DM) 1.04 0.84 1.38 0.20 0.35
Ethanol (% of DM) 0.96 0.80 0.56 0.21 0.53
Total acids (% of DM) 5.14 4.97 6.72 0.40 0.15
a–cMeans in the same row with different superscripts differ (P ≤ 0.05).
1Treatments were brown midrib containing the bm3 gene mutation (BM3), dual-purpose (DP), or leafy-floury 
(LFY) hybrid ensiled from 30 to 240 d.
2Ruminal in vitro starch digestibility at 7 h.

Figure 2. Interaction between hybrids and exogenous protease ad-
dition for ethanol (P = 0.03; SEM = 0.21) concentration. BM3 = 
brown midrib containing the bm3 mutation; DP = dual-purpose; LFY 
= leafy-floury. Means within the same day with different letters (a–d) 
differ (P < 0.05). 
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0.3-% units for exogenous protease and ensiling time, 
respectively). A hybrid × ensiling time interaction was 
observed (P = 0.05; data not presented in figure) with 
greater starch concentrations for DP than BM3 from d 
30 to 120 but not on d 240. Starch concentration was 
lowest for LFY throughout all ensiling times. Starch 
concentration was unaffected by maturity (Table 5) and 
chop length (Table 6). However, a 1.3-% unit decrease 
in starch concentration was observed (P = 0.001; Table 
7) with exogenous protease addition.

A hybrid × exogenous protease addition interaction 
was observed (P = 0.07; data not presented in a figure) 
for soluble CP; addition of protease increased the con-
centration of soluble CP by 1.4-% units in LFY but not 
BM3 or DP WPCS. However, no hybrid × exogenous 
protease addition interactions were observed (Appen-
dix Tables A1 and A2) for ammonia-N content or ivSD. 
The use of exogenous protease as a silage additive was 
previously reported to increase soluble N and ivSD of 
WPCS (Young et al., 2012). To our knowledge, ours 
is the first study to evaluate the use of an exogenous 
protease in WPCS of varied endosperm types and our 
results indicate that at this dosage protease did not 
attenuate the negative effects of hybrid on ivSD (P = 
0.02; Table 4). Perhaps a higher dosage of exogenous 
protease may be necessary, and further in vitro and 
in vivo research is warranted. Maturity × exogenous 
protease addition interactions were not observed (Ap-
pendix Table A1) for soluble CP and ammonia-N 
concentrations. However, exogenous protease addition 
increased (P = 0.03; Figure 6) ivSD by 3.2-% units in 
late but not in early harvest WPCS. Although exog-
enous protease addition appears to be an option when 
WPCS is harvested late, ivSD remained lower for late 
WPCS treated with protease at ensiling (62.5%) than 
untreated early WPCS (65.0%) suggesting that at this 
dosage protease may partially attenuate but cannot 
fully overcome the negative effects of maturity on ivSD. 
Perhaps a higher dosage of exogenous protease may 
be necessary and further research is warranted. These 
results emphasize the importance of proper maturity 
at harvest to optimize starch digestibility and utiliza-
tion by dairy cows (Ferraretto and Shaver, 2012b). In 
contrast, similar ivSD was observed between early and 
late WPCS with the use of protease as a silage additive 
after 150 d of storage in the study by Windle et al. 
(2014). However, they observed benefits of protease ad-
dition at ensiling on ivSD at 2 maturities. Chop length 
× exogenous protease addition interactions were not 
observed (Appendix Tables A1 and A2) for soluble CP, 
ammonia-N, or ivSD. Samples were ground through a 
4-mm sieve before ivSD measurements, which may have 
attenuated the difference in ivSD between WPCS of 
different chop lengths. Greater ivSD was observed with 

addition of this same exogenous protease to rehydrated 
and high-moisture corn ensiled for 30 d (Ferraretto et 
al., 2015c).

A hybrid × ensiling time interaction was observed 
(P = 0.001; Figure 7A) for ammonia-N (% of CP); 
with greater ammonia-N concentration for LFY than 

Figure 3. Interaction between ensiling time and maturity for pH 
(A; P = 0.01; SEM = 0.01), lactic acid (B; P = 0.001; SEM = 0.21), 
and ethanol (C; P = 0.001; SEM = 0.18) concentrations. Means within 
the same day with an asterisk differ (P < 0.05). 
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Table 5. Effect of maturity on fermentation profile and ruminal in vitro starch digestibility in whole-plant 
corn silage1

Item Early Late SEM P-value

DM (% as fed) 40.1 44.0 0.3 0.02
CP (% of DM) 8.1 8.3 0.1 0.12
Soluble CP (% of DM) 3.90 4.07 0.06 0.17
Soluble CP (% of CP) 47.8 48.9 0.7 0.37
Ammonia-N (% of DM) 0.46 0.49 0.01 0.26
Ammonia-N (% of CP) 5.66 5.94 0.18 0.38
Starch (% of DM) 38.5 39.8 0.5 0.22
ivSD2 (% of starch) 64.7 60.9 0.6 0.05
pH 3.66 3.75 0.01 0.03
Lactic acid (% of DM) 4.83 4.22 0.20 0.16
Acetic acid (% of DM) 1.08 1.09 0.16 0.99
Ethanol (% of DM) 0.52 1.03 0.18 0.18
Total acids (% of DM) 5.91 5.31 0.33 0.33
1Treatments were whole-plant corn silage harvested at 2 maturities, 2/3 kernel milk line (early) or 7 d later 
(late), and ensiled from 30 to 240 d.
2Ruminal in vitro starch digestibility at 7 h.

Table 6. Effect of chop length on fermentation profile and ruminal in vitro starch digestibility in whole-plant 
corn silage1

Item Short Long SEM P-value

DM (% as fed) 42.1 42.0 0.3 0.77
CP (% of DM) 8.2 8.2 0.1 0.75
Soluble CP (% of DM) 3.95 4.00 0.06 0.57
Soluble CP (% of CP) 47.9 48.7 0.7 0.49
Ammonia-N (% of DM) 0.47 0.48 0.01 0.80
Ammonia-N (% of CP) 5.75 5.85 0.18 0.73
Starch (% of DM) 39.7 38.6 0.5 0.20
ivSD2 (% of starch) 61.2 64.4 0.6 0.07
pH 3.70 3.71 0.01 0.42
Lactic acid (% of DM) 4.44 4.61 0.15 0.12
Acetic acid (% of DM) 1.05 1.12 0.12 0.40
Ethanol (% of DM) 0.72 0.83 0.18 0.33
Total acids (% of DM) 5.49 5.73 0.24 0.17
1Treatments were whole-plant corn silage harvested with 2 theoretical lengths of cut settings on the forage 
harvester, short (0.64 cm) or long (1.95 cm), and ensiled from 30 to 240 d.
2Ruminal in vitro starch digestibility at 7 h.

Table 7. Effect of exogenous protease addition on fermentation profile and ruminal in vitro starch digestibility 
in whole-plant corn silage1

Item Control Protease SEM P-value

DM (% as fed) 41.9 42.2 0.3 0.34
CP (% of DM) 8.2 8.1 0.1 0.03
Soluble CP (% of DM) 3.98 3.98 0.05 0.95
Soluble CP (% of CP) 48.1 48.6 0.5 0.21
Ammonia-N (% of DM) 0.48 0.48 0.01 0.93
Ammonia-N (% of CP) 5.77 5.83 0.13 0.34
Starch (% of DM) 39.8 38.5 0.4 0.001
ivSD2 (% of starch) 62.2 63.4 0.6 0.13
pH 3.72 3.69 0.01 0.02
Lactic acid (% of DM) 4.52 4.53 0.15 0.88
Acetic acid (% of DM) 1.08 1.10 0.12 0.79
Ethanol (% of DM) 0.82 0.73 0.13 0.001
Total acids (% of DM) 5.60 5.63 0.24 0.78
1Treatments were whole-plant corn silage without (Control) or with exogenous protease addition at ensiling 
(Protease) ensiled from 30 to 240 d.
2Ruminal in vitro starch digestibility at 7 h.
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other hybrids on d 240. Likewise, a hybrid × ensiling 
time interaction was observed (P = 0.001; Figure 7B) 
for soluble CP (% of CP). Soluble CP concentration 
was greater for LFY than other hybrids on d 30, and 
greatest for LFY and lowest for BM3 on d 120 and 240. 
However, a hybrid × ensiling time interaction was not 
observed (Appendix Table A2) for ivSD. These results 
are contrary to our hypothesis that increased ensiling 
time would attenuate the effects of vitreousness on 
ivSD (P = 0.02; Table 4). The literature is equivocal 
with regard to the effects of ensiling time on WPCS 
of different hybrids. When WPCS was harvested at 
41% DM, BM3 had similar ivSD compared with con-
ventional WPCS as fresh forage but lower ivSD from 
45 to 360 d of ensiling (Der Bedrosian et al., 2012). In 
contrast, the authors observed that when WPCS was 
harvested at 32% DM, the BM3 took 270 d to reach the 
same ivSD as conventional WPCS. Increased ammonia-
N and soluble CP concentrations for LFY compared 

with BM3 after 120 d of ensiling were observed in a 
previous experiment from our laboratory (Ferraretto 
et al., 2015d). However, ivSD increased similarly for 
both hybrids over the ensiling period in that trial. In 
vivo starch digestibility comparisons of WPCS hybrids 
differing in vitreousness, however, are scarce in the lit-
erature. Two hybrids, with low and high vitreousness, 
at varied maturities and processing settings were evalu-
ated by Johnson et al. (2002a,b). The authors observed 
a negative relationship between kernel vitreousness and 
total-tract starch digestibility in lactating dairy cows, 
although this relationship was greater in unprocessed 
compared with processed WPCS. Interestingly, how-
ever, less floury endosperm was observed in the low 
vitreousness hybrid. Szasz et al. (2007) reported similar 
ruminal and total-tract starch digestibility in feedlot 
steers when comparing high-moisture corn harvested 
from a floury versus a vitreous corn hybrid. In situ 
effective ruminal disappearance of starch also did not 
differ and measurements of kernel vitreousness were not 
reported.

A maturity × ensiling time interaction was observed 
(P = 0.03; data not presented in figure); with greater 
ammonia-N concentration for LT than ER on d 60 
(5.17 vs. 4.63%, respectively). However, no interaction 
was observed for soluble CP (Appendix Table A1). 
Similar results were observed by Windle et al. (2014). 
In addition, ensiling time did not (lack of a maturity 
× ensiling time interaction; Appendix Table A2) at-
tenuate the negative effects of maturity on ivSD (P = 
0.05; Table 5). Combined, these results do not support 
the observations of Owens (2014) that fermentation in 
the silo eliminates either the difference between floury 
and vitreous endosperms of unfermented kernels or the 
negative effects of maturity on starch digestibility. No 
chop length × ensiling time interactions for soluble CP, 
ammonia-N, and ivSD were observed (Appendix Tables 
A1 and A2). However, samples were ground through a 

Figure 4. Interaction between whole-plant corn silage chop length 
and exogenous protease addition for lactic acid (P = 0.03; SEM = 
0.15) concentration. Means within the same day with different letters 
(a,b) differ (P < 0.05). 

Figure 5. Interaction between whole-plant corn fresh forage and 
silage chop length and ensiling time for ethanol concentration (P = 
0.03; SEM = 0.13). Means within the same day with an asterisk differ 
(P < 0.05). 

Figure 6. Interaction between maturity and exogenous protease 
addition for ruminal in vitro starch digestibility (ivSD; P = 0.03; SEM 
= 0.85). Means within the same day with different letters (a–c) differ 
(P < 0.05). 
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4-mm sieve before ivSD measurements, which may have 
attenuated the difference in ivSD between WPCS of 
different chop lengths.

CONCLUSIONS

Extended time in storage increased ammonia-N, 
soluble CP, and ivSD in WPCS of various hybrids, ma-
turities, and chop lengths. Prolonged storage of WPCS, 
however, requires proper silo management during fill-
ing, packing, and covering to avoid detrimental fermen-
tation patterns. Contrary to our hypothesis, however, 
extended ensiling time did not alter the negative effects 
of vitreousness and maturity at harvest on ivSD. These 
results do not support the dogma that fermentation 
in the silo eliminates the differences in ivSD between 
WPCS of varied maturities and hybrids. Exogenous 
protease addition did not attenuate the negative effects 
of vitreousness on ivSD. In addition, despite the posi-
tive effects of exogenous protease addition on ivSD ob-
served for late maturity WPCS, it did not overcome the 
negative effects of maturity on ivSD. Perhaps a higher 
dosage of exogenous protease may be necessary and 
further research is warranted. No interactions between 
chop length and ensiling time or exogenous protease 
addition on ivSD were observed. Overall, these results 
emphasize the importance of hybrid selection, proper 
maturity at harvest, kernel processing, and ensiling 
time to achieve maximum ivSD of WPCS.
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Table 8. Effect of storage length on fermentation profile and ruminal in vitro starch digestibility in whole-plant corn silage

Item 0 d 30 d 60 d 120 d 240 d SEM

P-value1

F E L Q

DM (% as fed) 42.9 42.3a 41.3b 42.0a 42.6a 0.3 0.04 0.01 0.02 0.10
CP (% of DM) 7.7 8.0c 8.3a 8.2b 8.3ab 0.1 0.001 0.001 0.001 0.01
Soluble CP (% of DM) 1.20 3.13d 3.78c 4.20b 4.82a 0.06 0.001 0.001 0.001 0.001
Soluble CP (% of CP) 15.6 39.2d 45.3c 51.0b 57.8a 0.6 0.001 0.001 0.001 0.001
Ammonia-N (% of DM) 0.08 0.34d 0.41c 0.51b 0.65a 0.01 0.001 0.001 0.001 0.001
Ammonia-N (% of CP) 1.09 4.23d 4.90c 6.23b 7.82a 0.14 0.001 0.001 0.001 0.001
Starch (% of DM) 37.3 39.1 38.8 39.8 38.9 0.5 0.001 0.10 0.84 0.06
ivSD2 (% of starch) 56.2 58.8c 61.2bc 63.3b 67.3a 0.9 0.01 0.001 0.001 0.19
pH 5.52 3.72a 3.66b 3.73a 3.71a 0.01 0.001 0.001 0.14 0.85
Lactic acid (% of DM) 0.02 4.18c 4.44b 4.38b 4.94a 0.15 0.001 0.001 0.001 0.05
Acetic acid (% of DM) 0.08 0.87c 1.04bc 1.06b 1.38a 0.13 0.001 0.001 0.001 0.92
Ethanol (% of DM) 0.16 0.76b 0.71b 0.75b 0.87a 0.12 0.001 0.001 0.001 0.01
Total acids (% of DM) 0.09 5.05c 5.48b 5.45b 6.47a 0.25 0.001 0.001 0.001 0.14
a–eMeans in the same row with different superscripts differ (P ≤ 0.05). Treatment comparisons between 30, 60, 120, and 240 d.
1F = fermentation effect (0 vs. 30 d), E = ensiling time effect (from d 30 to 240), L = linear effect and Q = quadratic effect comparisons be-
tween d 30 and 240.
2Ruminal in vitro starch digestibility at 7 h.

Figure 7. Interaction between ensiling time and hybrids for am-
monia-N (A; P = 0.01; SEM = 0.23) and soluble CP (B; P = 0.001; 
SEM = 0.99) concentrations. BM3 = brown midrib containing the bm3 
mutation; DP = dual-purpose; LFY = leafy-floury. Means within the 
same day with different letters (a–c) differ (P < 0.05). 
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APPENDIX

Table A1. Statistical analysis (P-values) of the interaction effects of ensiling time (ET), hybrids (H), maturity (M), chop length (CL), and 
exogenous protease addition (P) on nutrient composition in whole-plant corn silage

Item
DM  

(% as fed)
CP  

(% of DM)
Soluble CP  
(% of DM)

Soluble CP  
(% of CP)

Ammonia-N  
(% of DM)

Ammonia-N  
(% of CP)

Starch  
(% of DM)

H × CL 0.42 0.78 0.85 0.94 0.87 0.87 0.47
H × P 0.09 0.49 0.12 0.07 0.21 0.21 0.21
H × ET 0.39 0.65 0.001 0.001 0.001 0.01 0.05
M × CL 0.84 0.84 0.92 0.99 0.74 0.74 0.35
M × P 0.97 0.11 0.07 0.12 0.87 0.53 0.12
M × ET 0.26 0.19 0.27 0.27 0.05 0.03 0.57
CL × P 0.82 0.91 0.58 0.46 0.42 0.48 0.17
CL × ET 0.71 0.94 0.64 0.44 0.23 0.17 0.72
P × ET 0.81 0.70 0.76 0.71 0.50 0.38 0.63
H × CL × P 0.03 0.81 0.51 0.34 0.82 0.82 0.39
H × CL × ET 0.44 0.18 0.11 0.26 0.13 0.11 0.67
H × P × ET 0.32 0.65 0.78 0.29 0.66 0.86 0.01
M × CL × P 0.55 0.19 0.97 0.52 0.94 0.79 0.51
M × CL × ET 0.69 0.11 0.59 0.46 0.36 0.04 0.58
M × P × ET 0.52 0.35 0.65 0.67 0.93 0.73 0.13
CL × P × ET 0.52 0.59 0.46 0.27 0.35 0.45 0.11
H × CL × P × ET 0.25 0.15 0.78 0.92 0.75 0.49 0.02
M × CL × P × ET 0.31 0.20 0.13 0.14 0.73 0.68 0.73

Table A2. Statistical analysis (P-values) of the interaction effects of ensiling time (ET), hybrids (H), maturity (M), chop length (CL), and 
exogenous protease addition (P) on fermentation profile and starch digestibility in whole-plant corn silage

Item
ivSD1  

(% of starch) pH
Lactic acid  
(% of DM)

Acetic acid  
(% of DM)

Ethanol  
(% of DM)

Total acids  
(% of DM)

H × CL 0.73 0.57 0.15 0.36 0.59 0.20
H × P 0.21 0.25 0.22 0.38 0.03 0.81
H × ET 0.31 0.01 0.001 0.001 0.02 0.001
M × CL 0.29 0.82 0.28 0.29 0.92 0.98
M × P 0.03 0.13 0.76 0.14 0.95 0.23
M × ET 0.88 0.01 0.001 0.18 0.001 0.01
CL × P 0.21 0.11 0.03 0.22 0.82 0.02
CL × ET 0.75 0.66 0.49 0.46 0.03 0.42
P × ET 0.22 0.24 0.65 0.18 0.98 0.13
H × CL × P 0.15 0.21 0.66 0.43 0.90 0.97
H × CL × ET 0.24 0.21 0.04 0.53 0.15 0.42
H × P × ET 0.96 0.66 0.03 0.46 0.68 0.04
M × CL × P 0.79 0.11 0.03 0.42 0.08 0.31
M × CL × ET 0.94 0.50 0.81 0.29 0.15 0.33
M × P × ET 0.49 0.54 0.66 0.77 0.20 0.75
CL × P × ET 0.11 0.90 0.99 0.52 0.48 0.77
H × CL × P × ET 0.43 0.14 0.92 0.48 0.18 0.49
M × CL × P × ET 0.58 0.71 0.97 0.46 0.13 0.62
1Ruminal in vitro starch digestibility at 7 h.
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