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Sheep were fed two rations based on cotton stalks (CS) and ozonated cotton stalks (OCS). Lignins from
these materials and the appropriate rumen liquor and feces were isolated and examined by high-
performance size exclusion chromatography (HPSEC). Dioxane lignins (DL) isolated from ball-milled
plus cellulase-pretreated neutral detergent fiber of OCS were more dispersive and had a higher weight-
average molecular weight (MWt) than the DL isolated from CS. The carbohydrate content of both CS
and OCS DL was about 5%; xylose, uronic acid, and glucose were the major sugars. The patterns of
molecular weight distribution of DL in CS and its respective fecal material were similar. This was not
the case for OCS, in which the fecal DL was lower in MWt and consisted of a larger proportion of low
molecular weight lignins. Water-soluble lignins (WSL) were isolated from the water extract of CS and
OCS and from the respective rumen liquor and fecal materials. On both rations, rumen WSL were
remarkably more dispersive and had a much higher MWt than the WSL isolated from the respective
CS and OCS materials. The proportion of the high molecular weight fractions of WSL was markedly
higher for rumen liquor than for feces on both rations. Cell wall degradation in the rumen probably

is due to the removal into solution of matrix polymers, rather than monomer degradation.

INTRODUCTION

The distribution of molecular weight has been deter-
mined for straw lignins (Scalbert and Monties, 1986; Kondo
et al., 1992) and in various wood lignins (Faix et al., 1981;
Milstein et al., 1990). Little information is available on
lignins isolated from forages and sheep digesta and feces
and almost none on cotton stalk lignins. Cotton stalks
(CS) may contain more than 20 % lignin and are considered
a poor forage for ruminants (Shefet and Ben-Ghedalia,
1982). However, treating CS with ozone increased its
digestibility (Ben-Ghedalia and Shefet, 1983) and its
conversion into productive feed (Solomon et al., 1992).
About 50% of the lignin in CS is degraded during
ozonation, mostly to organic acids (Ben-Ghedalia et al.,
1982). Although very few monomeric phenolics are
released following ozonation of CS (Yosef et al., 1994), the
Eqg of the water extract of ozonated cotton stalks (OCS)
is increased (Ben-Ghedalia et al., 1980), probably due to
the release of oligophenolic materials.

Because lignins and lignin—carbohydrate complexes
frequently are mentioned as factors related to cell wall
degradation in the rumen (Wallace et al., 1991; Cherney
et al., 1992), we studied the effect of ozonation and sheep
digestive processes on the size exclusion chromatography
features of these materials.

The objectives of this study were (i) to determine the
impact of digestion by sheep on the distribution of
molecular weight of lignins isolated from neutral detergent
fiber (NDF) of CS and OCS and (ii) to assess the high-
performance size exclusion chromatography (HPSEC)
features of water-soluble lignins (WSL) extracted from
the CS and OCS and from rumen liquor and feces of sheep
fed CS and OCS rations.
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MATERIALS AND METHODS

Cotton Stalksand the Feeding Trial. Cottonstalks chopped
to pass through a 6-mm screen were moistened to 50%, placed
in a 80 X 8 cm perspex column, and flushed with a stream of
ozone gas generated from air by a Fischer ozonator (Bon-Bad
Godesberg, Germany) until completely bleached, as described
by Ben-Ghedalia et al. (1982). The final pH of the ozonated
material was 2. The pH of the OCS was raised to 6.5 by adding
asolution of ammonium hydroxide; this enriched the total crude
protein of the stalks and made it acceptable to the sheep. This
pH level was set to avoid losses of ammonia from the OCS and
to prevent any alkali effect on the lignocellulose.

Two isonitrogenous rations (2.8% N) were formulated, con-
sisting on a dry matter (DM) basis of 30% cotton stalks, either
untreated or ozonated and ammoniated, plus a corn-based
concentrate mixture including the required minerals and vita-
mins. Thus, ammonia was the major source of N in OCS and
soybean in the CS ration.

Four Merino rams, cannulated in the rumen, were allocated
randomly to the two rations in a 2 X 2 changeover design. The
rams were kept in metablism cages in an air-conditioned animal
house (23 °C) to allow sampling of rumen liquor and total feces
collection. The daily ration, 800 g DM, was divided into 12
portions and delivered by automatic feeders at 2-h intervals to
create steady-state conditions. Sampling of rumen contents (4
days) and total collection of feces (10 days) were started after 15
days of adaptation to the rations. Rumen digesta were sampled
four times per day at different intervals, 25 mL per sampling,
composited to one sample per ram per period, and stored at —20
°C until further processing. Samples of feces, taken from the
daily total collection, were composited proportionately to one
sample per ram per period and stored at —20 °C. Samples of
feces were freeze-dried, ground to pass a 1-mm screen, and stored
at—20 °C under nitrogen. One composite sample of rumen digesta
and feces per treatment, made of samples from two rams of period
I plus two rams of period II, were used for the isolation and
characterization of WSL and lignin fractions.

Analytical Procedures. Isolationof Water-Soluble Lignins
(WSL). CS and OCS ground to 1 mm were added to distilled
water at 5 g/100 mL, boiled for 10 min, and filtered through
Whatman No. 41 filter paper. Freeze-dried fecal material was
used for water extraction of WSL. Ten grams of DM freeze-
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dried fecal material was added to 100 mL of boiling distilled
water and stirred for 10 min. The diluted fecal material and the
rumen liquor were centrifuged at 30000g for 30 min. The straw
filtrates and the fecal and rumen liquor supernatant fluids were
used for the isolation of WSL; 3 mL of the filtrate or supernatant
fluid was transferred to a 10-mL screw-capped test tube with 3
mL of 2 M NaOH and 2 mL of a 50 mM solution of N-
methyltridecylammonium chloride (N-MTAC) in ethyl acetate.
The tube was closed with a Teflon-sealed screw cap, shaken for
10 min, and recentrifuged for 10 min at 2000g to ensure completion
of phase separation. One milliliter of the organic phase was
transferred to a new tube and washed twice with an equal volume
of 1% NaCl solution. Aliquots (0.4 mL) of the ethyl acetate
phase containing the N-MTAC-WSL complexes were transferred
tosample vials and evaporated overnight under vacuum at room
temperature. The samples were dissolved in 1.10 mL of
tetrahydrofuran, and 40 uL of the solution was injected into the
HPLC column for determination of the molecular weight
distribution.

Isolation of Dioxane Lignins (DL). Ground (1 mm) CS and
OCS and the respective fecal samples were treated with neutral
detergent according to the procedure of Van-Soest et al. (1991).
The neutral detergent fiber (NDF) samples were ball-milled
according to the method of Polcin and Bezuch (1978) for 14 days
in a rotary porcelain ball-mill at 60 rpm, using 20-mm porcelain
balls at a balls/NDF weight ratio of 50:1. The ball-milled NDF
samples were subjected to an exhaustive cellulase (Novo)
hydrolysis in citrate buffer, pH 4.8, at 50 °C for 96 h (Miron and
Ben-Ghedalia, 1981). The residues were washed, centrifuged,
and freeze-dried. Lignin was extracted from the freeze-dried
residue by dioxane/water mixtures, using two consecutive 24-h
extractions with a 95:5 mixture, followed by two consecutive 24-h
extractions with a 50:50 mixture (Lai and Sarkanen, 1971; Chang
etal,, 1975). Theextractions were performed using 1 g of residue
to 15 mL of solvent, at room temperature, in darkness, and under
N.. The four extractions were combined into one composite
extraction per sample, and the dioxane was removed by a rotary
vacuum evaporator.

The dry extract was dissolved in 90% acetic acid in the
proportion of 1 g of extract to 20 mL of acid; the acetic acid
solution was added dropwise to water with stirring at a ratio of
1 mL of extract to 10 mL of water. The lignin precipitated in
water was centrifuged, washed, recentrifuged, and freeze-dried.
Yield of DL was determined as its proportional weight of
permanganate lignin (Van Soest et al., 1991).

For the size exclusion chromatography determinations, the
freeze-dried lignin was dissolved in N-NaOH and subjected to
the procedures of N-MTAC complexation and ethyl acetate
extraction as with the water-soluble lignins. The HPSEC system
used for the determination of molecular weight distribution of
WSL and dioxane lignins was developed by Majcheczyk as
described by Milstein et al. (1990). The column system consisted
of two Zorbax PSM 60S columns and one Zorbax PSM 10008
column (DuPont, Wilmington, DE) packed with silica and coupled
in order of increasing pore size. The chromatography was run
in an isocratic mode; the mobile phase was 0.02 M solution of
N-methyltridecylammonium chloride in freshly distilled tet-
rahydrofuran at a flow rate of 1.2 mL/min. The HPLC system
consisted of an HP 1090 with diode array detector and Pascal
work station (Hewlett-Packard, Palo Alto, CA).

The phenolic component of the WSL and DL was used as an
indicator for detecting the elution of the lignin at 280 nm. The
number-average molecular weight (MN), the weight-average
molecular weight (MWt), and the dispersity (MWt/MN) were
calculated by the data processing system from area/time and
MWt of each segment, as described by Faix et al. (1981);
polystyrene standards in the range 800-2 500 000 (Waters) were
used for calibration.

Monosaccharide composition of the DL isolates was deter-
mined after hydrolysis with 24 N H,SO, for 1 h at 21 °C followed
by 1 N H.SO, for 5 h at 100 °C, as described by Miron and
Ben-Ghedalia (1992). The free sugars were converted to alditol
acetates and determined by gas-liquid chromatography
(Blakeney et al., 1983). Uronic acids in the hydrolysates were
determined colorimetrically (Blumenkrantz and Asboe-Hansen,
1973).
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Figure 1. High-performance size exclusion chromatograms of
dioxane lignins extracted from ball-milled plus cellulase-pre-
treated NDF of CS (1) and OCS (2); absorbance at 280 nm,
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Figure 2. High-performance size exclusion chromatograms of
dioxane lignins extracted from ball-milled plus cellulase-pre-
treated NDF of CS (1) and feces (2) of sheep fed the CS ration;

absorbance at 280 nm.

sa
401

384

ABSORBANCE

20

e s 1'aTime (mli'sn b Zb 2'5

Figure 3. High-performance size exclusion chromatograms of
dioxane lignins extracted from ball-milled plus cellulase-pre-
treated NDF of OCS (1) and feces (2) of sheep fed the OCS

ration; absorbance at 280 nm.
RESULTS AND DISCUSSION

The focus in this study was on the determination of the
molecular weight distribution of (i), dioxane lignins isolated
from cotton stalks and from fecal NDF which had been
pretreated with ball-milling (BM) plus cellulase and (ii)
water-soluble lignins isolated from the water extract of
CS and OCS and from the respective liquid phases of
rumen liquor and feces. The yield of DL was around 20%
of the actual permanganate lignin.

The size exclusion chromatograms of DL are shown in
Figures 1-3, and the molecular weight data are given in
Table 1. Figure 1 and Table 1 show that OCS-DL have
a higher weight-average molecular weight (MWt) and are
more dispersive than the CS-DL. A similar trend was
noticed with DL isolated from wheat straw and SO.-treated
wheat straw (Ben-Ghedalia et al., 1994). Thus, we suggest
that the CS-DL and OCS-DL originate from different
regions of the cell walls. In OCS some 50% of the lignin
had been oxidized by ozone, thus increasing the proportion
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Table 1.

Ben-Ghedalia et al.

Molecular Weight Distribution (Percent of Total Peak Area), Weight-Average Molecular Weight (MWt),

Number-Average Molecular Weight (MN), and Dispersity (MWt/MN) of Dioxane Lignins Extracted from Ball-Milled plus
Cellulase-Pretreated NDF of Cotton Stalks (CS) and Ozone-Treated Cotton Stalks (OCS) and from Feces of Sheep Fed the

CS and OCS Rations

MW ranges, X103

source of lignins 0.8-1.6 1.6-10.1 10.1-23.1 23.1-128 MWt MN MWt/MN
CS 5.40 = 0.20 45.7 £ 0.85 42.6 £ 0.80 6.30 = 0.28 11224 £ 172 5784 £ 108 1.94 £ 0.01
feces of CS 5.10 £ 0.11 45.2 £ 1.20 409+ 0.35 8.80 = 0.90 12799 * 696 5888 £ 121 2.18 £ 0.08
0cs 5.60 = 0.20 34.8 £ 0.45 39.9 £ 0.82 19.7 £ 0.85 17888 + 274 6369 £ 33 2.81 £ 0.06
feces of OCS 5,60 = 0.03 42.3 £ 0.65 41.2 £ 0.10 10.9 £ 0.65 13186 + 313 5851 £ 67 2.26 £ 0.03

Table 2. Carbohydrate Content [Grams (100 g of DL)™!]
and Profile [Grams (100 g of Sugars)~!] of Dioxane Lignins
(DL) Extracted from Ball-Milled plus Cellulase-Pretreated
NDF of Cotton Stalks (CS) and Ozone-Treated Cotton
Stalks (OCS)

carbohydrate CS 0ocCs
total content 5.40 = 0.03 5.38 = 0.08
profile
xylose 35.1 38.7
arabinose 3.40 2.40
galactose 5.80 5.39
mannose 3.40 3.72
rhamnose 3.40 3.72
glucuronic acid 35.0 29.9
glucose 13.9 16.2
total 100 100

of the oxidation-resistant lignin, suggested to be the highly
condensed lignin residing in the middle lamella (Mulder
et al., 1992). We assume, therefore, that the CS-DL with
the lower MWt originated from the secondary walls,
whereas more of the OCS-DL came from the middle
lamella.

Table 2 shows that the carbohydrate level in the DL
preparations of CS and OCS was very low. Xylose was
the major monosaccharide component; however, the high
proportion of uronic acid and glucose hints that these
sugars may interlink the heteroxylan to lignin and cellulose.
Figures 2 and 3 and Table 1 show the distribution of
molecular weights in DL isolated from the CS and OCS
and from the respective fecal material. Very few such
comparisons have been published. The pattern found in
CS, namely a similar distribution and MWt in the
lignocellulose and in its fecal material, was found also in
wheat straw (Ben-Ghedalia et al., 1994). However, the
DL from fecal OCS contained more low molecular weight
fractions and had alower MWt than the DL of the ingested
OCS. Thus, it appears that in the OCS treatment a larger
proportion of high molecular weight fractions have been
removed from the walls in the course of rumen digestion.
This view is supported by the data of Table 3 and Figures
4 and 5 showing the patterns of molecular weight
distribution in the water-soluble lignin, Jung et al. (1983)
have shown with a dicotyledonous forage that lignin is
modified and not completely recovered following digestive

processes in the ruminants. On the basis of our data,
matrix particles are released from the walls into solution
during cell wall degradation in the rumen. Table 3 shows
a remarkable increase in the dispersity of rumen liquor
WSL, as compared with the water extract or the DL of the
respective lignocelluloses. The high proportion of WSL
molecules residing over and in the range 23 700-128 000
may imply that large matrix particles are being released
from the cell walls into solution during cell wall degradation
in the rumen. The proportion of those high molecular
weight fractions is much lower in the liquid phase of the
fecal material from sheep fed bothrations. The most likely
explanation of this phenomenon could be insolubilization
during passage along the gastrointestine; the least likely
possibility is continual breakdown and fragmentation in
the lower gut. The major processes resulting in cell wall
degradation in the rumen probably are based on the
removal into solution of matrix polymers, rather than on
on-site monomer by monomer degradation. CS lignin is
extensively degraded by ozone, mostly to organic acids
(Shefet and Ben-Ghedalia, 1982). However, the absor-
bance at 280 nm is increased in the water extract of OCS
(Ben-Ghedalia et al., 1980). Table 3 shows that the low
molecular weight lignin fragments in the range 1500-10 000
are the major water-soluble Ezgy-absorbing materials in
OCS.

In thisstudy WSL should represent lignin—carbohydrate
complexes (LCC). However, due to the use of NaOH plus
N-MTAC in our isolation procedure, most of the carbo-
hydrate component was cleaved, leaving only traces of
monosaccharides attached to the WSL. Morrison (1973)
was the first to address the properties of LCC in a forage-
oriented study on a monocot, suggesting the linkage
between lignin and heteroxylan. Gaillard, and Richards
(1975) and Neilson and Richards (1982) studied solubilized
LCC recovered from the bovine rumen. Conchie et al.
(1988) presented data on rumen-solubilized LCC of a
monocotyledonous forage. We are unaware of similar
HPSEC data on dicot forages or lignocelluloses. Both
Figures 4 and 5 and Table 3 show that the rumen WSL
are highly polydisperse, with a large group of molecules
smaller than 10 000 and a second large group in the range
24 000-128 000.

Exploring the molecular weight distribution of LCC in

Table 3. Molecular Weight Distribution (Percent of Total Peak Area), Weight-Average Molecular Weight (MWt),
Number-Average Molecular Weight (MN), and Dispersity (MWt/MN) of Water-Soluble Lignins (WSL) Isolated from CS and
OCS and from the Rumen Liquor and Feces of Sheep Fed the CS and OCS Rations

MW ranges, X103

source of WSL 0.8-1.5 1.5-10.4 10.4-23.7 23.7-128 >128 MWt MN MWt/MN
CS Treatment
(O] 100+ 0.19 420+1.10 358=+0.30 12.0 £0.90 0.20+£0.08 13298 + 923 4353 £ 79 3.06 + 0.21
rumen liquor 22.5+0.40 324135 16.7£0.25 26.1 + 0.60 2.30+1.20 21705+ 1349 2777+107 7.82%+1.56
feces 19.0+£0.25 57.0%£0.15 17.6=%0.15 6.08£0.08 0.32£0.02 9562 £ 1105 2818+ 116  3.42+0.62
OCS Treatment
0CS 28.0+£0.05 63.6+0.68 6.99 £ 0.09 1.41 £0.02 4383 * 40 2080 + 6 2.11 £ 0.02
rumen liquor 178+ 090 31.7£0.25 17.3x0.95 29.1 = 0.20 4.10£0.01 28989 * 682 3465 £ 16 8.38 + 0.28
feces 200010 59.4£025 13.3%0.10 6.88+0.18 0.42+0.09 9476 * 885 2518 £ 7 3.76 £ 0.42
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Figure 4. High-performance size exclusion chromatograms of
water-soluble lignins isolated from CS (1), rumen liquor (2), and
feces (3) of sheep fed the CS ration.
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Figure 5. High-performance size exclusion chromatograms of
water-soluble lignins isolated from OCS (1), rumen liquor (2),
and feces (3) of sheep fed the OCS ration.

the rumen could lead to a better understanding of the
mechanisms of cell wall biodegradation by rumen micro-
organisms.
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