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ABSTRACT 

Crop residues, such as sugar cane bagasse (SCB), have been largely used for 
cattle feeding However, the close association that exists among the three major 
plant cell-wall components, cellulose, hemicellulose, and lignin, limits the effi- 
ciency by which ruminants can degrade these materials Previously, we have 
shown that pretreatment with 3% (w/w) phosphoric acid, under relatively mild 
conditions, increased considerably the nutritional value of SCB. However, in this 
preliminary study, pretreated residues were not washed prior to in situ degra- 
dability assays because we wanted to explore the high initial solvability of low- 
mol-wt substances that were produced during pretreatment We have now studied 
the suitability of water- and/or alkali-washed residues to in situ ruminal digestion. 
Alkali washing increased substrate cellulose content by removing most of the lig- 
nin and other residual soluble substances As a result, the ruminal degradability of 
these cleaner materials had first-order rate constants five times higher than those 
substrates with higher lignin content (e.g., stem-exploded bagasse) However, 
alkali washing also increased the time of ruminal lag phase of the cellulosic residue, 
probably because of hemicellulose and/or lignin removal and to the development 
of substrates with higher degree of crystallinity. Therefore, longer lag phases 
appear to be related to low microbial adherence after extensive water and alkali 
extraction, as Novell as to the slower process of cellulase induction during rumi- 
nal growth. The kinetic data on ruminal digestion were shown to be very well 
adjusted by a nonlinear model. Although pretreatment enhances substrate acces- 
sibility, the occurrence of an exceedingly high amount of lignin byproducts within 
the pretreated material reduces considerably its potential degradability. 

Index Entries: Sugar cane bagasse; autohydrolysis; phosphoric acid; in situ 
degradability. 

INTRODUCTION 

It has been suggested that the process of ruminal digestion depends on adher- 
ence of the rumen biota to the cellulosic substrate (1) Three main factors are known 
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to influence this process: the degree of lignification of the cell wall, the degree of 
crystallinity of the cellulose component, and the substrate surface area available 
for microbial and/or  enzymatic attack (2,3) Therefore, the structure and composi- 
tion of the substrate must facilitate microbial adherence through interaction with 
large multicomponent complexes (cellulosomes) (4,5), microbial exopolysaccharides 
(6), and cellulose binding domains (CBD) of fungal hydrolases (7,8). In general, 
microbial adhesion occurs rapidly and is strongly influenced by changes in pH, 
temperature, and ionic strength inside the ruminal tract (9). 

Several pretreatment methods have been shown to enhance the susceptibility 
of lignocellulosic residues to microbial degradation, even at relatively mild severi- 
ties. This enhancement in degradability is usually triggered by partial hemicellulose 
solubilization, yielding water-soluble low-mol-wt xylooligomers, which can be 
readily utilized by the rumen biota (10). However, insoluble pretreated residues 
often contain most of the metabolic energy available for animal growth and produc- 
tion. Therefore, the utilization of this residue for cattle feeding is of utmost impor- 
tance, and will depend on pretreatment optimization with regard to substrate 
accessibility and production of growth inhibitors. 

Pretreatment with phosphoric acid under relatively mild conditions increases 
the initial solubility of sugar cane bagasse (SCB) (fraction that was immediately 
available to the rumen microorganisms) from 6.8 to 27.5%, without having a similar 
effect on potential degradability (10,11). This improvement in initial solubility was 
a result from the hydrolytic effect of pretreatment on the hemicellulose component, 
yielding low-mol-wt substances, which could be readily utilized by the rumen biota 
Steam explosion (autohydrolysis) has also been shown to improve both the poten- 
tial degradability and the initials solubility of cellulosic residues by similar mecha- 
nisms (12-15). Finally, the potential degradability of SCB can be considerably 
increased by alkali washing (16). This has been attributed to the ability of this treat- 
ment to reduce both the lignin and hemicellulose content oaf the residue, yielding 
a cellulosic material that can be readily used for cattle feeding. 

In this article, we have tried to identify the substrate-related factors that can 
be used to evaluate the suitability of several cellulosic residues for cattle feeding. 
Four pretreatment methods have been assessed: phosphoric acid treatment, alkali 
washing, steam explosion, and steam explosion followed by alkali washing. All 
of these residues, except the raw material, were washed thoroughly prior to any 
ruminal degradability assays in order to allow for the determination of their actual 
potential degradabilities. 

MATERIALS AND METHODS 

P r e t r e a t r n e n t  of SCB 

A large batch of SCB was obtained from the processing stages of a sugar mill in 
southern Brazil (Porto Belo Distilleries, Itajai, SC). The residue, which contained 
about 2% ( w / w )  of contaminat ing sucrose and had a moisture  content of 48% 
(w/w) ,  was conditioned in plastic bags md stored frozen at -20~ 

The sample named ALK was obtained by treating SCB with hot alkali. Approx- 
imately 30 g of SCB were milled to pass a 2-mm screen and treated with 900 mL of 
NaOH 2N for 2 h at room temperature. The suspension was then kept under  
reflux for 1 h, filtered through a nylon bag, dialyzed overnight against tap water,  
and dried for 48 h at 55~ The alkali-extracted residue was then Willey-milled to 

Applied Biochemistry and Biotechnology Vol. 57/58, 1996 



Enhanced Ruminal Digestion 173 

pass a 0.5-mm screen and kept for further analysis, yielding approx 40% (w/w)  ion 
relation to the dry weight of the raw material. 

Both solvolysis (SOL) and phosphoric acid (OPA) residues were obtained as 
descr ibed previous ly  (10,11). SCB was pre t rea ted  at t empera tu res  up  to 197~ 
(13.5 atm) in the presence and absence of OPA as an acid catalyst. OPA was used at 
3% (w/w)  in relation to the dry weight of the residue. SOL was defined as those 
experiments in which water was used as a replacement to the dilute-acid solution 
Both samples were washed thoroughly with ethanol at 70% ([v/v] aqueous) for I h 
at room temperature to eliminate low-mol-wt contaminants. Yields were around 
78% for the SOL residue and 60% for the OPA residue, both in relation to their 
original oven-dried weights 

The steam-exploded (SE) SCB was kindly supplied by Andr6 Luiz Ferraz 
(CEBIQ, FAENQUIL--Lorena,  SP, Brazil). The SE fraction was prepared at the 
CEBIQ pilot plant facility by steam treating SCB at 190~ for 15 min. Recovery yield 
of the water- insoluble fraction was typically a round 66.6%. Finally, SE alkali 
washing (SEALK) was carried out by treating the SE residue with alkali (NaOH 1%, 
w / w )  at 100~ for 1 h and a water-to-solids ratio of 1:20 (dry basis). After alkali 
washing, the residual material was washed thoroughly with water until neutrality 
and stored at 4~ for further utilization SEALK had a yield around 39.6% in relation 
to the dry weight of the original, untreated SCB. 

Substrate Analysis 
The chemical composit ion of the residues was determined using the classical 

methods  of neutral  detergent  fiber (NDF) and acid detergent  fiber (A-DF) as 
described previously (17). By definition, the NDF fraction includes lignin, cellu- 
lose, and hemicellulose, whereas the ADF fraction consists of only cellulose and 
lignin. The hemicellulose content was estimated by subtracting ADF from NDF, 
whereas cellulose was determined gravimetrically after treatment of the residue 
with the oxidative acetic/nitric acid reagent (18). 

The relative amount  of low-mol-wt phenolic compounds  within the cellulosic 
residue was estimated by UV/vis  spectroscopy. Approximately 0.25 g of the washed 
residue was treated with 5 mL of methanol:HC1 (1%, [v/v]) for 96 h at room tem- 
perature. The supernatant  was collected by centrifugation, di luted in methanol  
(1:50), and scanned in a Zeiss Specord M-500 UV/vis  spectrophotometer from 200 
to 500 nm in wavelength 

Substrate chemical composit ion was also assessed by Fourier-transformed 
infrared spectroscopy (FT-IR). After milling, each cellulosic material was compacted 
into KBr disks at 8 t of pressure for 3 min at room temperature and analyzed using 
a Bomem FT-IR spec t ropho tomete r  wi thin  the region of 800-1900/cm.  Peak 
intensities at 897/cm were associated with cellulose (19). Hemicel luloses were 
moni to red  by absorpt ion bands at 1734/cm (axial stretch deformations of car- 
boxyl groups) and within the region of 1160-1300 cm (axial stretch deformations of 
ether bonds) (19,20). Finally, peak intensities at 1590/cm and within the region of 
1590-1600/cm were collectively attributed to carbon-to-carbon axial stretch defor- 
mations of aromatic compounds  found in lignin (19,20). 

The degree of crystallinity of the substrates was obtained by X-ray diffraction. 
Each sample was compressed into compact sheets and analyzed using a Philips 
X'Pert diffractometer .  The wave leng th  of the Cu/Kac~ radiat ion source was 
0.154 n m  and the spectra were obtained at 30 mA and 40 kV. S a m p l e s  w e r e  
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S C a n n e d on the automated diffractometer from 8 to 40 ~ of 2| (Bragg angle), with 
an elapsed time of I s and data acquisition taken at intervals of 0.02 ~ (21). 

The crystallinity index of cellulose was calculated by the empirical method 
described by Segal et al. (22), using the following equation: 

CrI (%) = (I002 - IAM/I002) X 100 (1) 

where I002 is the maximum intensity of the 002 lattice diffraction (reflection attri- 
buted to the crystalline region of the sample), and IAM is the intensity of dif- 
fraction at 219 = 18 ~ (reflection attributed to the amorphous region of the sample). 

Determination of In Situ Degradability (Ruminal Digestion) 

Samples were subjected to in situ ruminal digestion as described earlier 
(11,23). Approximately  0.5 g of biomass (oven-dried weight) were placed in a 
9 x 15 cm nylon bag with a pore size of 40 ~tm and incubated for several residence 
times in cattle fitted with rumen cannulae. After a given incubation time, the bag 
was wi thdrawn from the rumen cannulae and washed thoroughly with tap 
water. The residual, undigested material was then collected from the bag, air-dried 
at 55~ weighed, and kept for further analysis. 

Kinetics of ruminal digestion were determined after 0, 6, 10, 16, 24, 32, 48, and 
72 h of incubation. Two animals were used in these experiments and each experiment 
was done in duplicate for each animal. Therefore, each data point was a result of a 
total of four replicates. Results derived from in situ ruminat digestion, expressed as 
weight loss in relation to the dry weight of the residue, were adjusted according to 
the following equation (23): 

p = a + b ( 1 - e x p - c . t )  (2) 

were p is the potential degradability of the substrate, t is the ruminal digestion 
time, a is the fraction of the substrate that is immediately available to the rumen 
biota (initial solubility), b is the degradability potential of the insoluble fraction, and 
c is the expected degradation rate of fraction b. 

Based on the model, the in situ lag phase of each of the substrates used was 
calculated with regard to the amount of original material that remained after 6-32 h 
of incubation (undigested dry matter). For this, the weight loss data for each cell- 
ulosic substrate were fitted by linear regression analysis to a discontinuous 
first-order kinetic equation (24,25): 

In y = a + k.t (3) 

were y is the undigested dry matter, a is the intercept at the ordinate axis, k is the 
first-order rate constant and t is the incubation time. In adjusting the data to the 
model, k was calculated by regressing In y against t. The in situ lag phase was then 
calculated by solving the regression equation for time when In y = In 1. 

The effective in situ degradability of each residue was determined according to 
the following equation (23): 

e = a + (b x c)/(c +k) (4) 

where e is the material effectively degraded and k is the rate of passage of the diet 
through the rumen tract. 
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Table 1 
Chemical Composition of the Various Cellulosic Residues 
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Sample b NDF b ADF b Hemicellulose c Cellulose a CrI, ~o e 

Native 87.0 53.0 34.0 39.5 36.2 
ALK 94.7 85.6 9.1 88.3 57.5 
SOL 89.7 67.0 22.7 55.5 42.2 
OPA 92.0 85.5 6.5 68.1 42.3 
SE 78.0 73.3 4.7 65.8 46.3 
SEALK 98.5 95.8 2.7 92.3 53.7 

~'ALK, alkali washed; SOL, solvolyzed; OPA, phosphoric acid treated; SE, steam 
exploded; SEALK, steam exploded and alkali washed. All values are averages of 
triplicates with a coefficient of variation always lower than 3%. 

bNeutral detergent fiber (NDF) and acid detergent fiber (ADF) were determined 
according to Van Soest (17). 

'Hemicellulose content was determined by subtracting ADF from NDF. 
'~Cellulose was determined gravimetrically after digestion of the residue with the 

acetic/nitric reagent according to Crampton and Maynard (18). 
~Crystallinity index was determined according to Segal et al. (22). 

RESULTS AND DISCUSSION 

The suitability of several cellulosic residues for cattle feeding was evaluated 
with regard to their chemical composition, potential degradabili ty,  accessibility to 
rumen  microorganisms,  and time of lag phase dur ing ruminal  digestion. In addi-  
tion, the rate of passage of the diet through the digestive tract was  also considered 
in order to predict  the effective degradabil i ty of the substrates. 

Each of the substrates  used  in this s tudy  was  shown to contain very  little 
amount  of detergent-extractable materials in their chemical composi t ion (Table 1). 
Therefore, their NDF values were  very high, except for the SE sample, which had a 
lower NDF content. The high recovery yield of both NDF and cellulose components  
after alkali wash ing  also indicated that this extraction was  very  effective in remov-  
ing both hemicellulose and lignin, leaving a cellulosic residue with nearly 90% of 
cellulose (ALK and SEALK). 

The higher amount  of hemicellulose in SOL has demonstra ted that hemicel lu-  
lose is more  effect ively r e m o v e d  w h e n  p re t r ea tmen t  is carr ied out  in the pres-  
ence of an acid catalyst ,  such as OPA (10,11). This obse rva t ion  is also val id  for 
the SE fraction, since several  organic acids, such as acetic and formic acids, are 
released during the process of steam explosion (autohydrolysis).  

FT-IR spectroscope showed  that all pretreatment  methods,  except solvolysis, 
were  effective in removing most  of the hemicellulose component  of SCB (Fig. 1). 
C o m p a r e d  to the na t ive  res idue,  a cons iderab le  decrease  in in tens i ty  of the 
absorp t ion  band at 1734/cm (C = O stretching deformation in acetyl  g roups  a n d /  
or 4 -O-me thy lg lucu ron i c  acid units)  was  o b s e r v e d  in relation to the peak inten- 
sities at 1510 and  1600 / cm (aromatic  c o m p o u n d s  of lignin) (20). The effect ive  
r emova l  of lignin by  alkali washing was  further confirmed by  the new disappear-  
ance of latter absorbance band in both ALK and SEALK spectra. It was  also apparent  
that lignin removal  by  alkali washing was more effective after s team explosion, 
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Fig. 1. FT-IR spectra of substrates derived from SCB (a) OPA, (b) SOL, (r SE, (d) 

Native, (e) ALK, and (f) SEALK. 

probably owing to the higher accessibility of the steam-exploded fibers to the alka- 
line reagent. 

With regard to the kinetic parameters of ruminal digestion, all of the pretreated 
substrates were shown to have very low a values (Table 2). This result was expected, 
since a is usually low for extracted materials, which are mainly composed of poly- 
meric compounds, such as cellulose, hemicellulose, and lignin (23). Nevertheless, 
even though SE had been water-washed after pretreatment, its initial solubility (3.4%) 
was slightly higher than that of other lignin-containing residues, such as OPA and 
SOL. This higher initial solubility SE was consistent with its lower NDF content of 
78% (Table 1), indicating that a small amount of detergent-extractable materials 
(readily accessible, low-mol-wt lignin-carbohydrate complexes) still remained 
within the sample after water washing. It appeared that these low-mol-wt substances, 
particularly phenolic compounds, were more effectively removed from the sub- 
strates by ethanol/water  extraction. In fact, both SOL and OPA were shown to have 
higher ruminal lag phases than SE (7:00, 6:32, and 1:08 h, respectively), supporting 
the concept that a simple water washing is not enough to remove most of the low- 
mol-wt substances from steam-treated pulps (Table 3). 
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Table 2 
Kinetic Parameters of Ruminal Digestion 

177 

Sample a a b b c c r 2 t = 72 a k = 0.02 e 

Native 0.068 0.339 0.040 0.97 0.38 0.30 
ALK 0.000 0.987 0.037 0.93 0.92 0.64 
SOL 0.014 0.815 0.017 0.95 0.59 0.39 
OPA 0.004 0.735 0.016 0.96 0.51 0.33 
SE 0.034 0.623 0.026 0.96 0.56 0.38 
SEALK 0.000 0.905 0.042 0.90 0.86 0.61 

"Fraction that is immediately available to ruminal digestion. 
bDegradability potential of the insoluble fraction. 
cExpected degradation rate of fraction. 
JExpected degradation after 72 h of ruminal digestion. 
"Expected degradation when the rate of passage is included. 

Table 3 
Determination of In Situ Lag Phase by Linear Regression Analysis 

of the Amount of Original Material That Remained After 6-32 h 
of Ruminal Digestion (Undigested Dry Matter) 

Sample In y = c~ + k x t r 2 Lag, h a kNb 

Native 
ALK 
SOL 
OPA 
SE 
SEALK 

0.02025 - 0.01016 x t 0.96 1:54 1.00 
0.31225 - 0.05640 x t 0.91 5:32 5.55 
0.12441 - 0.01773 x t 0.85 7:00 1.74 
0.08779- 0.01341 x t 0.90 6:32 1.32 
0.01516 - 0.01338 x t 0.70 1:08 1.32 
0.32984 - 0.05189 x t 0.92 6:21 5.11 

"Lag phase as determined according to the linear regression analysis. 
~Normalized rate in relation to the native residue (ksampk,/knatlve). 

Compared to the SE residue, both SOL and OPA showed higher potential 
degradabi l i t ies  (62.3, 81.5, and 73.5%, respectively). It has been hypo thes ized  
that  the hydrolyt ic  action of the enzymes can be strongly influenced by lignin 
hydrophobici ty (3,26). Pretreatment methods, such as steam explosion, result in a 
partial depolymerizat ion of both hemicellulose and lignin, thus exposing the cell- 
ulose component  to microbial degradation (13-15). However,  the higher tempera- 
tures and pressures usual ly  developed dur ing  steam explosion can modi fy  the 
lignin component  to coalescent spheres of high hydrophobici ty .  This pseudoplast ic  
behavior of the modified lignin allows its redeposition onto the cellulosic matrix, 
causing a shielding effect, which translates into a steric h indrance to microbial 
interaction (13,27-29). 

It is also worth  mentioning that raw bagasse showed higher initial solubility 
(6.8%) than any other substrate used. This can be easily explained by the presence of 
low amounts  of sucrose and other soluble materials within the raw fibers. Nev- 
ertheless, raw bagasse does not behave as a good substrate for cattle feeding owing 
to the close association that exists within its three main polymeric components,  
cellulose, hemicellulose and lignin (11). In fact, raw fibers have a very low potential 
degradabili ty (parameter b) of only 33.9%. 
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The highest kinetic values of potential degradability (parameter b) were 
observed for the alkali-washed residues, ALK and SEALK. These residues also 
had high degradation rates (parameter c), even at considerably high rates of pas- 
sage through the ruminal digestive tract (e.g., k = 0.02 or 2% passage of the bulk 
material/h) (Table 3). However, both ALK and SEALK had longer ruminal lag 
phases, as determined during the in situ degradability assay (Table 3). Similar results 
have been demonstrated for several purified cellulose preparations, which also 
showed relatively long lag phases (25,30,31). This effect can be attributed to low 
microbial adherence after extensive water and alkali extraction of the substrate, as 
well as to the slow process of cellulase induction during ruminal growth. 

It has been suggested by several authors that glucose and cellobiose accu- 
mulation can impose inhibitory effects on cellulose digestion because of catabolite 
repression of cellulases (30,32,33). Other authors have attributed this negative 
effect to a strong interference on the binding capacity of cellulases through their 
cellulose binding domain (34). Our observations during ruminal digestion of ALK 
and SEALK did not suggest any strong effect of sugar accumulation on the effi- 
ciency by which the rumen biota degraded residues with high cellulose content. 

Low molecular weight  phenolic compounds,  such as vanillin, p-coumaric 
acid, and ferulic acid are also known for their inhibitory effects on the in vitro fiber 
digestion of pure and mix cultures of rumen microorganisms K35). These and other 
phenolic compounds appear to compromise microbial adhesion to the substrate 
(36,37). To investigate this hypothesis, we have determined the relative amount of 
phenolic compounds within each of the cellulosic residues used in this study by UV / 
vis spectroscopy. The SE residue was shown to have the highest UV absorbance 
profile (Fig. 2). This was consistent with the previously observed low NDF values 
and relatively short lag phase of this residue. Depending on pretreatment condi- 
tions, the process of steam explosion produces microbial inhibitors that have to be 
water-washed prior to their utilization for bioethanol production through in vitro 
enzymatic hydrolysis and/or  simultaneous saccharification and fermentation (38). 
However, these low-mol-wt substances do not interfere with in situ degradability 
assays because they are either utilized by the diverse rumen microflora or quickly 
diffused through the digestive tract. 

Various researchers have tried to obtain a better understanding of the relative 
importance of cellulose crystallinity on the ruminal degradability of pretreated 
cellulosic residues (39). It has been suggested that, at least for pure cultures of 
Fibrobacter succinogenes ssp. succinogenes, crystallinity acts as a barrier for microbial 
attack, and this barrier must be disrupted before the substrate can be effectively 
utilized (34). Other authors have suggested that the crystallinity barrier is not a 
problem for the rumen biota because it can be easily overcome by the strong syner- 
gism that occurs among the existing microorganisms (25). 

Our results have shown that, regardless of the higher crystallinity index (CrI) 
of both ALK and SEALK (57.5 and 53.7, respectively), these substrates had higher 
potential degradabilities than those of lower CrI, that had not been alkali washed 
(Table 1, Fig. 3). These were the same substrates that were characterized by having 
a long time of lag phase In light of these results, it seems plausible to assume that 
longer lag phases might have been required to overcome the stronger crystallinity 
barrier of both ALK and SEALK residues. However,  it must  be emphasized that 
this crystallinity effect may be just apparent, and that lignin and hemicellulose 
removal could be a factor of a greater importance. 
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Fig. 2. UV / vis spectra of methanol:HC1 extracts obtained from pretreated fractions of SCB. 
(~) OPA, (&) SOL, ([]) SE, (*) ALK, (O) SEALK. 

The two sharp diffraction intensities, observed at 2| (Bragg angles) of 20.89 
and 26.65 ~ , were attributed to the occurrence of silica within the residues. This was 
more apparent for the SE material, which was shown to contain approx 2% (w/w)  
of ash in its chemical composition. 

A linear relationship between crystallinity and the rate of hydrolysis of dif- 
ferent cellulose substrates have been often described in the literature (40,41). Iran 
and coworkers (41) suggested that a pre t rea tment  me thod  should  decrease the 
degree  of crystal l ini ty  to be effective. Other  au thors  (13-16,40) have  re la ted  
the i m p r o v e m e n t  in enzyme digestibil i ty of pre t rea ted  cellulosic res idues  to 
the removal  of hemicellulose and lignin, which, according to Grethlein (42), results 
in an increase in both the accessible pore volume and the specific surface area of the 
substrate. Stone and coworkers (43) showed that the median  pore size is also 
strongly dependent  on the degree of swelling. Therefore, it can be seen that the 
concepts of cellulose crystallinity, hemicellulose removal, substrate swelling (pore 
volume distribution), and accessible surface area are all strongly related, and any 
attempt to discuss one of these aspects in isolation can fall into a rough and inac- 
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Fig. 3. X-ray diffraction analysis of substrates derived from SCB. 

curate simplification of the complexity that the process of cellulose degradation 
actually represents. 

Our work has shown that partial lignin and hemicellulose removal increases 
the potential degradability of SCB. However, this gain in potential degradability 
also increases the time of lag phase during ruminal digestion, unless the amount of 
soluble sugars that is released during pretreatment is not washed out of the substrate 
prior to their use for cattle feeding. If this is the case, the conditions used for pre- 
treatment have to be optimized in order to avoid production of toxic byproducts 
and /o r  growth inhibitors for cattle feeding. 
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