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ABSTRACT

The purposes of this experiment were to compare the
pH-independent effects of starch, fructans, and pectins,
described in this study as neutral detergent-soluble
polysaccharides (NDSP), on forage neutral detergent fiber
(NDF) digestion kinetics and microbial protein synthesis using
the in vitro ruminant digestion technique. Isolated NDF from
alfalfa (A), Bermuda grass (B), and timothy (T) was fermented
alone (C) or with dahlia tuber inulin (1), citrus pectin (P), or corn
starch (S) as NDSP sources. In blended samples, the
NDF:NDSP ratio was 60:40. Individual forages (A, B or T) were
fermented in separate duplicate runs using 0, 2, 4, 6, 12, 18,
24, 30, 36, 48, 72, and 96 h time points. Trichloroacetic acid
was used to precipitate microbial and substrate crude protein
in triplicate treatments and blanks at 0 and 24 h. The 24 h
treatment values corrected for blank and 0 h treatment means
estimated microbial crude protein yield (TCAP) at 24 h.
Kinetics of NDF digestion were calculated by fitting the NDF
disappearance data to the Mertens model. Both fermentation
lag time (h) and the fractional rate of digestion (Kd; h™%) were
calculated iteratively by NLIN’s Marquardt procedure of SAS.
Results are listed in treatment order C, |, P, and S. The NDF
kd values were 0.084, 0.099, 0.049, and 0.139 for A, 0.040,
0.035, 0.026, and 0.062 for B, and 0.069, 0.077, 0.069, and
0.088 for T. Lag time (hours) values were A: 6.73, 7.72, 0.07,
and 8.03; B: 7.02, 7.64, 8.86, and 10.27; and T: 6.80, 6.41,
3.71, and 7.23. The ATCAP values (mg of CP/g of substrate
OM) were A: 32.86, 75.95, 50.62, and 59.29; B: 29.26, 53.75,
24.70, and 51.24; and T: 40.48, 79.77, 51.30, and 68.81.

Recibido: 10 / 05/ 2002. Aceptado: 06 / 11 / 2003.

18

Neither the lag time nor Kd were affected by NDSP addition to
forage NDF (P>0.05). The ATCAP of forage incubated with P
was always less than that incubated with | and S, and the
effect of both | and S were similar except for Alfalfa NDF. The
neutral detergent-soluble polysaccharides did not affect
kinetics of forage NDF digestion when pH of cultures was
maintained over 6.6 but, they differed in their effects on
microbial protein production in vitro. Overall, treatment | and S
favored greater in vitro microbial protein production than P.

Key words: Digestion  kinetics, fiber,
microbial protein.
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RESUMEN

Los objetivos de este experimento fueron comparar los efectos
del almidén, fructosanos y pectinas, descritos en este estudio
como polisacaridos solubles neutro-detergente (PSND) en la
cinética de digestion de la fibra neutro-detergente (FND) forra-
jera y en la sintesis de proteina microbiana, independiente-
mente del pH, a través de la técnica de digestion ruminal in vi-
tro. Se fermento fibra neutro-detergente (FND) extraida de al-
falfa (A), bermuda (B) y timoty (T), bien sola (C) o mezclada
con inulina proveniente del tubérculo dalia (), pectina de citri-
cos (P) o almidén de maiz (S) como fuentes de PSND. La pro-
porcion de FND: PSND en las muestras de las diferentes mez-
clas fue 60:40. Cada forraje (A, B o T) fue incubado en tandas
separadas y en replicado durante 0, 2, 4, 6, 12, 18, 24, 30, 36,
48, 72,y 96 hrs. Se uso acido tricloroacético para precipitar la
proteina microbiana y la proteina cruda proveniente del subs-
trato (APTCA) en los tratamientos por triplicado y en los blan-
cos a las horas 0 y 24. La produccion de proteina cruda micro-
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biana (PATC) a las 24 hrs fue estimada utilizando los valores
de PTCA corregidos, a través de los blancos, para cada trata-
miento a las 24 hrs y los promedios de PTCA corregidos a la
hora 0. La cinética de digestién de FND fue calculada fijando
los datos de desaparicion de FND al modelo de Mertens. El
lag (h) y la velocidad de digestion fraccional (Kd; h'l) fueron
calculadas iterativamente mediante regresion no lineal en
SAS, utilizando el método de Marquardt. Los resultados por
tratamiento son listados en el orden C, |, P, y S. Los valores de
Kd de FND fueron 0,084; 0,099; 0,049 y 0,139 para A; 0,040;
0,035; 0,026 y 0,062 para B; y 0,069; 0,077; 0,069 y 0,088
para T. Los valores de lag (horas) fueron 6,73; 7,72; 0,07 y
8,03 para A, 7,02; 7,64, 8,86 y 10,27 para B; y 6,80; 6,41, 3,71
y 7,23 para T. Los valores de PATC (mg/g de materia organica
del substrato) fueron 32,86; 75,95; 50,62 y 59,29 para A;
29,26; 53,75; 24,70 y 51,24 para B y 40,48; 79,77; 51,30 y
68,81 para T. Los polisacaridos solubles neutro-detergente
afiadidos a la FND no afectaron el lag ni tampoco Kd de mane-
ra significativa (P>0,05). Los valores de APATC para las FND
forrajeras que fueron incubadas con P fueron siempre meno-
res que aquellas incubadas con | 0 S. Inulina y S tuvieron un
efecto similar excepto en la FDN extraida de Alfalfa. Los poli-
sacaridos solubles neutro-detergente no afectarén la cinética
de digestion de FND proveniente de forrajes cuando el pH de
los cultivos fue mantenido por encima de 6.6 pero si la produc-
cion de proteina microbiana in vitro. La produccién de proteina
microbiana in vitro promovida por los tratamientos, | y S, fué
mayor que la promovida por P.

Palabras clave: Cinética de digestion, fibra, polisacaridos,
proteina microbiana.

INTRODUCTION

The effects of neutral detergent-soluble carbohydrates
(NDSC) on the kinetics of NDF fermentation by ruminal mi-
crobes have provided mixed results. Some reported associa-
tive effects were positive [11, 16, 29, 30]. However, most work
has shown depressions in fiber digestion which occur as a re-
sult of either increased lag time or reduced rate and/or poten-
tial extent of digestion [8, 11, 12, 13, 14, 20]. A main factor that
leads to decreased ruminal NDF digestion seems to be a rumi-
nal pH under 6.2 [13, 27]. A specific negative carbohydrate ef-
fect also known as pH independent negative effect of molasses
sugars, starch, or glucose seems in part to depress in vitro fi-
ber digestion although findings are controversial [22, 24, 25].

Most of the literature has focused on the effects of starch
or glucose as NDSC sources on the fermentation of NDF from
alfalfa, temperate grasses, and by-product feeds. Other NDSC
are pectins and fructans (fructosans). Fermentation of pectin
produces more acetate [6, 31] and, not lactate [31]. Contrary to
pectins, fructans can be fermented to lactic acid in the rumen
[32]. If ruminal NDF digestibility is affected by NDSC, the en-
ergy available for microbial protein synthesis is affected as
well. Increased dietary starch or sugars may or may not affect

the efficiency of microbial protein synthesis. Currently, few data
are available on the effects of pectic substances on microbial
growth, and the few studies that exist are contradictory [2, 5,
[18]. Neither the effect of pectic substances on digestion of for-
age NDF, nor the effect of fructosans on either NDF digestibil-
ity or microbial protein synthesis has been investigated
throughly. Therefore, research to evaluate the effects of
NDSC, other than starch, on NDF digestion through kinetic
studies is warranted.

The purposes of this experiment are to compare the pH-
independent effects of starch, fructans, and pectins, described
in this study as neutral detergent-soluble polysaccharides
(NDSP), on forage NDF digestion kinetics and microbial pro-
tein synthesis. Isolated NDF from alfalfa, bermudagrass, and
timothy hay were used as the fiber sources, and inulin, citrus
pectin, and corn starch as sources of NDSP.

MATERIALS AND METHODS

Macro-Fiber Preparation

Isolated NDF was prepared from alfalfa, bermudagrass
and timothy hays. Forages were ground through the 1-mm
screen of a Wiley mill prior to extraction. Forage samples were
refluxed with ND solution in a ratio of 1.5 g hay: 50 mL neutral
detergent + 0.2 mL heat-stable -amylase for 1 h in a macro
NDF reflux system by the method of Smith and Waldo [28].
The NDF was filtered under vacuum though a 37-m pore size
nylon cloth set in a large Buchner funnel, and was rinsed re-
peatedly with boiling hot distilled water. To remove residual ND
solution, the extracted sample was then transferred into an ap-
propriate container for overnight incubation in 1 M ammonium
sulfate solution (approximately 200 mL to 5 g of NDF). The
NDF was then filtered under vacuum through the nylon cloth
set in a Buchner funnel, and rinsed with boiling hot distilled wa-
ter until no more foaming from detergent was observed. Fi-
nally, the residue was rinsed, washed with acetone, and fil-
tered under vacuum until dry. The NDF then was dried over-
night at 55°C in a forced air oven.

Sample Preparation

The NDSP used were corn starch (S; 4126; Sigma
Chemical., St. Louis, MO), dahlia tuber inulin (I; 3754; Sigma
Chemical., St. Louis, MO), and citrus pectin (P; 9135; Sigma
Chemical., St. Louis, MO). These soluble carbohydrates were
mixed with the isolated NDF in proportions to produce blends
containing approximately 40% NSC. After blended samples
were prepared, their actual NDF contents were determined
(TABLE ). Isolated NDF without added soluble carbohydrate
served as the control. Four hundred mg aliquots of each
blended sample were weighed into duplicate 100 mL polypro-
pylene tubes (Nalgene Brand Products, Nalge Co.; Rochester,
NY) for the batch fermentations.
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TABLE |
ANALYZED COMPOSITION OF SUBSTRATES AND NDSP SOURCESA (MEAN tSE)B
DM % oM CP NDF Ash
% of DM
Substrate

A 94.64+0.00 99.35+0.04 5.98+0.15 92.86+0.06 0.65+0.04
A+l 90.66+0.04 99.43+0.01 55.98+2.34 0.57=+0.01
A+P 88.75+x0.03 97.60+0.03 60.86£0.26 2.40+0.03
A+S 90.05+0.04 99.56+0.06 58.79+1.23 0.44+0.06
B 93.39+0.09 99.08 +0.21 5.68+0.08 96.31+0.27 0.92+0.21
B+1 90.43+0.13 99.24+0.04 58.49+0.81 0.76=0.04
B+P 88.98+0.24 97.96+0.31 58.88+1.77 2.04+0.31
B+S 89.83+0.00 99.06 +0.05 59.68+0.50 0.94+0.05
T 96.68+0.09 99.66+0.03 3.97+0.12 93.060.18 0.34+0.03
T+1 90.74+0.03 99.42+0.01 57.41+0.70 0.58+0.01
T+P 89.19+0.09 98.06 +0.02 61.35+1.62 1.94+0.02
T+S 90.36+0.00 99.61+0.07 58.37+0.59 0.39+0.07
NDSP

| 97.68+0.07 99.74+0.01 0.32+0.01 0.26+0.01
P 93.62+0.02 96.44+0.04 1.58+0.08 3.56=0.04
S 87.34+0.06 100+0.00 0.30+0.01 0

2 |solated NDF sources are: A = alfalfa, B = bermudagrass, T = timothy, and NDSP sources are | = inulin, P = pectin, and S = starch.

b Two samples were analyzed for all assays.

Inoculum Donor Cow

Strained rumen fluid from a ruminally fistulated, nonlac-
tating Holstein cow fed 9 kg of DM of a forage and concentrate
diet (80:20) was used as inoculum (10 mL/tube). The diet was
balanced to meet NRC recommendations [23]. It contained
11.1% alfalfa hay, 44.2% bermudagrass hay, 22.1% timothy
hay, 9.9% hominy feed, 9.9% dry citrus pulp, 2.2% soybean
meal, and 0.6% mineral mix as a percentage of ration DM. The
cow was fed this diet once a day for at least 10 d prior to rumi-
nal sampling.

Evaluation of in vitro ndf digestion and microbial protein
production

Two separate 96 h in vitro batch fermentations (runs) were
done for each forage type [10]. Each incubation was conducted in
duplicate (separate runs) for a total of 120 tubes [(four treatments
+ blank) x two replicates x 12 time points] for NDF determinations
and three additional tubes per treatment including blanks were in-
cubated for 0 and 24 h for a total of 30 tubes per run [(four treat-
ments + blank) x three replicates x 2 time points] for microbial
protein estimation. Tubes were swirled gently immediately after
inoculation and at 12 h intervals.

At the end of each incubation time pH was determined
on each tube using a pH meter (Accumet model 15, Denver In-
strument Co, CO; and Accumet Research model AR15, Fisher
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Scientific, Pittsburgh, PA), and stored at 4°C to stop fermenta-
tion and to be analyzed for NDF. Tubes for microbial protein
estimation started to be analyzed for TCA-precipitable nitrogen
20 min after removal from the incubator.

General analysis

Subsamples of isolated NDF were analyzed for DM and
NDF-OM (NDF-Ash Free) content. Duplicate sample and blank
tubes were analyzed for ash-free NDF at 0, 2, 4, 6, 12, 18, 24,
30, 36, 48, 72, and 96 h incubation according to the method of
Van Soest et al. [33], including heat-stable -amylase (Termamyl
20L; Novo Laboratories, Inc., Danbury, CT). The NDF residue at
zero hour was determined by analyzing substrates that were in-
oculated and then immediately removed from the incubator.

TCA-precipitable nitrogen containing both microbial and
undigested substrate nitrogen was measured by a modification
of the method of Cline et al. [7]. Ten milliliters of 60% trichlo-
roacetic acid (w/v)(TCA), (A322, Fisher Scientific., Pittsburgh,
PA) were added to each fermentation tube, to provide a final
TCA concentration of 10%. After swirling and incubating for 30
min at room temperature, the tube contents were divided into
two 50 mL centrifuge tubes. Tubes were centrifuged at 5,000
rpm for 20 min, and the supernatant and the precipitate filtered
through filter paper (Whatman 541, 150 mm diameter, Fisher
Scientific, Pittsburgh, PA). The 50 mL centrifuge tubes were
rinsed onto the filter paper with diluted 3% TCA to remove resi-
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dues. The filtrate from the initial filtration was filtered again
through glass microfibre filter paper (Whatman GF/A, 125 mm
diameter, Fisher Scientific, Pittsburgh, PA). The second filtrate
was discarded. All filter papers from a given sample were
transferred to a Kjeldahl flask for nitrogen analysis by the
macro Kjeldahl method [3]. An equal number of filter papers
were included as a blank in the Kjeldahl analysis to correct for
their nitrogen content.

Microbial protein estimation

The quantity of microbial protein synthesized in 24 h
(TCAP) was estimated as follow:

For each run, TCA-precipitable nitrogen in tubes at 0 h
was determined by subtracting the arithmetic mean of the
blanks (media + inoculum) from TCA-precipitable nitrogen of
treatment tubes at 0 h. Least squares means for the blank-
corrected treatment values at 0 h were calculated. The final
TCA-precipitable nitrogen (microbial nitrogen synthesized and
residual substrate nitrogen) in tubes at 24 h was estimated by
subtracting the arithmetic mean of the blank for 24 h from
TCA-precipitable nitrogen of each treatment tube at 24 h. The
change in the TCA-precipitable nitrogen expressed as crude
protein (TCAP) was calculated as the difference between 24 h
and 0 h TCA-precipitable nitrogen multiplied by 6.25. It is inter-
preted as an estimate of the amount of microbial protein syn-
thesized during 24 h of incubation.

Kinetics analysis

Neutral detergent fiber disappearance data were fitted to
the model of Mertens [19, 20].

Y = Dge-X4D 4+ INDF, when t>L and Y = Do + INDF when
O<t<L

Where:

Y = NDF residue at time t (time after inoculation),

D, = potentially digestible NDF fraction (at time t L, Dy =
Y- INDF),

Kd = fractional rate constant of digestion (per hour),

L = discrete lag time (h),

t = time (h), and

INDF = indigestible NDF fraction

L = (In Dg - In D")/-Kd,

Where:

D" =intercept of the equation of In (Y - 96h residue) over
time.

For individual forage NDF sources, all four dependent
variables (D INDF, L, and Kd) were calculated iteratively for
each treatment within a run by Marquardt's compromise by
procedure NLIN of SAS [26].

Potential extent of NDF digestion (PED), the percentage
of total NDF that is potentially digestible, was calculated by us-
ing the equation from Grant and Mertens [13].

PED = 100 x Dy/(D,, + INDF).

The predicted apparent extent of NDF digestion in the ru-
men (PAERD), the percentage of PED digested in the rumen,
was calculated for each run (kinetic parameters for each run)
by the equation from Miller and Muntifering [21].

PAERD = PED x e Pt x Kd/(Kd + Kp).

Where PAERD = predicted apparent extent of ruminal
NDF digestibility and

(Kp) = rates of passages which were assumed as 0.02,
0.04, and 0.06 h'lto represent low, medium, and high feed in-
takes respectively.

Statistical analysis

The experiment was performed as a randomized com-
plete block design for each individual forage source. For each
isolated NDF source, kinetic data (lag time, rate, potential ex-
tent of digestion) or predicted apparent extent of ruminal NDF
digestibility were analyzed with each in vitro digestion run (n =
2) as experimental units arranged by treatments (n = 4). Inter-
action effect (run x treatment) could not be evaluated because
only one value for each parameter within a run was achieved.

The TCAP data was arranged as a 4 x 2 factorial of
treatments and runs (including the interaction “run x treat-
ment”) in a randomized complete block design.

The pH data from each forage’s NDF fermentations were
analyzed by utilizing the test for heterogeneity of regression. Af-
ter attaining a significant F-statistic (P =0.01) for the test, regres-
sion parameters were estimated for each treatment of individual
forage NDF, including both runs, to predict values from 0 to 96
hours and to draw regression curves. Only pH data from O to 48
h incubation were included in the analyses of individual pH treat-
ment curves of separated runs. Effect of hour on pH curves for
each treatment within NDF forage source was tested for higher
order polynomials by including first, second, third, fourth, and
fifth order interaction terms in the model. Regression parameter
estimates for each treatment were obtained by a final model that
included the effects of treatment, treatment x hour, treatment x
hour?, and treatment x hour®. Predicted pH values were calcu-
lated every 30 min from O to 48 h by regression equations of
each treatment and run. The predicted pH at 0 h, the lowest pre-
dicted pH, the change in pH between 0 h and lowest pH (pH),
and hour at which the lowest pH was reached were analyzed
with each in vitro digestion run (n = 2) as experimental units ar-
ranged by treatments (n = 4). Interaction effect (run x treatment)
could not be evaluated because only one value for each de-
pendent variable within a run was achieved.

For each isolated NDF source, the effects of NDSP on
either kinetic variables, predicted apparent extent of ruminal
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NDF digestibility, TCAP, pH at 0 h, the lowest pH, pH, and
hour at the lowest pH were compared by using Student-
Newman-Keuls multiple range test. Significance was declared
at P<0.05 unless otherwise stated.

All analyses were performed using the general linear
models procedures of SAS [26].

RESULTS AND DISCUSSION

pH of fermentations cultures

The pH curves for the different NDSP treatments were
not parallel (P = 0.01) (FIGS. 1, 2, 3) which mean that they dif-
fered among NDSP for all NDF sources. Across all NDF forage
sources, pH values decreased within 24 h, tended to increase
thereafter, and reached values greater than initial after 48 h
fermentation.

Although each forage NDF source was analyzed as a
separate experiment, results of the effects of NDSP on fermen-
tation pH are depicted together for convenience (TABLE IlI).
For all forage NDF sources, P had a lower initial pH as com-
pared to the other treatments. Overall, the NDSP dropped the
pH of incubation fluids as compared to the control without dif-
ferences across NDSP. Both the ApH value and hour at which
the lowest pH was reached were not affected by treatments.
The addition of either | or S to alfalfa NDF tended to produce a
greater change in pH value as compared to the control
whereas the addition of pectin to timothy NDF tended to pro-
duce a lower change in pH value than the other treatments
(P<0.1). For bermudagrass as well as for timothy, P tended to
reach the lowest pH sooner than I, S, and C (P<0.1). There-
fore, these results suggest that pectin fermented more rapidly
than starch. However, we did not measured pectin degradation
in this study. The ApH could also indicate the extent of NDSP
fermentation since pH of incubation fluid is reduced by both or-
ganic acids and CO2 produced from fermentation. The lower
ApH for P might indicate a lower extent of fermentation. Organ-
isms that degrade pectin may be especially pH sensitive [31].
Therefore, it is possible that a rapid drop on pH of ferments
containing pectin had repressed further fermentation.

Effect of NDSP on microbial protein production

The effects of NDSP addition to forage NDF on esti-
mated microbial crude protein synthesized in vitro (ATCAP) are
in TABLE lll. For all forage sources, both TCAP (mg/24 h) and
efficiency of microbial crude protein production expressed as
milligram of TCAP produced per gram of substrate OM
(ATCAP mg/OM g) were affected by NDSP. For alfalfa NDF, |
promoted the highest microbial protein production followed by
S and P. The efficiency of ATCAP production was higher for |
than for either S or P. The efficiency for P was similar to that of
S. For bermudagrass and timothy, ATCAP production and effi-
ciencies for | plus S were greater than that of C or P. Starch
and | had similar efficiencies of microbial protein production in
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TABLE Il

EFFECTS OF NDSP! ON PH OF INCUBATION FLUIDS FROM ISOLATED FORAGE NDF FERMENTATION (LSMEANS + SE) 2

Forage NDF Source

Alfalfa Bermudagrass Timothy
NDSP added®

pH C | P S SE C | P S SE C | P S SE
Initial 7.09° 7.09° 6.98° 7.16 0.015 7.60° 7.47° 7.29° 7.47" 0.040 7.56° 7.42° 7.23° 7.46 0.035
Lowest 6.97 6.75 6.78° 6.80° 0030 7.31 715 7.15 7.14 0.029 7.06° 6.87 691° 6.87 0.011
ApH4 012 034 020 0.36 0.044 0.29° 0.32° 014" 0.33 0.019 050 055 0.32 059 0.046
h at 18.75 16.75 10.25 18.75 1.85 22.00 16.50 8.25 2250 2.12 23.75" 17.50° 12.25° 18.50° 0.35
lowest pH
Y SMeans within a forage NDF source in each row differ (P<0.05).
INeutral detergent-soluble polysaccharides.
Values are least squares means of two estimates (one on each of two runs) by regression equation pH = trt trt*h trt*h2 trt*h3.
3c=isolated NDF, | = C plus inulin, P = C plus pectin, S=C plus starch.
4ApH= Change in pH from 0 h to the hour of lowest pH.

TABLE Ill
EFFECTS OF NDSP! ON ATCAP? OF ISOLATED FORAGE NDF FERMENTATIONS (LSMEANS + SE) 3
Forage NDF Source
Alfalfa Bermudagrass Timothy
ATCAP®, mg ATCAP®, ATCAP, mg ATCAP ATCAP, mg ATCAP
mg/g OM mg/g OM mg/g OM
NDSP Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE
added*

C 13.07" 1.64 32.86° 4.29 11.58° 1.21 29.26° 3.14 16.14° 1.73 40.48 451

| 28.55° 1.46 75.95° 3.84 20.30° 1.21 53.75° 3.14 29.61° 1.73 79.77 451

P 1858° 146  50.62° 3.84 9.20° 1.21 2470 3.14 18.75°  1.73 51.30° 451

S 23.17° 1.46 59.29 3.84 20.06° 1.21 51.24* 3.14 26.71° 1.73 68.81* 451

abed) speans within a column with different superscripts differ (P< 0.05). INeutral detergent-soluble polysaccharides.

2Change in trichloroacetic acid-precipitable protein (TCAP).

3values are least sguares means.

4C= isolated NDF, | = C plus inulin, P = C plus pectin, S = C plus starch.
5ATCAP, mg = Change in TCAP (N*6.25) from 0 to 24 h.

6 ATCAP, mg/g OM = Milligrams of ATCAP/g of substrate organic matter.

vitro when fermented with either bermudagrass NDF or timothy
NDF. Early studies reported ATCAP (mg/30 h) values for cellu-
lose of 22 mg/g of substrate [7, 15]. For blends of cellulose and
starch, the values rose to 62 to 66 mg/g of substrate [7]. In
general, the values of ATCAP (mg/24 h) for C and S in all for-
age sources of the current study appeared close to those pre-
viously reported. Barrios-Urdaneta et al. [5] found starch most
effective in promoting bacterial growth at 8 h of in vitro incuba-
tion with isolated NDF from barley, followed by pectin, sugars,
and the control cultures. In general, our results for P and S are
in agreement with those of Barrios-Urdaneta et al. [5]. The abil-
ity of P to stimulate microbial protein synthesis when added to
alfalfa NDF but the failure when added to either bermudagrass
or timothy NDF is difficult to explain. The effect of | on micro-
bial protein synthesis has not been reported previously. The
lower ATCAP values for P as compared to | or S seem contrary
to the predictions that microbial yield should be more similar, or

higher for P based on rates of fermentation [33]. This result is
difficult to interpret because other indicators of the extent of
fermentation such as VFA and lactate production are lacking. It
can be assumed that organic acids and CO2 produced from
fermentation decrease pH while increases in pH would be due
to reduction in acid load (VFA or CO2 escape) or addition of
base, possibly from ammonia resulting from microbial recy-
cling. Therefore, the pH nadir could indicate the point at which
the NDSP fermentation has been maximized. Then, substrate
depletion would occur and microbial death/recycling be in-
creased. In the present study, the pH of P tended to reach its
nadir before | and S, except for alfalfa. However, there was not
difference in the pH nadir per se. Furthermore, P added to for-
age NDF resulted in a lower change in pH value than the other
NDSP with the exception of alfalfa NDF. If fermentation of
added pectin was greater than that of the other imposed treat-
ments, then P would affect the change in pH to a greater ex-
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tent than the other NDSP. However, this hypothesis is refuted
because P produced a lower change in pH value than the other
NDSP in the case of both bermudagrass and timothy NDF fer-
mentations. In vitro studies on continuous culture suggest that
the period of time that pH is below optimal (6.3) may be more
critical for grass digestion than the sub-optimal mean pH per
se [34]. Although in the present study, pH stayed above level
considered as optimal (6.6), a reduction in TCAP could have
occurred because P treatment stayed with lowest pH much
longer as compared to the other treatments. These results sug-
gest that the comparison of TCAP among NDSP at a fixed time
point in batch culture may not accurately reflect their potential
microbial protein production.

Digestion Kinetics of Forage NDF

Alfalfa NDF. The effects of NDSP on forage NDF di-
gestion kinetics are assumed to be pH independent [22, 24]
because fluid pH did not decrease below 6.6 at any time of
fermentation. The NLIN Marquardt's procedure of SAS set to
estimate iteratively all four kinetic parameters at once was
found to accurately fit the observed fermentation data of all
of the NDF forage sources to the first order model of Mer-
tens [19]. By observing fitted curves (not shown), digestion
of NDF from the alfalfa blends appeared to be essentially
complete by 48 h. Lag time was not affected by the presence
of NDSP in the mixtures (TABLE IV). Overall, fractional rate
of digestion was not affected by the presence of NDSP, but
Kd for P tended to be lower than S (P <0.1) (not shown in
TABLE). The addition of NDSP did not affect the potential
extent of digestion in any blend. In the current study, esti-
mates of lag are longer than those reported by other workers
using an in vitro system adjusted to a pH of 6.8 with [11, 13]
or without [14] starch additions and no change in lag was ob-
served on alfalfa hay with any starch addition [11]. Lag time
may [1] or may not be affected by microbial adhesion [9]. Re-
cent studies with mixed rumen bacteria have shown that
added pectin increased both the proportion of adherent bac-
teria [5] and the rate of adhesion [4] to isolated NDF from
barley when compared to starch or a mixture of soluble sug-
ars (glucose, maltose, fructose, and sucrose). Reports indi-
cate that rate (Kd) of forage NDF digestion decreased [11] or
not [13, 14] when starch was added to mixed cultures that
had a pH >6.2. Piwonka and Firkins [24] found that addition
of glucose decreased the Kd of corn bran NDF as compared
to the control when pH of the medium remained greater than
6.2. In the present study, Kd of the control did not differ from
that of NDSP, but Kd for P tended to be lower than that of S
(P <0.1). This result suggests that pectin and starch may af-
fect the Kd differently for alfalfa NDF when added at 40%.
Research is needed to confirm this trend.

Bermudagrass NDF. Digestion of NDF in the bermuda-
grass blends appeared to be essentially complete by 72 h. The
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presence of NDSP did not alter the lag time, Kd, or the PED of
bermudagrass NDF (TABLE V). The lag time for isolated NDF
from Tifton 85 bermudagrass harvested after 3.5 wks of
growth, a second cutting after 3.5 wks of regrowth, 7 wks of
growth, and from costal bermudagrass harvested after 4 wks of
growth were 1.88, 2.0, 2.75, and 1.45 h, respectively [17]. Our
estimates of L were much greater than those. Our results are
similar to those presented by Mertens and Loften [20] who
found that starch additions ranging from 0 to 80% as fed sub-
strate did not affect lag time, Kd, or PED of coastal bermuda-
grass at pH of 6.8.

Timothy NDF. For isolated timothy NDF, the effects of
NDSP on in vitro digestion kinetics of NDF are in TABLE IV.
Digestion of timothy NDF appeared to be complete by 48 h.
The presence of NDSP did not affect L, Kd or PED as com-
pared to the control timothy NDF. There were not differences
among treatments. Some inhibition of forage NDF digestibility
is expected due to a specific negative carbohydrate effect,
even at pH 6.8. Grant and Mertens [13] found that addition of
raw corn starch decreased NDF digestibility by 23% for alfalfa
hay and bromegrass hay at pH 6.8. Piwonka and Firkins [24]
found that glucose inhibited fiber digestion separate from the
effects of pH as shown by an in vitro study using cellulose and
soyhulls as cellulosic fiber sources, and corn bran as a hemi-
cellulosic fiber source. However, the same researchers did not
find any reduction in the NDF digestion rate of combined data
of cellulose, soybean hull and corn bran fermented in a fresh
glucose medium (25 mM glucose) at pH over 6.2 [25]. Grant
[11] indicated that forage type must be considered when the ef-
fect of pH and starch source on NDF digestion is predicted.
Therefore, the results from the present study suggest that
there are not detrimental effects of polysaccharides on kinetics
of NDF digestion when pH is maintained over 6.6.

Predicted Apparent Extent of Ruminal NDF Digestibility

Alfalfa NDF. For alfalfa substrates, the predicted appar-
ent extent of NDF digestion in the rumen (PAERD) based on in
vitro digestion kinetics obtained from each run are in TABLE
IV. In the present study, the PAERD were not affected by the
NDSP. Predicted apparent extent of ruminal NDF digestibility
of C, I and S were between 70 and 74 percent of the PED for a
low rate of passage. Pectin had a PAERD of about 64% of the
PED at the low passage rate because the term Kd/(Kd+Kp),
which represents the theoretical maximum proportion of NDF
disappearance from the rumen has a relatively low value as
compared to the term e Pt In general, those calculated values
for PAERD are comparable to other measures of NDF diges-
tion observed by in vitro studies. At pH of 6.8, Grant and Mer-
tens [13] calculated PAERD using 0.02 h't Kp to be 26.1% and
33.1% for alfalfa NDF with and without addition of raw corn
starch, respectively. At similar pH and assuming a 0.05 ht Kp,
the calculated PAERD were 28.3% and 31.1% for alfalfa and
bromegrass NDF, respectively [14]. For alfalfa hay mixed with
different starch sources, the calculated PAERD using a 0.02
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TABLE IV
EFFECTS OF NDSP! ON DIGESTION KINETICS AND PREDICTED APPARENT EXTENT OF RUMINAL NDF DIGESTIBILITY
(PAERD) OF ISOLATED FORAGE NDF (LSMEANS + SE)

Forage NDF Source

Alfalfa Bermudagrass Timothy
NDSP added’
Item C I P S SE C I P S SE C I P S S
Digestion
Kinetics
Lag (h) 6.73 7.72 007 803 285 7.02 764 886 1027 214 6.80 641 371 723 1.46

Kd(h)* 0084 0099 0049 0.139 0013 0.040 0.035 0.026 0.062 0.013 0.069 0.077 0.069 0.088 0.007
PED%® 4245 4207 52.12 39.84 6.83 64.95 56.66 6512 62.05 4.60 56.31 49.12 59.00 55.86 3.71
PAERD®

0.02ht  29.92 3040 33.32 29.64 3.50
0.04ht 2197 2311 2501 2254 3.8
006t  16.61 18.29 20.15 17.45 3.12

36.81 30.26 27.70 37.80 163 38.02 33.89 4235 39.21 1.50
24.09* 19.13" 16.06° 24.76* 0.74 27.07° 24.62° 32.04* 28.64° 0.72
16.93* 13.15° 10.33 16.99° 0.50 19.97* 18.50° 25.10° 21.50* 0.89

ab¢| SMeans within a forage NDF source in each row differ (P<0.05).

INeutral detergent-soluble polysaccharides.

2c=isolated NDF, | = C plus inulin, P = C plus pectin, S = C plus starch.

Svalues are least squares means of two parameter estimates (one on each of two runs). All parameters (PED, Lag, kd, and INDF) were iteratively

calculated by NLIN Marquardt’s compromise procedure of SAS.
4Kd = Fractional rate of NDF digestion (per hour).

SPED = Potential extent of digestion, calculated as 100*Dg/(Dg + INDF), where Dy = potentially digestible NDF (percentage of sample NDF),
and INDF = indigestible NDF (percentage of sample NDF) according to Grant and Mertens (1992b).
6| SMeans of two runs. PAERD = PED x e-KpL x Kd/(Kd + Kp) according to Miller and Muntifering, 1985.

h1 Kp were 35.4, 32.9, and 30.2% for raw sorghum, raw corn,
and pure corn starch additions, respectively [11].

Bermudagrass NDF. The predicted apparent extent of
NDF digestion in the rumen (PAERD)(TABLE IV) were be-
tween 60 and 50 percent of the PED (TABLE IV) for a 0.02 ht
Kp across treatments except for P which reached only 43 per-
cent of the PED. The PAERD for P would indicate that 57%
(100% of the potentially extent of digestion in the rumen - 43%)
of the PED escaped undigested from the rumen because of
passage before digestion began. The predicted apparent ex-
tent of NDF digestion in the rumen for bermudagrass mixed
with S was greater than that of bermudagrass mixed with | or P
at all rates of passage except at 0.02 h™L. Starch had no effect
on PAERD as compared to C at any of the passage rates
tested. Both | and P decreased PAERD as compared to C at
both 0.04 to 0.06 ht Kp. This negative effect was greater for P
than for | when rate of passage was 0.06 h™Y. These results
suggest that S would not stimulate PAERD, but either | or P
could reduce it. This negative effect could be greater for P than
for | as Kp increases.

Timothy NDF. The predicted apparent extent of NDF di-
gestion in the rumen based on in vitro digestion kinetics are in
TABLE IV. Predicted apparent extent of ruminal NDF digestibil-
ity were between 68 and 72 percent of the PED for the 0.02 h't
Kp across all treatments. In the present study, the PAERD were
not affected by S and | at any of the passage rates tested. Pec-
tin stimulated PAERD at medium Kp (0.04 h'l) passage rate.
Pectin had greater PAERD than | at both 0.04 h'and 0.06 h*

passage rates, but only had greater PAERD than S at 0.04 ht.
The predicted apparent extent of NDF digestion in the rumen for
I was similar to that of S at all rates of passage. There is not a
clear explanation of why P decreased PAERD for bermudagrass
and caused a positive effect on the same variable for timothy.
Recent studies with mixed rumen bacteria have shown that
added pectin increased both the proportion of adherent bacteria
[5] and the rate of adhesion [4] to cell walls when compared to
starch or a mixture of soluble sugars (glucose, maltose, fruc-
tose, and sucrose). Therefore, a positive associative effect of
pectin on PAERD by shortening lag might be caused by adhe-
sion mechanisms of the plant cell-associated ruminal microbes.
More research is needed to compare the effects of pectin on di-
gestion kinetics of different forage sources.

CONCLUSIONS

The neutral detergent-soluble polysaccharides effects on
forage NDF fermentation when pH of cultures were maintained
over 6.6 were as followed: Neither Lag times nor potential ex-
tent of digestion of alfalfa, bermudagrass, and timothy NDF
were affected by NDSP. For alfalfa NDF, Kd for P tended to be
lower than that of S (P<0.1). The calculated values of predicted
apparent extent of ruminal NDF digestibility were not altered by
the addition of NDSP to alfalfa NDF. Both | and P additions to
bermudagrass NDF had negative effects on the PAERD at me-
dium and high Kp. However, pectin addition to timothy NDF
had a positive effect on the PAERD at medium Kp. At the end
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of the 24 h fermentation, the positive effect of NDSP on esti-
mated microbial CP yield was more pronounced for | added to
forage NDF. Starch and | had similar TCAP except when fer-
mented with alfalfa NDF. The estimated microbial CP yield for
P was always less than | and S. For alfalfa NDF, however, pec-
tin addition stimulated TCAP. Although the results by forage
type are not directly comparable, there appear to be differ-
ences in the effects of NDSP by NDF source.
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