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Abstract – The in sacco degradabilities of starch and fibre in corn were compared between kernel
grains and the whole corn plant before and after ensiling using the nylon bag technique. The same
plants were used, in order to exclude the effects of genotype or maturity at harvest. The incubation
time course was carried out over 48 h on four cannulated dairy cows. The effective degradability of
starch was lower in kernel grains (70.2%) than in the whole plant before (83.9%) and after (92.3%)
ensiling. Starch degradation in whole plants was accelerated compared to kernel grains by a shift
from the slowly degradable (from 61.3% to 31.9%) to the rapidly degradable fraction (from 35.9%
to 65.6%) without significantly affecting the degradation constant rate (7.7 and 8.0% per h respec-
tively for kernel grains and whole corn plants). The ensiling process improved starch degradation
even further compared to whole fresh plants by significantly increasing the rapidly degradable frac-
tion (80.7% versus 65.6%) and by a higher degradation constant rate (12.4% per h versus 8.0% per h).
The fibre degradation was similar between grains and whole corn plants despite differences in their
content and composition of NDF. However, ensiling significantly increased the rapidly degradable
NDF fraction (15.2 versus 9.9%) and doubled its degradation constant rate (from 1.6% per h to 3.2%
per h). This effect was probably due to improved hemicellulose degradation, because cellulose and
lignin were not degraded differently between corn plants before and after ensiling. Mechanical crack-
ing such as chopping at harvest improves ruminal starch degradation without altering fibre degra-
dation but the ensiling process simultaneously increases the degradability of starch and fibres. 

ruminal degradation / corn processing / corn starch / corn fibres 

Résumé – Dégradation ruminale du maïs fourrage en fonction de sa forme de présentation.
Les dégradations in sacco de l’amidon et des fibres ont été comparées entre le maïs grain et la plante
entière avant et après fermentation en utilisant la technique des sachets nylon. L’utilisation des mêmes
plantes a permis de contrôler les effets du génotype ou du stade de maturité à la récolte. L’étude a
porté sur 48 h d’incubation avec 4 vaches fistulées. La dégradabilité théorique de l’amidon du maïs
grain (70,2 %) est plus faible que celle de l’amidon de la plante entière avant (83,9 %) et après
(92,3 %) fermentation. La dégradation d’amidon de la plante entière a été accélérée par rapport à
celle du maïs grain par un déplacement d’une partie de la fraction lentement dégradable (de 61,3 à
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31,9 %) vers la fraction rapidement dégradable (de 35,9 à 65,6 %) sans effet significatif sur le taux
horaire de dégradation (7,7 et 8,0 % par h respectivement pour le grain et la plante entière). La
fermentation de la plante entière améliore la dégradation de l’amidon par une augmentation
significative de la fraction rapidement dégradable (de 65,6 à 80,7 %) et du taux horaire (8,0 contre
12,4 % par h). Les dégradations des fibres ont été similaires entre grains et plante entière malgré des
différences de la teneur en NDF et de sa composition. Par contre, la fermentation de la plante
augmente significativement la fraction rapidement dégradable des NDF (15,2 contre 9,9 %) et double
son taux horaire (de 1,6 à 3,2 % par h). Cet effet semble dû à une augmentation de la dégradation
de l’hémicellulose puisque aucune différence de dégradation avant ou après fermentation pour la
lignine et la cellulose n’est observée. Le broyage mécanique, comme le hachage à la récolte, améliore
la dégradation de l’amidon de maïs dans le rumen sans modifier la dégradation des fibres. Par contre,
la fermentation de la plante entière en ensilage augmente simultanément la dégradabilité de l’amidon
et des fibres.

dégradation ruminale / traitement du maïs / amidon de maïs / fibres de maïs

1. INTRODUCTION

Corn silage is currently used as forage in
the diet of high yielding dairy cows to assure
an elevated energy supply, mainly because
of its high starch content. The starch of corn
grains harvested at maturity has been reported
as being slowly degraded by micro-organ-
isms in the rumen [28]. In contrast, the
starch in ensiled corn is rapidly degraded in
the rumen [21, 23, 25] and an increased
amount of starch degraded in the rumen has
been shown to depress fibre digestion [2].
Thus the risk of acidosis, at least in a sub-
clinical state, is present. Different hypoth-
eses can be put forward to explain the accel-
eration of starch degradation in ensiled corn
when compared to starch from corn grains
harvested at maturity. 

A first possible explanation for modified
ruminal degradation of corn is the genetic
variability between cultivars. This has been
shown not only for cell wall degradation in
the rumen [7, 11, 35] but also for starch
between grains of dent and flint genotypes
[24, 35]. Other authors [25] have noted
increased ruminal starch degradability after
ensiling, independently of corn genotypes.
Secondly, the literature [3, 8, 14, 24] has
reported a decreased starch degradability of
corn silage in the rumen when the maturity
of harvested plants increases. Because silage
cultivars are harvested at a less mature stage
than crop cultivars, the starch fraction in

corn silage can be degraded more rapidly in
the rumen than that found in crop cultivars.
Thus the effect of the genotype, i.e. cultivar,
and the vegetation stage at harvest on starch
degradation in the rumen has always been
demonstrated. Another explanation for a
higher starch degradation after ensiling may
be plant processing. The mechanical crack-
ing that takes place prior to ensiling reduces
particle size and there is an increased rumi-
nal degradability of ensiled corn starch
compared to the starch of identically pre-
pared corn plants even before ensiling [25].
Moreover the solubilisation of endosperm
proteins during corn fermentation has been
observed [16], and this may improve enzyme
access to starch, alongside mechanical crack-
ing. Starch granules (especially in corn) are
embedded in a protein matrix [9] that grows
with the maturation of the kernel [14] and
thus protects starch grains from hydrolysis
by amylolytic enzymes [12]. Mainly made
up of zeins, the core of these protein bodies
is negatively correlated to starch degrada-
tion [27]. 

The first aim of this study was therefore
to determine whether the more rapid degra-
dation in the rumen of starch in ensiled corn
is due to processing, i.e. not dependent upon
differences in genotype or maturity. Finally,
the supplementation of readily fermentable
carbohydrates is known to reduce fibre
digestion in vivo [2, 30], at least when using
rapidly degradable grains such as barley or
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wheat. The second aim of this study was to
determine whether corn processing, espe-
cially fermentation, would affect the degra-
dation of corn fibres and hence the nutritive
value of corn forages. 

2. MATERIALS AND METHODS

2.1. Experimental design and plant 
growing conditions

The characteristics of ruminal degrada-
tion of corn kernel grains, fresh whole corn
plants (FWCP) and ensiled whole corn
plants (EWCP) were compared using the
same raw material throughout the trial. 

Corn was grown on a calcic vertic com-
bisol (FAO classification). During the spring,
it was necessary to seed two cultivars (2265®

hybrid, Force Limagrain, Saint-Quentin-Fal-
lavier, 38, France and Etendard® hybrid,
Sémences de France, La Chapelle d’Armen-
tières, 59, France) because of the different
moisture conditions which prevailed in the
same field. Grains were sown in equivalent
proportions with a corn population density
of 113,000 plants per ha on May 5th and har-
vested 152 days later, on October 4th, 2000.
The entire field was fertilised with 252 units
of N per ha and the rainfall during the grow-
ing period was 402 mm. Growth and harvest
characteristics are shown in Table I. Corn
plants at silage maturity (dent stage) were
chopped with a forage harvester to a particle
size of 1 cm.

Fifteen kernels from each cultivar were
randomly sampled from the field one day
before harvest. The grains were manually
separated and weighed. Because both cul-
tivars were mixed in the same flat silo
(width 13 m, depth 18 m, height 4 m) at sim-
ilar proportions (as in the field), we also
mixed the two cultivars together before
incubating the grains (50:50 wt/wt). A rep-
resentative sample of the whole fresh corn
plant (FWCP) before fermentation was col-
lected just after filling the silo, and another
sample was taken from the same place in the

silo after fermentation for 2 weeks (EWCP)
in order to determine the chemical compo-
sition. 

2.2. Incubation

In sacco measurements were carried out
using four ruminally cannulated lactating
multiparous Holstein cows housed in a free
stall barn. The animals were fed ad libitum
with a total mixed ration composed of corn
silage (55.3% of DM), wheat straw (2.8%),
cracked wheat (29.9%), soybean meal
(10.4%) and minerals (1.6%). Cows had an
average intake of 19.2 (± 2.6) kg DM per d
and a daily yield of 31.4 (± 5.1) kg milk. The
corn silage fed to them was the same as that
used for incubation samples. The animals
were adapted to the experimental diet for
2 weeks before measurements were per-
formed. 

All feed samples were oven dried (48 h
at 65 °C) and ground (centrifugal force mill
SK100, Retsch GmbH & Co KG, Haan,
Germany, sieve 1.5 mm). The nylon bag
technique [17] was then carried out and
approximately 4 g of each tested feedstuff
were placed separately into bags (internal
dimension 9 × 14 cm, Blutex 120, Saati
France Co., Sailly Saillisel, France) with a
pore size of 50 µm. 

The incubated bags were soaked and
then inserted into the rumen just before giv-
ing access to the morning meal. The bags

Table I. Growth and harvesting characteristics
of the two corn cultivars.

2265® Etendard® 

Grain texture dent-flint dent / dent-flint
Precocity (FAO index) 255 270
Vegetation period 
(days)

152 152

Fertilisation (units N 
per ha)

252 252

1000-grain weight (g) 271 233
Whole plant yield 
(T DM per ha)

12.9 12.4
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were removed after 1, 3, 6, 12, 24, and 48 h
of incubation, rinsed in cold water and
washed in a washing machine (2 cycles of
5 min). Tests with different incubation times
were performed on different days to avoid
disturbing ruminal conditions by too many
manipulations on the same day. However
all bags for a given incubation time were
introduced into the rumen at the same day.
Three replicates were carried out for each
feedstuff, each cow and each incubation
time. Experimentally measured solubility
(a0) corresponds to non-degraded dry mat-
ter loss and the soluble fraction, measured
by the difference between non-incubated
feedstuff and samples (n = 4) in nylon bags
spun in cold water in a washing machine
(2 cycles of 5 min). 

After incubation, all the bags were
freeze-dried and weighed. The bags of the
same feedstuff and the same incubation time
in all cows were pooled prior to chemical
analysis.

2.3. Chemical analyses

The samples of each tested feedstuff
before incubation and their pooled residues
after incubation were analysed for their
starch content (enzymatic method, AFNOR
NF V 18–121, 1997). The fibre fraction of all
samples was described by analysing NDF,
ADF [33] and ADL [32], in order to calculate
cellulose and hemicellulose levels accord-
ing to the method described by Staples [29].
In addition, ash (6 h at 550 °C) and crude
protein (Kjeldahl method) were analysed in
feedstuffs before incubation. The chemical
composition of all feedstuff samples prior
to incubation is shown in Table II.

2.4. Data analyses

The DM before and after incubation was
averaged for each cow, a given feedstuff
and a given incubation time. These DM
amounts were then multiplied by the con-
tents in starch or fibre of the pooled sample
in order to calculate the disappearance rates
of DM, starch, NDF, cellulose and hemicel-

lulose individually for each cow, each feed-
stuff and at each incubation time.

The values for experimentally measured
solubility (a0) were statistically compared
using the Student t test.

The disappearance kinetics obtained for
each feed were then fitted to an exponential
model according to the method described
by Ørskov & McDonald [22]. Parameters
(am: rapidly degradable fraction, bm: slowly
degradable fraction, cm: degradation con-
stant rate exponentially reduced over time)
were estimated by an iterative procedure of
STAT-ITCF (version 5.0, 1991, Institut
Technique des Céréales et des Fourrages –
renamed ARVALIS Institut du Végétal,
Paris) in order to determine the smallest
sum of squares after convergence. A statis-
tical difference between feedstuffs for a
given parameter was concluded if the val-
ues were outside the calculated confidence
interval of ± 2δ (i.e. P < 0.05). The fibre dis-
appearance curves (i.e. NDF), differed from
those of starch: a latency period of 3 h was
observed (Fig. 1). Thus, the exponential

Table II. Chemical characteristics of feedstuffs
before incubation.

22651 Etendard1 FWCP2 EWCP3

Dry matter (%) 49.7 56.4 33.6 37.6

Chemical Composition (% of DM)

  starch 78.0 76.9 37.2 37.0

  NDF 9.8 9.4 46.3 40.1

  ADF 3.0 3.7 24.7 21.2

  ADL 1.1 0.8 4.3 3.2

   cellulose4 6.8 5.7 21.6 18.9

   hemicellulose5 1.9 2.9 20.4 18.0

  crude protein 7.7 7.9 6.7 6.4

  ash 1.3 1.4 4.8 3.0

1 cultivars of used kernel grains;
2 FWCP fresh whole corn plant;
3 EWCP ensiled whole corn plant;
4 cellulose = NDF – ADF according to Staples et al.
[29];
5 hemicellulose = ADF – ADL according to Staples
et al. [29].
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model has to be adjusted to the values only
after this lag time, especially for cellulose
and hemicellusose fractions. 

The effective degradability (eD) of DM
and all fractions were calculated using aver-
age parameters calculated by the exponen-
tial model for a given feedstuff at a ruminal
outflow rate of 0.06 per h, as is classically
applied [13]. 

This approach privileged the use of
observed variability to statistically compare
the model parameters (i.e. am, bm, cm). Their
resulting effective degradability is indi-
cated without statistical comparison.

3. RESULTS

Before incubation, the dry matter content
of kernel grains ranged from 49.7 to 56.4%
depending on the cultivar, which confirms
that the plants were harvested at silage
maturity. The dry matter of the whole corn
plants before incubation increased from
33.6% before to 37.6% after ensiling (Tab. II).
The kernel grains of both cultivars were
similarly composed, mainly of starch (respec-
tively 78 and 76.9% of the DM). Moreover,

the kernel grains of both cultivars contained
nearly 10% total fibres (i.e. NDF), 7.8%
crude protein and 1.3% ash (Tab. II). The
starch content of the plants before and after
ensiling was very similar (respectively 37.2
and 37.0% of the DM, Tab. II). But plants
after ensiling had lower contents of total
fibres, i.e. NDF (40.1 vs. 46.3%), crude pro-
tein (6.4 vs. 6.7%) and ash (3.0 vs. 4.8%).
Proportions of cellulose and hemicellulose
within the fibre fractions were similar for
both forage forms (Tab. II).

The incubation kinetics show that exper-
imentally measured DM solubility of ker-
nels (37.3%) was similar to that of the whole
fresh corn plant (38.4%) but significantly
lower than the DM solubility of ensiled corn
(57.4%, P < 0.05; Tab. III). These experi-
mentally measured values (a0) were con-
firmed by the values for the rapidly degraded
fraction (am) calculated using the model.
Thus, the rapidly degradable DM of grains
or whole fresh plants was significantly
lower than this fraction in ensiled corn
(36.0% and 39.0% vs. 55.7% respectively,
P < 0.05). The slowly degraded fraction
(bm) was significantly (P < 0.05) higher in
grains (57.6%), followed by FWCP (41.6%)

Figure 1. Mean disappearances of starch (dotted line) and NDF (solid line) in grains ( ), fresh
(FWCP: ) or ensiled whole corn plants (EWCP: O) in the rumen during the incubation time
course.
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and then EWCP (27.1%). The degradation
rate (cm) of grain DM was significantly
higher (7.3% per h, P < 0.05) than that in
whole corn plants, ensiled or not (4.2 or
2.8% per h respectively). 

The experimentally measured solubility
of starch was the highest in ensiled corn
(81.2%) followed by the whole fresh plant
(63.0%) and was the lowest for starch in
grains (34.7%). This significant hierarchy
of starch solubility between tested feed-
stuffs was also observed for their rapidly
degradable starch fraction (am) calculated
by the model (Tab. III). The slowly degra-
dable fraction (bm) varied significantly in
the opposite order: the highest value was

seen for starch in grains (61.3%) followed
by the whole fresh plant (31.9%) and finally
starch in ensiled corn (17.2%). The degra-
dation rates (cm) of grain starch and starch
from the whole fresh plant were very similar
(respectively 7.7% and 8.0%) and signifi-
cantly (P < 0.05) lower than those seen for
starch in ensiled corn (12.4%). Neverthe-
less, the degradation constant rate (cm) for
starch of the three feedstuffs was diametri-
cally opposite that of the slowly degradable
fraction: the smaller the slowly degraded
fraction, the steeper the slope of the degra-
dation curve (Tab. III), and the starch in all
forms was almost completely degraded
in sacco after 48 h of incubation (Fig. 1). 

Table III. Effect of corn presentation forms on the ruminal degradation characteristics of DM and
its main fractions.

Variable of the kinetic model grains FWCP EWCP

Dry matter degradation
a0 37.3b 38.4b 57.4a

am 36.0b 39.0 b 55.7a

bm 57.6a 41.6 b 27.1c

cm 0.073a 0.028b 0.042b

r 0.99 0.99 0.99
SE 5.5 2.3 2.1

Starch degradation
a0 34.7c 63.0b 81.2a

am 35.9c 65.6b 80.7a

bm 61.3a 31.9b 17.2c

cm 0.077b 0.080b 0.124a

r 0.99 0.99 0.99
SE 5.2 1.7 0.7

NDF degradation
a0 14.2b 15.8b 22.9a

am 11.3 9.9 15.2
bm 70.7a 74.6a 53.6b

cm 0.022 0.016 0.032
r 0.78 0.98 0.99

SE 18.8 4.9 3.3

Degradation parameter values in the same column within the same fraction and without a common supers-
cript differ significantly at P < 0.05;
FWCP: fresh whole corn plant;
EWCP: ensiled whole corn plant;
a0: experimentally measured solubility (%);
am: rapidly degradable fraction (%) calculated by the model [22];
bm: slowly degradable fraction (%) calculated by the model [22];
cm: rate of degradation (per h) calculated by the model [22].
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Since the values of fibre disappearance
kinetics were adjusted to the exponential
model after a lag time of 3 h (see Sect. 2.4),
the alignment between experimentally meas-
ured solubility (a0) and rapidly degraded
fractions (am) was less evident for all fibre
fractions (Tab. III and IV). The large con-
fidence interval of the model parameters
and the very high standard error, mainly for
NDF in grains (SE = 18.8%, Tab. III), lim-
ited the statistical signification of observed
differences. However, several trends for the
kinetics of fibre degradation could be
reported. The rapidly degraded NDF frac-
tions of grains (11.3%) and whole fresh
plants (9.9%) seemed to be lower than this
NDF-fraction in ensiled corn plants (15.2%).
This tendency was confirmed by signifi-
cantly (P < 0.05) lower NDF-solubility in
grains and fresh plants when compared to
NDF in ensiled plants. In contrast, the
slowly degradable fraction was significantly
(P < 0.05) lower in ensiled plants (53.6%)
than in grains (70.7%) or the whole fresh
plant (74.6%). As seen previously for starch,
the degradation constant rate (cm) of NDF
in grains and in whole fresh plants was quite
similar (respectively 2.2 and 1.6% per h),

and the slope seemed to be lower than for
NDF in ensiled corn (3.2%). 

The fact that grains exhibited a low fibre
content (before incubation: <4% ADF and
approximately 1% ADL in the DM, Tab. II)
limited the interest of monitoring the deg-
radation kinetics of the different fibre frac-
tions in grains. Therefore, these degradation
kinetics were only determined in forages. In
both forage forms, no increase in ADL dis-
appearance rates (data not shown) was seen,
since lignin (i.e. ADL), is generally not
degraded in the rumen [34]. They remained
close to the initial values (i.e. experimen-
tally measured solubility) throughout the
time course, but differed between fresh
(31.2% ± 7.6) and ensiled whole corn plants
(51.8% ± 4.9). The degradation models were
calculated for cellulose and hemicellulose
using the same lag time as that described
above for NDF. 

The rapidly degradable fraction of cellu-
lose appeared to be higher in fresh corn
plants than in ensiled plants (a0 + 5.2%, am
+ 13.3%; Tab. IV) but the threshold of sig-
nificance was not reached. The slowly
degradable cellulose fractions of both for-
ages were close (52.9 and 60.4% respec-
tively for FWCP and EWCP). Finally, the
degradation constant rate of cellulose in
ensiled corn tended to be slightly higher
than that seen in whole fresh corn plants
(+ 1.4% per h). Thus, the calculated degra-
dation curves of cellulose in both corn
forms were very similar (Fig. 2) and differ-
ences between model parameters remained
within their confidence intervals. Indeed,
the exponential models for the degradation
of cellulose and particularly for hemicellu-
lose did not reach their asymptotes during
the time course (Fig. 2). Indeed, the classically
applied exponential model [22] described
these degradation curves less precisely than
a linear model would do. So, the exponen-
tial model for hemicellulose degradation in
corn plants showed only tendencies and no
difference reached the signification thresh-
old. The experimentally measured solubil-
ity (a0) and slowly degradable fraction (bm)

Table IV. Effect of corn presentation form on the
ruminal degradation characteristics of fibre
fractions.

Parameter of 
the kinetic 
model

cellulose hemicellulose 

FWCP EWCP FWCP EWCP

a0 22.9 17.7 10.8 11.3
am 18.8 5.5 – 4.2 – 0.6
bm 52.9 60.4 80.2 77.7
cm 0.023 0.037 0.019 0.036

r 0.99 0.99 0.96 0.98
SE 4.6 4.1 5.3 4.5

FWCP: fresh whole corn plant;
EWCP: ensiled whole corn plant;
a0: experimentally measured solubility (%);
am: rapidly degradable fraction (%) calculated by
the model [22];
bm: slowly degradable fraction (%) calculated by
the model [22];
cm: rate of degradation (per h) calculated by the
model [22].
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of hemicellulose were similar in both for-
ages. The lag time used for the exponential
model enhanced an artefact of negative val-
ues for the rapidly degradable fraction (am)
of hemicellulose in both forms (Tab. IV).
Indeed, these values tended to reflect a very
low baseline point for the fitted model curve
rather than true degradation features. The
degradation constant rate of hemicellulose
in ensiled corn was apparently higher than
that seen in fresh corn plants (3.6 vs. 1.9%
per h respectively), which was well illus-
trated by the steeper incline of the degrada-
tion curve for EWCP when compared to
FWCP (Fig. 2). 

The effective degradability of DM was
similar in grains and ensiled corn (67.6 and
66.8% respectively, Tab. V) but was higher
than in whole fresh plants (52.1%). The
lower solubility of DM in grains compared
to ensiled corn was counterbalanced with a
smaller slowly degradable fraction and an
increased degradation constant rate. The
effective degradability of starch was the
highest for ensiled corn (92.3%) followed
by whole fresh plants (83.9%). Kernel starch
reached only 70.2% of effective degradabil-
ity (Tab. V). The effective degradability of
NDF ranged from 25.2% (whole fresh plants)
to 34.0% (ensiled plants), with an interme-

diate value of 30.5% for grains (Tab. V).
Figure 1 illustrates this tendency of lower
effective NDF degradation in FWCP com-
pared to kernels or ensiled plants. Thus the
effective degradability of cellulose using
the parameters calculated within a broad
confidence interval was slightly higher in
fresh than in ensiled corn plants (+4.9%).
The higher degradation constant rate of
hemicellulose in ensiled corn enhanced an
effective degradability, which was almost
double that seen in fresh corn plants
(Tab. V). 

Figure 2. Degradation of cellulose (solid line) or hemicellulose (dotted line) in the rumen for fresh
(FWCP: ) or ensiled whole corn plants (EWCP: O) fitted to the exponential model after a lag
time of 3 h.

Table V. Effect of corn presentation forms on
their effective degradability1. 

Item grains FWCP EWCP

Dry matter 67.6 52.1 66.8

Starch 70.2 83.9 92.3

NDF 30.5 25.2 34.0

       cellulose 33.6 28.7

       hemicellulose  15.2 28.3

1: effective degradability (%) calculated using the
equation a + bc/(c + k), where k = outflow rate
assumed to be 0.06 per h [13];
FWCP: fresh whole corn plant;
EWCP: ensiled whole corn plant.
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4. DISCUSSION

4.1. Starch degradation

Corn starch disappeared completely after
48 h of incubation in the rumen whichever
processing method was employed. How-
ever, the parameters of the degradation
model differed considerably between corn
forms. 

In the literature, a broad range of values of
starch degradation parameters are reported
in corn grains depending on genotype [7,
24, 25], maturity at harvest [7, 14, 24, 26]
and sample preparation [18, 24, 25]. We
observed a high rapidly degradable fraction
but a relatively small slowly degradable
fraction of starch compared to others [24]
working at similar maturity (37% of DM at
harvest). A high grinding fineness of sam-
ples has been shown [5, 20, 24, 36] to
increase starch lost through the bag pores and
the grinding of our samples over a 1.5 mm
sieve may, because of the small particle
size, have favoured these particulate losses.
This methodological weakness affected all
tested corn forms similarly in our trial, and
possibly led to an overestimation of ruminal
starch degradability under our experimental
conditions. We therefore preferred to focus
the discussion of our results on differences
in degradation between corn forms, rather
than their absolute values.

Nevertheless, corn starch in the whole
plant was more rapidly degraded than in ker-
nel grains. Since the same plants and vege-
tation stage at harvest were used, an expla-
nation due to differences in genotype or
maturity can be excluded. The low starch
content in plant residue (2% of DM, [8]) let
us conclude that starch in the whole corn
plant is nearly identical with starch in the
grains. The more rapid degradation in the
FWCP could be due to the chopping of
the plant at harvest as suggested in the lit-
erature [36]. The double mechanical treat-
ment during harvest and grinding prior to
ruminal incubation could have weakened
the protective layers of starch granules and

the fine grinding in our trial could amplify
this effect by increased particulate losses.
Another hypothesis to explain for the more
rapid degradation of starch in both forage
forms was the higher moisture level of the
whole plant when compared to dry kernel
grains. The starch structure would be sof-
tened by moisture and therefore favour enzy-
matic hydrolysis, even if the forages were
dried during sample preparation prior to
incubation. Indeed, the literature reports an
increase in the soluble fraction and the frac-
tional rate of degradation in the rumen for
high moisture corn versus dry cracked [1]
or dry rolled [6] corn, even though the effects
of the maturity stage may distort these com-
parisons.

Thus, double cracking and/or a softened
starch structure lead to a higher rapidly
degradable starch fraction in the whole fresh
plant when compared to the starch in grains.
In our trial, the higher starch degradability
observed for the fresh plant was mainly due
to a shift from slowly degradable starch to
the rapidly degradable fraction which let us
privilege the mechanical hypothesis. 

In agreement with other studies [21, 23,
25], starch in ensiled corn was degraded
very rapidly. Ensiling increases ruminal
digestion of cornstarch more than mechan-
ical treatments such as grinding, rolling or
cracking [23]. Indeed, ensiling enhanced a
second shift of slowly degradable starch to
the rapidly degradable fraction (Tab. III),
and increases the effective degradability of
cornstarch [25]. In our trial we also observed
an increase of 4.4% per h in the degradation
constant rate of starch in ensiled corn when
compared with the whole fresh plant. These
observations should be linked to the fer-
mentation process, because both forages
underwent identical chopping during har-
vest and sample preparation. Moreover,
their moisture contents were also similar
(Tab. II). Baron [4] reported a partial solu-
bilisation of endosperm proteins in corn
grains after ensiling which involved a reduc-
tion in the protective aptitude of the protein
matrix. It would be interesting to test whether
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zeins, the main factor causing reduced starch
access [27], are sensitive to variations in pH
and if starch degradation can so be improved.
This hypothesis is strengthened by the fact
that enzymes used in analytical procedures
that hydrolyse starch usually require an acid
pH to ensure their optimum activity. 

4.2. Fibre degradation

The velocity of starch degradation in the
rumen determines the in vivo postprandial
pH drop [19] and a moderate drop in pH
would favour the cellulolytic activity of
micro-organisms [8]. But this widely reported
negative relationship between starch and
fibre degradation [2, 10, 30], especially in
corn silage [31], cannot be studied in sacco.
Nevertheless, determining the effects of plant
processing on corn fibre degradation in a
given ruminal environment would clarify
their nutritive value.

Unlike the starch fraction, fibres (i.e.
NDF) in grains and in the whole corn plant
differ in terms of both their quantity (NDF
content) and their quality (fibre composi-
tion). In our study, fibres in kernel grains
represented less than 10% of the dry matter
in this organ, versus approximately 4-fold
more in whole corn plant forms (Tab. II).
The indigestible lignin (i.e. ADL) repre-
sented nearly 10% of the fibre fraction (i.e.
NDF) regardless of the considered corn

form (Fig. 3). But kernel fibres of both cul-
tivars were mainly composed of cellulose
and in the whole plant cellulose and hemi-
cellulose were present at similar propor-
tions in the fibre fraction (Fig. 3).

The experimentally measured solubility
data (a0) for all fibre fractions were higher
than their corresponding rapidly degradable
fraction as determined by the model (am;
Tab. III, Tab. IV). This difference may have
been due firstly, to an overestimation of a0
because of particulate losses (see above),
and secondly, to the lag time applied in the
model, which lowered the calculated value
of the rapidly degradable fraction (am). 

The degradable fractions of NDF in
grains were similar to those found in the
whole fresh plant, despite the different com-
position of NDF in both feedstuffs. Chop-
ping at harvest did not seem to affect fibre
degradation. It can be concluded that mechan-
ical effects such as chopping will similarly
affect cellulose and hemicellulose degrada-
tion in the rumen. An evoked effect of the
higher moisture content in the whole plant
compared to grains on fibre degradation is
unknown. The tendency of a slightly lower
effective degradability in the plant before
ensiling (–5.3%) should be considered with
caution because of the lack of significance.
Thus, no difference of fibre degradation
between kernels and the whole fresh plant

Figure 3. Fibre (i.e. NDF) composition before incubation in grains of both used cultivars, fresh
(FWCP) or ensiled whole corn plants (EWCP).
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has been observed in sacco despite initial
variations in its composition.

It was surprising that before incubation
all the characteristics of the fibre fraction in
EWCP exhibited lower initial values than in
FWCP (Tab. II). The fibre levels in EWCP
were low but within the usual range
observed for this site (38 to 48% NDF in
DM) and in line with the high starch con-
tents seen in corn silage harvested at later
maturity [3], such as at the dent stage. No
data were found in the literature to explain
for any disappearance of fibre during ensil-
ing. FWCP values therefore seemed to be
quite high [13]. In spite of the numerous
precautions taken during sampling, we
advance the hypothesis that some sampling
errors, linked to the heterogeneity of feed
stock, were the most likely explanation for
the higher fibre contents found in FWCP
when compared with the levels seen after
ensiling. 

Fibre degradation (i.e. NDF) in ensiled
plants was higher than in whole fresh plants:
there was a significantly increased solubil-
ity (a0), confirmed by a similar trend with
respect to rapidly degradable NDF (am).
The lower slowly degradable fraction (bm)
in ensiled plants reflected the initially more
rapid disappearance of NDF at the begin-
ning of the time course for ensiled plants.
This difference between fresh and ensiled
plants was maintained throughout the time
course (Fig. 1). The doubled degradation
constant rate slightly increased the fibre
degradability in favour of ensiling, when
compared to fresh plants. The literature [29]
has generally associated a more acid envi-
ronment in the rumen with a reduced fibre
degradation via a shift in the microbial pop-
ulation balance [15] and a more rapid pas-
sage rate by the small size of concentrate
particles [8]. On the contrary, we observed
an increased fibre degradation in the acidi-
fied (i.e. ensiled) compared to fresh plants.
Passage rate and particulate size were
standardised in sacco. These factors can
therefore not explain in sacco differences in
ruminal fibre degradation between plants

before and after ensiling, in agreement with
others [8]. Nevertheless, it is possible that
the acidity provoked by microbial fermen-
tation of fresh plants in the rumen would
affect fibre structures differently than the
acidity created by fermentation in a silo.
Perhaps fibre structures would be weakened
in the silo prior to degradation in the rumen.
Indeed, acid chemicals such as ADF [33]
enable the solubilisation of some fibre part-
icules.

Within the fibre fraction, the disappear-
ance of lignin was too small to conclude as
to true degradation. Cellulose degradation
varied little and in a non-significant manner
between the two forage forms. The calcu-
lated effective degradation of cellulose in
our corn silage of 28.7% was close to the
24% reported by Jochmann [14] in similar
conditions (36% DM at harvest, kp = 6%
per h) but for a more fibrous silage (49%
NDF, 25% ADF). The main difference in
fibre degradation in our study was due to
the hemicellulose fraction that tended to be
degraded at an increased degradation con-
stant rate in ensiled rather than fresh plants,
leading to a higher effective degradability.
Indeed, degradation of the very regular cel-
lulose structure (glucose monomers with
β-glucosidic links only) did not vary nota-
bly between fresh and ensiled plants, but the
very heterogeneous structure of hemicellu-
lose (varying monomer composition and
numerous lateral chains) seemed to be more
sensitive to weakening by the fermentation
in the silo. 

Thus the ensiling process increased the
total fibre degradation in the rumen. This
difference in favour of ensiling seemed to
be due to a higher degradation of hemicel-
lulose since cellulose and lignin degrada-
tion did not differ between fresh and ensiled
plants. Complementary studies in vivo should
be focused on the question if an apparently
improving effect of ensiling on starch and
fibre degradation of corn plants in the rumen
would be lowered by changes in microbial
populations and modified passage rate.
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5. IMPLICATIONS

Cornstarch in the plant before and espe-
cially after ensiling was more rapidly
degraded than that found in kernel grains.
The higher degradability of starch in the
whole corn plant compared to kernel grains
was mainly due to the increased rapidly
degradable fraction. More work is neces-
sary to elucidate whether the mechanical
cracking of grains during harvest or a sof-
tened starch structure by higher moisture
level in the whole fresh plant were respon-
sible for improved starch degradability. The
fermentation of cornstarch during ensiling
increased its degradation. Acidification
probably solubilises the protective protein
layer surrounding the starch granules. The
sensitivity of endosperm proteins to pH var-
iations should be tested to see whether acid-
ification could improve starch access, even
in dry corn grains. 

Fibre degradation did not vary between
kernels and whole plants despite the differ-
ent composition of NDF. Thus chopping at
harvest does not seem to modify in sacco
degradation. These results should be con-
firmed using more roughly ground samples
so as to reduce particulate losses and less
variable parameters of the degradation model.
Nevertheless, ensiling increased in sacco
NDF degradation in the rumen and mainly
the degradation of the hemicellulose frac-
tion was higher in plants after than before
ensiling. The responsible mechanisms should
be determined in studies focusing on the
resistance of hemicellulose in fresh plants
to pH variations or on the effect of micro-
organisms specific of the ensiling process. 

Mechanical cracking such as chopping at
harvest improves ruminal starch degrada-
tion without altering fibre degradation.
Even though these results need confirma-
tion in vivo, higher starch availability by
cracking and similar fibre degradation can
be a way to improve the energy furniture to
the animals while limiting the risk of aci-
dosis. The ensiling process increases the
degradability of starch and fibres. In spite
of the better nutritive value of ensiled corn

plants, this process would also enhance a
higher risk of acidosis. Therefore, the fibre
supply of corn silage to the diet should not
be overestimated. 
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