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Abstract

A study was conducted to evaluate the use of exogenous enzymes as a potential means of improv-
ing the cell wall degradation of rice straw. Two developmental cellulases (END), two developmental
xylanases (XY), and two commercial enzyme products (EX, supplying a combination of endoglu-
canases and xylanases; PROT, supplying mostly proteases) were evaluated for their potential to
improve in vitro degradation of untreated (URS) or ammoniated rice straw (ARS). The END and
XY were added to milled samples (0.45 g dry matter [DM]) of URS and ARS at a rate of 200–300
International Units (IU) of endoglucanase or xylanase. The EX supplied 200–300 IU each of endoglu-
canase and xylanase, whereas PROT supplied mostly protease. Anaerobic buffer medium and strained
ruminal fluid were added to the in vitro incubations and gas production (GP) was measured during
24 h of incubation. Degradabilities of DM, neutral detergent fibre and acid detergent fibre, and volatile
fatty acid profiles were determined at the end of the 24 h incubation. Overall, GP and degradability of
rice straw were greatly increased by ammoniation. Adding EX or PROT enzymes increased (P<0.05)
GP and degradability of URS, whereas END or XY had little impact. Adding XY enzymes to ARS

Abbreviations: ADF, acid detergent fibre; aNDF, neutral detergent fibre; ARS, ammonia-treated rice straw;
CP, crude protein (6.25 × N); DM, dry matter; END, cellulase enzymes; EX, fibrolytic enzyme containing mainly
cellulases and hemicellulases; GP, gas production; N, nitrogen; OM, organic matter; PROT, proteolytic enzyme;
URS, untreated rice straw; VFA, volatile fatty acids; XY, xylanase enzymes
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increased GP (P<0.001) starting at 18 h of fermentation, as well as DM and fibre degradability at
24 h. Adding EX or PROT also increased GP and fibre degradability of ARS, with greater effects
for PROT than for EX. There was a synergistic effect between ammonia pretreatment and exogenous
enzymes in the case of XY, EX, and PROT for the in vitro degradation of rice straw. This synergy
may indicate that ammoniation removes phenolic compounds and disrupts the lignin–carbohydrate
complexes thereby increasing accessibility of the substrate to enzymatic action. When effective, use
of exogenous enzymes shifted fermentation towards decreased acetate to propionate ratio. Combining
ammonia treatment and exogenous enzymes increased the ruminal degradation of rice straw and is
expected to improve the potential of using rice straw as a ruminant feed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Rice straw is an abundant by-product of rice production. Recently, there has been
increasing interest in exploiting low quality straws for ruminant feeding in many Asian
countries, because the cost of good quality forages is often high and forage availabil-
ity is limited. However, the nutritive value of rice straw for ruminants is relatively low
due to its high lignocellulosic content, low crude protein (CP) content, poor palatability,
and low organic matter (OM) digestibility. In addition to its high cell wall content, the
ruminal degradability of rice straw is limited by its epidermal surface which contains a
high concentration of silica that acts as a physical barrier preventing bacterial attachment
(Widyastuti et al., 1987). Considerable effort has been expended to improve the feeding value
of cereal straw using pretreatments to upgrade its digestibility (Bae et al., 1997), but com-
mercial application of these pretreatments is limited due to cost and potential environmental
hazards.

Use of exogenous fibre-degrading enzymes may be a potential means of increasing
the nutritive value of rice straw, as enzyme costs are expected to decline in the future
with recent developments in fermentation technology and alternative enzyme production
systems (Beauchemin et al., 2004). Supplementing ruminant diets with fibre-degrading
enzymes has been shown to improve feed utilization and animal performance (Beauchemin
et al., 2003). However, the effectiveness of feed enzymes in ruminant diets is dependant
upon substrate–enzyme specificity. Thus, it is important to establish the optimum enzyme
activities for the degradation of rice straw. In one study, the use of cellulases improved
the degradation characteristics of rice straw, and further improved the nutritional value of
steam-treated rice straw (Liu and Ørskov, 2000). However, very little research has been
conducted to examine the potential effects of other enzyme activities for rice straw. Further-
more, the effects of supplemental enzymes have not been established for ammoniated rice
straw.

The objectives of this study were to investigate whether adding enzymes to untreated
(URS) or ammoniated rice straw (ARS) improved fibre degradation and gas production
(GP). The study also examined the key enzymic activities required to improve degradation
of rice straw.
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2. Materials and methods

2.1. Preparation of rice straw and enzyme products

The rice straw (Oryza sativa L., variety Akibali) was harvested in Kyung-Ki Province,
South Korea. Following harvest, the straw was air-dried and stored indoors prior to use. Half
of the material was left untreated for URS, while the other half was treated with anhydrous
ammonia at a rate of 30 g/kg DM for ARS using a procedure similar to that reported by Bae
et al. (1997).

The study was conducted using six enzyme products, four developmental products with
single enzyme activities produced from recombinant microorganisms, and two commer-
cially available products. Two developmental cellulase products (END; END1 and END2)
and two developmental xylanase products (XY; XY1 and XY2) were obtained from Zymet-
rics (Golden Valley, MN, USA). The developmental enzymes were in powdered form, and
were thus resuspended with 10 ml of water using 11.6, 15.0, 21.2, and 9.2 mg of END1,
END2, XY1, and XY2, respectively, for use in the in vitro incubations.

The two commercial products chosen for use in this study were shown previously to
increase in vitro fibre degradability of corn silage (with EX formerly denoted as RT1183)
and alfalfa hay (with PROT formerly denoted as RT1184; Colombatto et al., 2003b). Prod-
uct EX (Cornzyme®, Finnfeeds Int., Ltd., Marlborough, UK) contained mainly cellulases
and hemicellulases from Trichoderma reesei. Product PROT (Protex 6L®, Genencor Int.,
Rochester, NY, USA) contained mainly protease activity from Bacillus licheniformis. These
enzyme products were in liquid form and applied at a rate of 1.25 mg/g DM substrate.
The rate of application used for the commercial enzyme products was chosen based on
rates (1.25–1.5 mg/g DM) used in previous studies (Colombatto et al., 2003a,b; Eun and
Beauchemin, 2005). The developmental enzymes were added to substrate to supply approxi-
mately the same amount of endoglucanase or xylanase as was supplied by EX. The calculated
enzymic activity added to incubation bottles is shown for the various enzyme treatments in
Table 2.

2.2. In vitro measurements

The in vitro procedure used was based on that described by Colombatto et al. (2003b)
for screening exogenous enzymes for their effectiveness in increasing forage degradability.
Samples of the URS and ARS were ground for 10 s using a Knifetec 1095 sample mill
(Foss Tecator, Höganäs, Sweden), which does not generate heat during grinding. Approx-
imately 0.45 g DM of the ground sample was weighed into gas-tight serum culture vials
(125 ml capacity) in six replications. Exogenous enzymes were added to the correspond-
ing vials, 20 h before inoculation with ruminal fluid. Three hours later, 18 ml of anaerobic
buffer medium, prepared as outlined by Hall et al. (1998) and adjusted to pH 6.5 using
1 M trans-aconitic acid (Sigma Chemicals, St. Louis, MO, USA), was added, and the vials
were stored at 20 ◦C overnight. The lengthy incubation without ruminal fluid was used to
ensure adequate interaction time between the forage substrate and the exogenous enzymes.
Because of the difference in CP contents between URS and ARS (55.6 g/kg DM versus
95.9 g/kg DM; Table 1), a different anaerobic buffer medium was used for each substrate.
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Table 1
Chemical composition of rice straw (g/kg DM, except where indicated)

Item Untreated rice straw Ammonia-treated rice straw

Dry matter (g/kg) 900 920
Organic matter 869 879
Crude protein 56 96
aNDFa 769 713
ADFb 446 422
Hemicellulosec 323 291

a Neutral detergent fibre inclusive of residual ash and assayed using amylase.
b Acid detergent fibre inclusive of residual ash.
c aNDF − ADF.

The standard anaerobic buffer medium was used for ARS, whereas the buffer used for URS
included ammonium sulfate (760.8 mg/l anaerobic buffer medium) to increase the nitrogen
(N) content. These buffers ensured isonitrogenous fermentations, thereby eliminating the
effects of the different CP concentration of substrates on microbial growth. Ruminal fluid
was collected 4 h after the morning feeding (11:00 h) from two ruminally fistulated, lactat-
ing Holstein cows fed a total mixed ration composed of barley silage, chopped alfalfa hay,
rolled corn grain, and concentrate. The diet consumed was formulated to meet the nutrient
requirements of a dairy cow in early lactation. Ruminal contents were obtained from vari-
ous locations within the rumen, composited, and strained through PeCAP® polyester screen
(pore size 355 �m; B & S H Thompson, Ville Mont-Royal, Que., Canada) under a stream of
oxygen-free CO2. The strained ruminal fluid was immediately transferred to the laboratory
in a sealed flask and was kept at 39 ◦C in a water bath. The inoculum was dispensed (4.5 ml
per vial) into culture vials that had been warmed to 39 ◦C in an incubator and flushed with
oxygen-free CO2. The vials were sealed with a 14-mm butyl rubber stopper plus aluminum
crimp cap immediately after filling and were incubated for 24 h. A 24-h incubation time
was used in order to detect changes in forage degradation during the time that feed would
be expected to be retained in the rumen of a high producing dairy cow. Negative controls
(ruminal fluid plus buffer alone or ruminal fluid plus buffer and enzyme product) were also
incubated in six replications. These controls were used to correct for gas release and fermen-
tation residues resulting directly from the inoculum. Headspace gas produced by substrate
fermentation was measured at 2, 6, 12, 18, and 24 h post-inoculation. The GP was measured
by inserting a 23-gauge (0.6 mm) needle attached to a pressure transducer (model PX4200-
015GI, Omega Engineering, Inc., Laval, Que., Canada) connected to a visual display (Data
Track, Christchurch, UK). The transducer was then removed leaving the needle in place
to permit venting. Pressure values, corrected for the amount of substrate OM incubated
and the gas released from negative controls, were used to generate volume estimates using
the quadratic equation (gas volume = 0.18 + 3.697 × gas pressure + 0.0824 × gas pressure2)
reported by Mauricio et al. (1999). Upon removal, the vials were placed in the refrigerator
at 4 ◦C for 2 h to stop fermentation. Then, contents of the incubation bottle were transferred
to a dried and pre-weighed centrifuge bottle (50 ml capacity). The bottles were then cen-
trifuged at 35,000 × g for 20 min. Five milliliters of the supernatant was added to 1 ml of
0.18 M sulfuric acid for ammonia-N determination, whereas another 5 ml of the supernatant
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was added to 1 ml of 3 M meta-phosphoric acid for volatile fatty acid (VFA) determination.
The samples were stored frozen at −40 ◦C until analyzed. The remaining supernatant was
discarded, and the bottle and its contents dried at 55 ◦C for 48 h. The weight of the bottle
and its contents was recorded to calculate DM degradation. The dried contents were stored
for fibre analysis.

2.3. Chemical analysis

Endoglucanase (EC 3.2.1.4) and xylanase (EC 3.2.1.8) activities were assayed according
to the procedures reported by Nelson (1944), Somogyi (1952), and Bailey et al. (1992) using
medium-viscosity carboxymethylcellulose and birchwood xylan (10 mg/ml in 0.1 M citrate
phosphate buffer, pH 6.0) as a substrate, respectively. The conditions of the assay were
39 ◦C and pH 6.0 to reflect the rumen environment. Fifty microliters of the diluted enzyme
solutions were added to test tubes in triplicate and allowed to pre-warm in a water bath at
39 ◦C. The reaction was initiated by adding 450 �l of pre-warmed substrate. The reaction
was terminated after 5 min by adding 1.0 ml of equal volumes of Nelson–Somogyi reagent
A and B. Negative controls were prepared by adding 50 �l of each enzyme after termination
of the reaction with Nelson–Somogyi reagent A plus B. Tubes were capped with marbles
and boiled for 15 min in a boiling water bath. Tubes were cooled with cold water, and
500 �l of Nelson–Somogyi reagent C was added, followed by 3.0 ml of water. Tubes were
then vortexed. The reaction contents from each tube (200 �l) were transferred in duplicate
into a microtiter plate, and absorbance was read at 630 nm using a MRX-HD plate reader
(Dynatech Laboratories Inc., Chantilly, VA, USA). Endoglucanase and xylanase activities
were expressed as nanomoles of reducing sugar released per minute per milligram of enzyme
product.

Protease activity was determined using a radial diffusion assay method (Brown et al.,
2001). Five milliliters of the diluted enzyme product and 20 �l of distilled water were added
into a 6-mm well made onto gelatin containing molter agar (Fermtech Agar, EM Science,
Gibbstown, NJ, USA). After incubation at 39 ◦C for 16 h, the clear radial areas around
the wells were measured using an electronic digital caliper (Traceable, Model No. 62379-
531, Control Company, Friendswood, TX, USA). The protease activity was expressed as
millimeter of gelatin degraded per milligram of enzyme product.

Dry matter content of samples was determined by oven drying at 55 ◦C for 48 h; OM
was determined by ashing, and N content was determined by a flash combustion (Carlo
Erba Instruments, Milan, Italy) (AOAC, 1990). The neutral detergent fibre (aNDF, inclu-
sive of residual ash) and acid detergent fibre (ADF, inclusive of residual ash) contents were
sequentially determined using an ANKOM200/220 Fibre Analyzer (ANKOM Technology,
Macedon, NY, USA) according to the methodology supplied by the company, which is
based on the methods described by Van Soest et al. (1991). Sodium sulphite and heat-
stable amylase were used in the analysis of aNDF. Hemicellulose was calculated as the
difference between aNDF and ADF. The nonfibrous fraction content (g/kg) was calculated
as 1000 − aNDF (g/kg). Volatile fatty acids were separated and quantified using gas chro-
matography (5890; Hewlett Packard, Mississauga, Ont., Canada) with a 30 m (0.32 mm i.d.)
column (Nukol column; Supelco, Oakville, Ont., Canada). Concentration of ammonia-N in
the culture contents was determined as described by Rhine et al. (1998).
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2.4. Statistical analysis

Initially, all data in this study were analyzed with a model that included substrate (URS
and ARS), enzyme treatment, and the interaction between substrate and treatment as fixed
effects. Significant interactions (P<0.01) were observed between substrate and treatment for
DM and nutrient degradabilities and GP. Therefore, all data were reanalyzed separately by
substrate and incubation time using the proc mixed procedures of SAS (2001). Differences
between control (no added enzyme) and enzyme treatments were detected using the Dunnett
adjustment option. The model included the fixed effect of enzyme treatment and the random
effect of replication. Unless stated otherwise, significance was declared at P<0.05. Results
are reported as least square means.

3. Results

3.1. Rice straws and enzyme activities

Anhydrous ammonia treatment resulted in 40.3 g/kg higher CP content for ARS com-
pared with URS (Table 1). However, ammoniation reduced aNDF and hemicellulose
contents, suggesting increased solubilization of hemicellulose during aNDF analysis.

All enzyme products except EX contained either endoglucanase, xylanase, or protease
with relatively negligible side activities (Table 2). In contrast, EX had endoglucanase and
xylanase activities, with slight protease activity. The endoglucanase or xylanase activities
actually added per unit of substrate DM were similar for the various enzyme treatments
excluding PROT which contained protease activity with no endoglucanase activity and
minimal xylanase activity.

3.2. In vitro gas production

Addition of END enzymes to URS did not affect GP throughout the incubation period
(Table 3). Addition of XY enzymes had limited effects on GP from URS; XY1 increased GP
at 2 h of incubation and XY2 increased GP by 13.1% at 24 h of incubation. In contrast, both
commercial enzymes increased GP from URS throughout the incubation period. The relative
increment in GP at 24 h of incubation was 35 and 21% for EX and PROT, respectively.

Table 2
Enzymic activities added to incubation vials for the various treatments

Activitya Enzyme product

END1 END2 XY1 XY2 EX PROT

Endoglucanase 226 202 15 6.2 237 0.0
Xylanase 0.0 2.3 210 262 291 3.8
Protease 0.0 0.0 0.0 0.0 0.7 3.3

Enzymic activity added to 0.45 g of rice straw (dry matter).
a Endoglucanase and xylanase activities are expressed as nanomoles of glucose or xylose per minute, respec-

tively; protease is expressed as millimeters of gelatin degraded.
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Table 3
Effects of enzyme addition on the cumulative gas production (ml/g organic matter) from untreated (URS) or ammoniated (ARS) rice straw during 24 h of incubation
with ruminal fluid

Treatment URS (incubation time, h) RIa (%) ARS (incubation time, h) RIa (%)

2 6 12 18 24 2 6 12 18 24

Controlb 6.09 14.6 26.9 39.7 54.3 – 9.32 24.9 57.7 88.2 115.3 –
END1 5.98 14.0 26.9 40.6 55.5 2.21 9.09 23.9 56.9 91.7 117.3 1.73
END2 6.03 14.4 26.1 39.7 54.9 1.10 8.00 20.8c 51.3d 92.4 119.5 3.64
XY1 7.62c 16.3 29.5 44.1 59.8 10.1 9.13 22.4 54.4 104.4c 136.8c 18.6
XY2 5.68 14.1 28.2 44.5 61.4e 13.1 6.48c 20.4c 55.0 102.6c 132.6c 15.0
EX 7.27e 19.3c 39.9c 56.0c 73.4c 35.2 9.42 27.2 66.2c 99.4c 128.3d 11.3
PROT 6.24 17.0e 32.5d 48.3d 65.6c 20.8 9.36 27.5e 69.5c 125.8c 162.8c 41.2
S.E.M. 0.31 0.6 1.1 1.5 1.5 0.38 0.7 1.2 1.8 2.6

a Relative increment in cumulative gas production measured at 24 h of incubation due to enzyme treatment.
b Rice straw without added enzymes.
c Different from the control within columns at P<0.001.
d Different from the control within columns at P<0.01.
e Different from the control within columns at P<0.05.
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Fig. 1. Rate of gas production (GP, milliliters per gram organic matter [OM] incubated per hour) from untreated
or ammoniated rice straw with or without added enzyme during 24 h of incubation with ruminal fluid. Each point
represents the mean of six observations. Control, rice straw without added enzyme.

Addition of END enzymes to ARS also failed to increase GP. Addition of XY enzymes
increased GP from ARS starting at 18 h of incubation, resulting in a 15–18% increase after
24 h. Both commercial enzymes increased GP from ARS starting at 6–12 h of incubation,
with the greatest response observed for PROT. The relative increment in GP at 24 h of
incubation was 11.3 and 41.2% for EX and PROT, respectively.

As depicted in Fig. 1, rate of GP from URS was relatively consistent throughout the
fermentation even when enzymes were added to the substrate. In contrast, rate of GP from
ARS increased from 6 to 18 h of incubation when XY enzymes or PROT were added.

3.3. In vitro degradability

Degradabilities of DM, aNDF, and hemicellulose from URS at 24 h of incubation were
not affected by END or XY enzymes (Table 4). There was, however, an increase in ADF
degradation using END2 and degradability of the nonfibrous fraction was increased using
XY2. Surprisingly, degradability of the fibrous fractions (aNDF, ADF, and hemicellulose)
increased with PROT, which contained mainly protease activity, while EX, a fibrolytic
enzyme, increased DM degradability mainly due to increased degradability of the nonfibrous
fraction.
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Table 4
Effects of enzyme addition on the degradability (g/kg) of dry matter (DM), neutral detergent fibre (aNDF),
acid detergent fibre (ADF), hemicellulose (HEMI), and the nonfibrous fraction (NFF) for untreated (URS) or
ammoniated (ARS) rice straw during 24 h of incubation with ruminal fluid

Treatment URS ARS

DM aNDF ADF HEMI NFFa DM aNDF ADF HEMI NFFa

Controlb 153 162 157 170 124 264 268 268 267 256
END1 167 172 186 152 152 271 307 310c 302 223
END2 179 189 210c 161 96 275 299 309c 284 214
XY1 174 172 181 160 139 300c 346d 365e 319 187
XY2 176 173 193 146 186c 341e 339d 338e 341c 344c

EX 195c 180 200 154 242e 289 337d 354e 311 156c

PROT 180 214d 210c 220d 97 306c 412e 388e 448e 47e

S.E.M. 9.2 9.4 13.0 8.8 17.1 8.8 13.3 11.0 23.2 28.8
a Content of nonfibrous fraction was calculated as 1000 − aNDF (g/kg DM).
b Rice straw without added enzymes.
c Different from the control within columns at P<0.05.
d Different from the control within columns at P<0.01.
e Different from the control within columns at P<0.001.

For ARS, adding END enzymes increased ADF degradability and adding XY enzymes
increased degradabilities of DM, aNDF, and ADF. In addition, XY2 also increased degrad-
abilities of hemicellulose and the nonfibrous fraction. Adding PROT to ARS increased
degradabilities of all the fibrous components, but decreased that of the nonfibrous fraction.

Combined effects of ammoniation and enzymes on the degradability of rice straw are
depicted in Fig. 2. Degradabilities of DM and fibre were greatly increased when rice straw
was treated with ammonia. Addition of XY, EX, or PROT resulted in greater increase
in DM degradability for ARS than for URS indicating a synergistic effect between the
ammonia treatment and enzyme application. Enzyme addition to URS only improved aNDF
degradability in the case of PROT. However, the combination of ammoniation and enzyme
additives increased aNDF degradability in all cases, with the greatest synergy observed
for PROT. Enzyme treatment alone increased ADF degradability of rice straw, with the
exception of XY1. Addition of all enzyme products to rice straw resulted in synergistic
effects with ammonia treatment for ADF degradability, similar to that observed for aNDF
degradability.

3.4. In vitro fermentation characteristics

Total VFA production was higher for ARS compared to URS and addition of enzyme to
URS or ARS did not influence total VFA production (Table 5). However, molar proportions
of acetate decreased when PROT was added to URS. Molar proportions of propionate from
URS increased by adding all enzyme products, except for END1. As a result, adding EX
or PROT to URS decreased acetate:propionate ratio. For ARS, molar portion of acetate
decreased with XY1, XY2, or PROT, whereas molar portion of propionate increased only
when XY2 was added, resulting in decreased acetate:propionate ratio for XY2. Concentra-
tion of ammonia-N was higher for URS compared to ARS, but it was generally not increased



J.-S. Eun et al. / Animal Feed Science and Technology 131 (2006) 86–101 95

Fig. 2. Effect of enzyme (ENZ) and ammonia (NH3) treatment, alone or in combination (ENZ + NH3), on the
dry matter (DM), neutral detergent fibre (aNDF), and acid detergent fibre (ADF) degradability of rice straw after
24 h of incubation with ruminal fluid. Bars within each enzyme treatment having a different letter differ (P<0.05).
CONT, rice straw without enzyme or ammonia treatment; ENZ, rice straw with enzyme; NH3, rice straw treated
with ammonia; ENZ + NH3, rice straw treated with enzyme and ammonia.

when enzymes were added to URS or ARS, except in the case of PROT added to ARS which
increased concentration of ammonia-N.

4. Discussion

Enzyme treatment with END or XY enzymes exerted small, positive effects on GP
and degradability of URS. Esterified bonds between cellulose, hemicellulose, and lignin
restrict the digestion of recalcitrant cereal straw by ruminal microorganisms (Waghorn and
McNabb, 2003). Consequently, treatment of rice straw with endoglucanase or xylanase alone
was relatively ineffective in enhancing fibre degradation. Liu and Ørskov (2000) reported
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Table 5
Effects of enzyme addition on the volatile fatty acid (VFA) profiles and ammonia-N (NH3-N) concentration for untreated (URS) or ammoniated (ARS) rice straw during
24 h of incubation with ruminal fluid

Treatment URS ARS

Total VFA
(mM)

Individual VFAa A:P NH3-N (mg/l) Total VFA
(mM)

Individual VFAa A:P NH3-N
(mg/l)

A P B A P B

Controlb 74.7 57.8 20.5 11.8 2.82 553 94.7 55.3 25.9 11.1 2.14 497
END1 78.7 58.4 20.8 11.3 2.81 476 91.3 55.0 25.8 11.3 2.14 514
END2 76.9 57.5 21.0c 11.7 2.74 549 88.8 54.4 25.9 11.4 2.10 472
XY1 77.7 57.4 21.0c 11.5 2.73 579 89.6 53.8c 26.0 11.7 2.07 484
XY2 83.5 58.8 21.1d 10.9c 2.79 593 92.7 53.6c 26.3c 11.5 2.04c 491
EX 79.4 57.2 21.3e 11.8 2.69c 607 101.8 55.5 25.5 11.0 2.18 502
PROT 76.7 55.7d 21.6e 12.2 2.58e 601 99.0 53.6c 25.6 11.9c 2.09 549c

S.E.M. 2.5 0.5 0.1 0.2 0.03 22.0 2.9 0.4 0.1 0.2 0.02 12.1
a Expressed as mol/100 mol; A, acetate; P, propionate; B, butyrate.
b Rice straw without added enzymes.
c Different from the control within columns at P<0.05.
d Different from the control within columns at P<0.01.
e Different from the control within columns at P<0.001.
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that treatment of URS with varying dose levels of cellulase did not affect GP measured
at 24 h of incubation. Similarly, Wang et al. (2004) reported no effect on GP during 30 h
of incubation when exogenous enzymes with endoglucanase, xylanase, �-glucanase, and
amylase activities were added to untreated wheat straw. In our study, EX contained a similar
array of enzyme activities as was used in the study by Wang et al. (2004), and GP measured
across incubation hours increased. This discrepancy could be due to the differences between
rice straw and wheat straw fibre, or differences in the specificity of the enzyme products
used. In fact, rice straw differs considerably from other cereal straws such as barley, wheat,
and oats in that it has a very high leaf:stem ratio (60:40), and the leaf and stem are similar
in digestibility (Walli et al., 1988).

Because rice straw has a very low CP content (Table 1), the observed increases in GP
from URS and ARS due to addition of PROT were unexpected. The cell walls of rice straw
contain 50–150 g hydroxycinnamic acid moieties per kilogram total lignin content (He and
Terashima, 1991), and prior to lignification, polysaccharides, proteins, and hydroxycin-
namic acids are incorporated into the developing pectin-rich middle lamella and primary
cell wall during cell elongation (Morrison et al., 1998). The fact that PROT contained mainly
protease activity (Table 2) may suggest that the protein incorporated into the cell wall is
the component being removed due to the enzyme addition. Removal of the N fraction from
the cell wall would reduce its rigidity, resulting in faster and easier microbial access to
degradable fibre in the rice straw. As a result, degradabilities of all fibre fractions greatly
increased by adding PROT to rice straw. In comparison, when EX, a fibrolytic enzyme with
low protease activity, was added to URS, increases in GP and DM degradability resulted
mainly from its effects on the nonfibrous fraction, as it had limited effects on the fibre
fraction.

Alkali treatments, such as sodium hydroxide or ammonia, have been shown to cleave
esterified bonds within the plant cell wall structure, reduce the physical enmeshment of
cellulose, and solubilize the inhibitory phenolic compounds (Chesson, 1981; Fahey et al.,
1993), thereby enhancing enzymatic saccharification during fermentation (Gould, 1984) and
improving the ruminal degradation of cereal straw (Sundstol, 1988). Ammoniation of rice
straw resulted in a two-fold increase in GP at 24 h of incubation and 57–100% increases in
degradabilities of DM, fibre, and nonfibrous fraction. Applying XY enzymes to ARS, which
had only small effects on in vitro degradation of URS, considerably increased GP and degrad-
ability, suggesting a synergistic effect of ammonia pretreatment and XY enzyme application.
This synergism probably resulted from the combination of the ammonia-mediated removal
of structural barriers to rumen microbial colonization and enzymatic digestion. Furthermore,
XY enzymes may have mediated greater availability of soluble sugars for the microorgan-
isms (Wang and McAllister, 2002). However, the synergism did not occur when END
enzymes were applied to ARS. In comparison, the synergism was apparent when EX (con-
taining both endoglucanase and xylanase activities) was applied to ARS, suggesting that
the synergistic effect of ammonia pretreatment and exogenous enzyme application may
require a certain level of xylanase activity in the enzyme preparation. A synergistic effect
on GP occurred at 18 h of incubation when XY enzymes were added to ARS, whereas
the synergism occurred earlier in the incubation when EX was added to ARS (Table 3;
Fig. 1), suggesting that a combination of endoglucanase and xylanase activities may be
more beneficial in enhancing the rate of degradation of ARS.
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The mechanism whereby ammonia pretreatment improved the efficacy of exogenous
enzymes for enhancing feed digestion remains uncertain, but it has been suggested that
removal of the phenolic barriers that impede the microbial digestion of the feed may
be involved (Wang et al., 2004). There is evidence that free phenolic acids and soluble
phenolic–carbohydrate complexes are concentrated on the surface of feed particles during
microbial digestion (Chesson et al., 1982). Alkali treatment facilitates enzyme access and
microbial colonization of plant cell walls (Kerley et al., 1985). Wang et al. (2004) reported
that alkali treatment alone significantly increased the amount of phenolic compounds, but
not soluble carbohydrates, released from straw particles. In contrast, exogenous enzymes
increased the release of soluble carbohydrates but not the release of phenolic compounds
from straw particles. Ammoniation has also been shown to give the straw a higher water-
holding capacity (Goto and Yokoe, 1996), which may ensure that the straw is softened and
easily accessible to exogenous and rumen microbial enzymes. In addition, silica covered
by cutin and a waxy layer in rice straw appears to exert its effect on the ruminal digestive
process by maintaining a formidable physical barrier to digestive microorganisms (Bae et
al., 1997). Thus, changes in the structural integrity of the cuticle by ammoniation may facil-
itate the action of the exogenous enzymes, thereby resulting in substantial increases in rice
straw degradation. Hence, ammonia pretreatment of rice straw prior to enzyme application
enhanced the positive effects of enzymes, causing enhanced microbial degradation of the
rice straw.

The changes in molar proportion of VFA indicate that the nature of the fermenta-
tion of rice straw changed following treatment with exogenous enzymes. Karunanandaa
and Varga (1996) reported decreased acetate and increased propionate proportions, caus-
ing decreased acetate:propionate ratio, when diets containing fungal treated rice straw
were examined in continuous culture. Some species of rumen microbes are capable of
switching fermentation end-products depending on their growth rate (Russell and Wallace,
1997). Microbial interactions that lead to decreased acetate and increased propionate for-
mation from the products of cellulose and hemicellulose hydrolyses could have been
induced when exogenous enzymes were added to rice straw. Such interactions in the rumi-
nal fermentation suggest that certain types of exogenous enzyme preparations not only
have a significant impact on feed degradation, but may also change the end-products
of fermentation in the rumen, resulting in improvements in the efficiency of nutrient
utilization.

The observed increase in ammonia-N concentration following the addition of PROT
to ARS was expected due to the proteolytic activity of this product. Increased ruminal
ammonia-N concentration was observed when lactating cows were fed diets containing
either high or low forage proportions supplemented with PROT (Eun and Beauchemin,
2005). However, the lack of effect of PROT on ammonia-N concentration was unexpected
for URS. It may be that PROT did not degrade the N fraction in URS because it could
not penetrate the cell wall without ammoniation pretreatment. Another possibility is that
the addition of ammonium sulfate to the anaerobic buffer medium used for URS may
have inhibited or diluted the proteolytic activity of PROT when used with URS. It is
likely that most of the N in the ammonia-treated rice straw was in the form of acetamide
and hemicellulose amides (Weimer et al., 2003) that were accessible for hydrolysis
by PROT.
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5. Conclusions

The low nutritive value of rice straw for ruminants has been demonstrated in numerous
studies. This study showed that either ammonia pretreatment or supplemental exoge-
nous enzyme preparations enhanced in vitro degradation of rice straw, but ammonia
pretreatment was more effective than exogenous enzymes. The effectiveness of exoge-
nous enzymes was enhanced when they were used with ammoniated rice straw rather than
with untreated rice straw. The ability of exogenous enzymes to cleave the esterified bonds
within lignin–carbohydrate complexes may be limited, and therefore, their effect on the
extent of digestibility in vivo may also be limited. The synergy between ammonia pretreat-
ment and exogenous enzyme addition for in vitro degradation of rice straw indicates that
ammoniation may disrupt the lignin–carbohydrate complex thereby increasing the acces-
sibility of fibre to exogenous and endogenous enzymes. Furthermore, added enzymes may
have increased the availability of soluble carbohydrates to the microorganisms. Further
study is needed to examine the effect of exogenous enzyme mixtures consisting of differ-
ent enzyme preparations. We demonstrated that the synergistic effect of ammoniation and
enzyme application requires a certain level of xylanase activity in the enzyme preparation.
In subsequent research, it would be advantageous to develop enzyme products that increase
the degradation of untreated rice straw to eliminate the need for ammoniation. In that case,
it may be useful to examine the combined use of esterase, xylanase, and endoglucanase
as an alternative to ammonia pretreatment to enhance the degradation of rice straw cell
wall.
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