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ABSTRACT

The rate and extent of degradation of
forage feed fractions contained in alfalfa
and Italian ryegrass hays were deter
mined. Nylon bags filled with 4 g of
each forage were suspended in the rumen
of two cannulated cows immediately be
fore feeding and incubated for 10 differ
ent times (0, 2, 4, 8, 12, 24, 48, 72, 120,
and 168 h). The alfalfa hay, which had
lower NDF, showed a lower extent, but a
higher rate, of NDF degradation than the
Italian ryegrass (41.1 vs. 59.8% and 4.64
vs. 2.91 %/h, respectively). Alfalfa cell
walls were degraded more rapidly than
Italian ryegrass even though their lignin
content was higher. The hemicellulose
fermentation of alfalfa showed a longer
lag time (13 h) and an undegradable frac
tion nearly twice that for Italian ryegrass
(63.3 vs. 37.1%). Cellulose from alfalfa
was degraded at a higher rate than NDF
or ADF, indicating that cellulose may be
the primary site of hydrolysis of the cell
wall in the rumen. Calculations based on
in situ degradability indicate that alfalfa
can have a higher inclusion than Italian
ryegrass in diets for dairy cows because
of lower NDF and greater availability of
cell contents.
(Key words: forage, in situ degradation,
alfalfa, ryegrass)

Abbreviation key: CC = cell contents, CE =
cellulose, HE = hemicellulose, IRG = Italian
ryegrass.
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INTRODUCTION

The quantification of cell-wall composition
and the estimation of its degradability will
enable nutritionists to formulate diets for lac
tating cows more accurately. Cell-wall compo
sition is especially important when diets with
high forage content are fed or when low or
medium quality forages are available for feed
ing.

In individual forages or feedstuffs, the
amount of cell walls and the linkages of cell
wall carbohydrates to phenolic acids are
related closely to OM digestibility (13, 15, 24).
Degradability of the linkages of cell-wall car
bohydrates affected the availability of the cell
contents (CC) to ruminal microorganisms (19).

Mertens (8) has shown that DMI is in
fluenced by ruminal fill when the cows are fed
high fiber diets. The DMI often is associated
with NDF content because of its high correla
tion (7, 18, 22) and its ease of determination.
Feedstuffs with a high rate of NDF degrada
tion were correlated positively with DMI (14,
16, 22). However, feeds similar in NDF can
have different DMI, which is limited by the
amount of ruminal undigested NDF (8).

This study investigated the differences be
tween in situ degradation kinetics of alfalfa
and Italian ryegrass (lRG) hays for total DM,
NDF, CC, ADF, cellulose (CE), and hemicel
lulose (HE).

MATERIALS AND METHODS

Two forage species, alfalfa (Medicago
sativa L.) and IRG (Latium multiflorum ssp.
itaticum) were used in the experiment. Samples
of the two forages were collected near Padova,
Italy (located in the northern Po Valley) and
evaluated at the laboratories of Padova Univer
sity.
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Both forages, at harvest, were estimated to
be at mid to late maturity. Samples were col
lected, oven-dried at 60·C for 48 h, ground (5
mm screen, Wiley mill; Thomas Scientific,
Swedesboro, NJ), and prepared for in situ anal
ysis. Ruminal degradation in situ of the feed
fractions was determined by the nylon bag
technique (II). Bags measuring 10 x 15 cm
with a pore size of 40 I'm were used. Quanti
ties (4 ± .4 g) of each forage were placed into
bags in a sample size of 13 mglcm2 of bag
surface.

Bags were suspended in the rumen of each
of two dry Holstein cows (500 kg of BW)
fitted with ruminal cannulas. The cows were
fed a standard ration of 6 kgld of mixed grass
hay (about 60% IRG, 30% orchardgrass, and
10% others) and 2 kgld of a mixture of equal
amounts of com, barley, sunflower meal, and
soybean meal. The forage to concentrate ratio
of the diet was 75:25, and the total CP was
13% on a OM basis.

Nine incubation times (2, 4, 8, 12, 24, 48,
72, 120, and 168 h) were measured separately
by placing two bags of each forage into the
rumen before the morning feeding. Incubation
times were measured separately during the
22-d test period to avoid prolonged contact of
the ruminal environment with oxygen by
repeated opening of the cannulas and to main
tain a constant relationship between the initia
tion of each incubation period and the con
sumption of feed by the cows. After removal,
the bags were washed immediately in cold
water for 15 min and oven-dried at 6O·C for 48
h. Four bags of each forage were washed
without incubation in order to estimate losses
from washing.

Prior to incubation, samples of the dried
forages were ground (2-mm screen Wiley mill)
and analyzed for proximate components (1)
and fiber fractions (3). Prior to being com
bined, the residuals in the two bags removed
from each cow at the end of each incubation
time were measured for duplication of OM
disappearance, combined within cows, ground
(2-mm screen Wiley mill), and analyzed for
total OM, NDF, ADF, acid-detergent sulfuric
acid lignin, and acid-insoluble ash using the
Goering and Van Soest procedure (3) to deter
mine the amount of the different fiber fractions
remaining in the bags after incubation.
Residual CC in the bags was calculated by
decreasing the undegraded amount of OM by

the remaining quantity of NOF, residual HE by
decreasing the undegraded NOF by the remain
ing AOF, and residual CE by decreasing the
undegraded AOF by the remaining acid
detergent lignin plus acid-insoluble ash present
in the bags after suspension in the rumen.

The degradation parameters of OM, NOF,
CC, AOF, HE, and CE of the two forages were
computed using OUD (the derivative-free itera
tive method) in the nonlinear regression proce
dure (pROC NUN) of SAS (12). The general
ized equation (9) was

-K (T-IT)
Y=A+B(1-e B ),

where

Y = potential degradability (percentage),
A = readily degraded fraction (percen

tage),
B = fraction degradable at measurable

rate (percentage),
KB = degradation rate (percentage per

hour),
T = time (hour), and

IT = lag phase (hour)

with the following assumptions:

T = IT when time ;5;lag time, and
T = T when time >Iag time.

Effective degradability values were calculated
adapting the equation to the general model
proposed by Van Soest et al. (20). The as
sumed rates of 4, 5, and 8%/b described three
ruminal retention times (25, 20, and 12.5 h,
respectively).

The statistical analysis of the degradation
parameters was conducted by a weighted
ANOVA technique described by Johnson and
Milliken (5) using PROC GLM of SAS (12).
The effective degradability values of the differ
ent feed fractions were calculated and com
pared by a model comparison technique
described by Hinds and Milliken (4). The ex
perimental design considered forage and cow
to be factors and cow to be a block effect.

RESULTS AND DISCUSSION

Figure I and Table I show the differences
in the composition between the two forages.
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Alfalfa hay was higher in CP and CC than
IRG, but the HE content of alfalfa hay was less
than one-third that of IRG; ADF and CE were
similar in both forages; and lignin was 50%
higher in alfalfa. The lignification index (fable
1), on either an NDF or an ADF basis (19), was
higher in alfalfa (17 and 20% vs. 8 and 13%,
respectively).

The degradation kinetics of different feed
fractions of alfalfa hay and IRG are described
in Figure 2, and the corresponding effective
degradability values at three ruminal passage
rates are in Table 2. The readily degraded
fraction and the degradation rate of alfalfa DM

ALF

were almost twice that of IRG DM. These
degradability advantages in alfalfa may result
from the amount (43%) and ready availability
of CC (fables 1 and 2). Effective DM degrada
bility, at a ruminal turnover rate of 5%/h, was
49% for alfalfa compared with 31 % for IRG (P
< .01). The lower DM degradation of IRG may
be explained by the lower amount of the read
ily degradable fraction and by the lower degra
dation rate (Table 2).

Kinetics of NDF degradation did not show
any readily degradable fraction for either for
age (Figure 2 and Table 2). The potentially
degradable fraction of NDF in IRG was higher

IRG

ADF
85% of NDF

OM Composition

NDF Composition

ADF
61% of NDF

Figure 1. Comparison of feed fractions of alfalfa (ALf) and Italian ryegrass (lRG) hays. ADL = Acid-detergent lignin,
CC = cell contents, CE = cellulose. HE = hemicellulose.
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TABLE 1. Chemical composition of alfalfa (AU') and
Italian ryegrass (IRG) hays.

ILignification index based on NDF.

2Lignification index based on ADF.

(59.8 vs. 41.1 %; P < .05), but its degradation
rate was lower (2.9 vs. 4.6%/h; P < .05). Mter
24 h in situ, NDF degradations of IRG and
alfalfa were about 50 and 70% of the maxi
mum extent, respectively, as in previous in
vitro (9, 16) and in situ (10, 21) experiments.
The NDF degradation pattern of the two
forages agrees with the results of Varga and
Hoover (21) in which NDF content of forages
was correlated positively (r = .98) with the
potentially degradable fraction of NDF and
negatively (r = -.98) with the rate of NDF
degradation.

In spite of higher NDF degradation (P <
.05), IRG had a lower effective DM degrada
bility at all of the assumed rates of passage (P
< .05). The readily degradable DM appeared to
result from the availability of the CC. There
fore, complete hydrolysis of cell walls may not
be necessary to make CC available for diges
tion in the rumen. Cell walls may only have to
be permeable to digestive enzymes, their sub
strates, or their end products.

In alfalfa, CC was available in the rumen at
8.2%/h, resulting in 81% degradation within a
ruminal retention time of 20 h (5%/h, ruminal
passage rate). The higher lignin content of
alfalfa did not reduce the in situ disappearance
of the CC, which agrees with observations of
Van Soest (19). In IRG, CC was available in

90.80 92.10

--(%DM)--

16.73 7.83
41.31 40.65

1.45 1.57
9.02 7.58

31.49 42.55
56.86 76.62
43.14 23.38
48.29 46.97

8.57 29.65
38.64 39.44
9.65 6.18
o 1.35

16.97 8.07
19.98 13.16

the rumen at 2.1 %/h, resulting in 53% degra
dation within the same ruminal retention time.
Because these results have not been corrected
for contamination from the residues of
microbial fermentation, the direct comparison
of the rates and extents is weakened. Alfalfa
hay has more CC than IRG (Table 1); there
fore, the potential microbial contamination
could have been diluted, and the apparent di
gestibility of the CC could have been in
creased. Phenolic acid linkages with other cell
wall components also may affect the availabil
ity of CC for degradation by the ruminal
microorganisms of the two forages.

Ruminal degradation of alfalfa HE showed
a lag time of 13 h and an undegradable frac
tion nearly twice that of IRG (63.3 vs. 37.1 %;
P < .05). The detrimental effect on HE digesti
bility may have been dependent on the link
ages between the phenolic acid components of
lignin and the uronic acids of HE (6). Lignin
content of forages is related negatively to HE
digestibility (19). Sullivan (17) calculated a
negative correlation (r = -.83) between these
two cell-wall components. However, alfalfa
HE represented only a relatively small amount
of the total DM (8.6%; Table I), and its low
degradability did not appear to reduce signifi
cantly the total DM disappearance of the for
age. The high lignin content of this forage
appeared to inhibit primarily the extent of
digestion of some fiber components (23).

The HE content of IRG was 29.7% (Table
1), but, because of the low degradation rate,
only 31 % of this cell-wall component was
available in the rumen of a dairy cow with a
ruminal passage rate of 5%/h (Table 2). This
result may be dependent on the monosaccha
ride composition of HE in grass species and
particularly on the high xylose content (23).
The late maturity of the plant at harvest could
have had an effect on in situ degradability,
considering the progressive lignification that
occurs in IRG stems and leaves with matura
tion (6).

The kinetics of NDF, ADF, and CE degra
dation were similar within each forage (Table 2
and Figure 2). All three components had no
readily degradable fraction, but, in IRG, the
fraction available at measurable rate was
higher (P < .05) and showed a lower (P < .05)
degradation rate. Also, in IRG, ADF and CE
had longer lag times. The similarity between

IRGALFComponent

DM,%

CP
Crude fiber
Ether extract
Ash
Nitrogen-free extract
NDF
Cell contents
ADF
Hemicellulose
Cellulose
Acid-detergent lignin (ADL)
Acid-insoluble ash
ADUNDFI
ADUADF2
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ADF and CE degradation patterns within plant
species confmned the limited contribution of
lignin hydrolysates to the fennentable substrate
pool in the rumen. However, ADF showed a
fraction degradable at a measurable rate 8 units
lower, on average, than CE, possibly because
of the negative effect of lignin binding within
the lignocellulose complex. Table 2 shows that
alfalfa CE was degraded at a higher rate than
ADF, which degraded faster than did NDF.

This observation suggests that CE was the
primary site of hydrolysis in the digestion
process of cell-wall components of alfalfa.
Regardless of the ruminal turnover rate, the
effective degradabilities of ADF and CE were
higher (P < .01) for alfalfa (Table 2). Silica,
cutin content, and the crystalline state of CE
may have limited the rate of penetration by
ruminal microbes into the lignocellulose com
plex of IRG. Negative feedback also may
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Figure 2. Comparison of in situ degradation kinetics in alfalfa (0) and Italian ryegrass (*) hays. CC = Cell contents,
CE =cellulose, HE =hemicellulose.
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TABLE 2. Degradable parameter estimates and effective degradability values of alfalfa (AlF) and Italian ryegrass (lRG)
hays.

Effective

Component and
Parameter estimatesl degradability2

forage type A B KB IT Undegraded3 4%/h 5%/h 8%/h

DM
ALF 17.9 45.1 5.64 0 37.0 52.1 ** 48.6** 40.3**
IRG 8.9 51.8 2.81 0 39.3 34.6 30.8 23.5
SE 1.3 2.8 2.82 2.1 3.4 3.4 3.1

NDF
ALF 0 44.1* 4.64* 2.5 58.9* 28.6 24.5 15.7
IRG 0 59.8 2.91 2.0 40.2 29.2 24.4 15.1
SE .4 .53 .4 .4 2.0 1.8 1.3

Cell contents
ALF 48.8 39.1 ** 8.23 0 12.1 * 83.0** 80.5" 73.5"
IRQ 46.7 18.2 2.09 0 36.3 54.0 52.9 50.8
SE 2.1 .1 2.70 1.2 4.1 3.8 3.1

Hemicellulose
ALF 0 36.5* 2.28 13.0 63.3* 9.7" 6.5** .6**
IRQ .7 62.3 3.29 0 37.1 35.4 30.6 20.9
SE 2.1 2.57 1.5 2.3 2.1 1.7

ADF
ALF 0 45.6* 5.45* 2.1 54.4* 32.4** 28.3** 19.0**
IRQ 0 58.1 2.65 3.3 41.9 25.4 20.8 12.0
SE .5 1.52 1.8 .5 1.9 1.7 1.3

Cellulose
ALF 0 54.8* 6.22* 2.6 45.2* 41.3** 36.4* 24.4**
IRQ 0 65.1 2.86 2.8 34.9 30.5 25.2 15.0
SE .8 .82 .2 .8 2.5 2.4 1.9

lA =Readily degraded fraction (%), B =fraction degradable at measurable rate (%), KB =degradation rate (%/h), and
IT =lag phase.

2Effective degradability at three ruminal passage rates.

3Undegraded = 100 - (A + B) (%).

*p < .05.

**p < .011.

TABLE 3. Estimated ruminal availability of alfalfa (ALF) and Italian ryegrass (IRQ) hays according to ruminal passage
rate.

Ruminal passage rate

4%1h 5%/h 8%/h

Forage type ALF IRQ ALF IRQ ALF IRQ

DM (RDl), g1kg of DMI 521 346 486 308 403 235
Cell contents (RD), g1kg of DMI 358 126 347 124 317 119
NDF (RD), g1kg of DMI 163 224 139 187 89 116
Cellulose (RD), g1kg of DMI 160 120 141 99 94 59
Hemicellulose (RD), g1kg of DMI 8 105 6 91 I 62
Ruminal retention time, h 25 20 13

lRD = Ruminally degradable.
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occur onto the ruminal microbes or their ex
oenzymes by the phenolic acids released dur
ing HE digestion of IRG (2).

Table 3 shows the nutritional differences
that are due to the degradation kinetics of the
two forages. For example, within the fIrst 25 h
of digestion in the rumen, 521 g1kg of DMI
were digested in alfalfa hay compared with
346 glkg in IRG. The composition of this
digested DM was 69% CC for alfalfa and 36%
for IRG. After 25 h in the rumen, 41 % of the
CE and 10% of the HE of alfalfa were digested
compared with 31 and 35% in IRG.

CONCLUSIONS

Results of this study showed the influence
of forage species on extent and rate of degra
dation of feed fractions in the rumen. To deter
mine the optimal quantity and type of forage to
include in balanced dairy rations, consideration
should be given to in situ DM degradability,
the availability of forage cell walls (NDF), and
their components (ADF, HE, and CE).

Based on calculations presented in this pa
per, IRG of this quality is a suitable feedstuff
for cows for which rate of passage approxi
mates 4%/h. Such feeding conditions provide
suffIcient time for ruminal microorganisms to
hydrolyze cell-wall components, which are the
principal source of degradable nutrients in
IRG.

The degradation kinetics of alfalfa hay
showed that its lower NDF content and its high
effective DM degradation can promote fast
disappearance from the rumen and, conse
quently, less ruminal fIll. The higher lignifIca
tion in alfalfa than in IRG did not limit the
degradation of total DM or cell components
(CC and CE). All of the fIber fractions of
alfalfa were degraded at a higher rate (P < .05)
except for HE, which, however, was at a lower
concentration. The principal degradable
nutrients in alfalfa are CC and CE, which are
available earlier than in IRG, thus making the
alfalfa hay evaluated in this experiment more
suitable for higher producing dairy cows (5 or
8%/h, ruminal passage rate).

For a better understanding of ruminal degra
dation of HE, additional studies must be con
ducted with both forages to explain the chemi
cal composition of HE, its association with
phenolic acids, and its changes during plant
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maturation. Also further measurements should
be made to evaluate the relationship of forage
type and quality and the degradation kinetics
of their fIber components on milk production.
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