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Measuring Lignin and Neutral Sugars in Neutral Detergent Soluble and 
Insoluble Fractions of Human and Rat Feces 
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The aims of this research were to evaluate modifications of the neutral detergent fiber (NDF) proce- 
dure as a method of fractionating neutral sugars in feces and to compare several measures of fecal 
crude lignin. Fecal samples from humans and rats fed wheat bran or cellulose were analyzed. Fecal 
neutral sugar concentration ranged from 19% for human wheat bran to 65% for rat cellulose, with 
the composition reflecting the dietary fiber source; 81-98% of the fecal neutral sugars were recovered 
in the NDF residue. Whether the NDF extraction was conducted at 100 "C  for 1 h or a t  40 "C  for 24 
h, addition of NaS03 to the neutral detergent solution lowered NDF yield and nitrogen content with- 
out altering the NDF neutral sugar content. Except for the human cellulose feces analyzed with 
NaS03, temperature had no effect on fecal NDF. The lignin contents of the cellulose samples were 
generally similar when measured as acid detergent fiber crude lignin (AL) or permanganate lignin 
(PL) or as material remaining after Saeman acid hydrolysis of NDF analyzed a t  both temperatures 
with or without NaS03. PL and AL from wheat bran feces were comparable to or lower than those 
obtained by acid hydrolysis of NDF residue. Klason lignin remaining after acid hydrolysis of feces 
was always higher than the other measures of lignin. 

Determining the function and mechanisms of action 
of dietary fiber in the gastrointestinal tract requires the 
identification and quantification of the components of 
dietary fiber within the gastrointestinal tract and in the 
feces as well as of the components of the dietary fiber in 
the food source. The neutral detergent fiber (NDF) pro- 
cedure, originally developed by Van Soest and Wine (1967) 
to measure fiber in forages, has been used frequently to 
measure dietary fiber in feces because the detergent sol- 
ubilizes bacteria. In previous work from this laboratory, 
however, the sum of two major components of NDF, neu- 
tral sugars and lignin, was 3040% less than the NDF 
weight; this was true even though the crude lignin frac- 
tion was much larger than that predicted from the dietary 
intake (Slavin et  al., 1983). The apparent negative fiber 
digestibilities, particularly of the lignin fraction, reported 
by several laboratories [see Marlett and Johnson (1985) 
for review] suggest that some material is being recov- 
ered in fecal fiber by the NDF method that is not part 
of the ingested food fiber. 

Lignin is a complex group of aromatic polymers formed 
by the condensation of the aromatic alcohols: cinnamyl, 
guaiacyl, and syringyl alcohols (Southgate, 1981). Vari- 
ous methods have been developed to estimate the lignin 
content of foods: digestion with 72% sulfuric acid (Goer- 
ing and Van Soest, 1970), permanganate oxidation (Goer- 
ing and Van Soest, 1970), oxidation/methylation (The- 
ander et  al., 1977), and the acetyl bromide method 
(Johnson et  al., 1961). None of the methods measures 
lignin specifically. Fecal lignin has been most fre- 
quently measured as the material remaining after Sae- 
man acid hydrolysis or after treatment of NDF or acid 
detergent fiber (ADF) with sulfuric acid at room temper- 
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ature. Lignin measured in ADF is termed Klason lignin 
by Robertson and Van Soest (1981). Residue remaining 
after Saeman acid hydrolysis of food fiber is termed Kla- 
son lignin by Theander (Theander and Westerlund, 1986). 

When lignin is measured in fecal NDF or ADF, a sig- 
nificant amount of nitrogen is recovered in the lignin. 
The extent of this nitrogen contamination is reduced by 
the presence of sodium sulfite in the detergent solution 
(Marlett and Johnson, 1985). One possible source of this 
nitrogen might be Maillard products, which are conden- 
sation products of sugar and protein produced upon heat- 
ing in the presence of adequate moisture (Robertson and 
Van Soest, 1981). One of the objectives of our research 
was to determine the effectiveness of sodium sulfite at 
either low or high temperahre to remove nitrogen from 
the NDF residue of several types of fecal samples. The 
second objective was to compare several measures of crude 
lignin: the acid-insoluble residue after a Saeman hydrol- 
ysis of feces, Klason lignin; the acid-insoluble residue after 
Saeman hydrolysis of NDF, NDF crude lignin; acid deter- 
gent fiber (ADF) crude lignin; and permanganate lignin. 

Most methods developed to measure fiber in foods will 
recover from excreta, in addition to dietary fiber, unknown 
amounts of endogenously secreted mucins, bacteria, and 
bacterially synthesized exopolysaccharides. The excep- 
tion is the NDF method, which extracts these products, 
recovering as NDF the undigested cellulose, hemicellu- 
lose, and lignin (Robertson and Van Soest, 1981; Slavin 
et al., 1981). The NDF procedure also extracts soluble 
dietary fiber components of foods, e.g., pectins, gums, 
and a portion of the hemicelluloses. However, because 
the soluble fiber fraction is highly fermentable, it is gen- 
erally thought that only negligible amounts survive the 
gastrointestinal tract. Separating fecal carbohydrates into 
NDF residue and NDF filtrate would provide an opera- 
tional division of the carbohydrate into plant and bacte- 
rially derived components, respectively. This hypothe- 
sis was the basis for the third objective: the measure- 
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acid was 1 mL/50 mg of NDF, which is comparable to  the 8 g 
of acid/g of glass wool used previously in this laboratory (Slavin 
et  al., 1983). Hydrolysates were filtered through tared Gooch 
crucibles to recover the glass wool and the acid-insoluble resi- 
due; these were ashed for 8 h a t  550 "C (Goering and Van Soest, 
1970) and then placed in the 100 "C over for 1 h and hot weighed. 
The loss in weight with ashing was the measure of NDF crude 
lignin recovered from fecal NDF. Duplicate NDF residues were 
also generated for Kjeldahl nitrogen analysis. 

Fecal N D F  Filtrate Analysis. A 250-mL aliquot of the 
combined NDF filtrate and washes was dialyzed against dis- 
tilled water for 72 h by using 12 000-14 000 molecular weight 
cutoff tubing (Spectropor membrane tubing, Spectrum Medi- 
cal Industries, Inc., Los Angeles, CA) and then lyophilized. Twen- 
ty-five milligrams of the dried filtrate was hydrolyzed as described 
above and neutralized with powdered barium carbonate (5.213 
g/mL of 1 2  M sulfuric acid) when samples had cooled to <60 
"C; the samples were centrifuged to remove insoluble barium 
sulfate (Neilson and Marlett, 1983). Barium carbonate was used 
instead of ammonium hydroxide to allow lyophilization of the 
sample after neutralization. The hydrolysate was derivatized 
as described previously, except that the sample was lyophilized 
after reduction with sodium borohydride to  concentrate the sug- 
ars. The entire sample was dissolved in 0.2 mL of water, and 
the remainder of the derivatization was the same as described 
previously (Englyst and Cummings, 1984). Neutral sugar losses 
during acid hydrolysis, which were determined by subjecting 
standard neutral sugars (Sigma) to the same treatment, were 
used to correct the gas chromatographic measurement of neu- 
tral sugars. Recoveries of standard neutral sugars were (%, mean 
f SD, n = 4) as follows: rhamnose, 85.8 f 2.3; fucose, 88.0 f 
2.3; ribose, 64.2 A 2.1; arabinose, 82.1 f 1.3; xylose, 75.0 f 1.4; 
mannose, 92.7 A 1.1; galactose, 91.7 f 0.6; and glucose, 92.9 f 
3.0. Sugar data were expressed as the polysaccharide (~0 .9) .  

Klason Lignin a n d  Permanganate Lignin Analysis. Fecal 
samples were also analyzed for ADF and the fecal ADF used 
for ADF crude lignin and permanganate lignin determinations 
as described by Robertson and Van Soest (1981). 

Statistics. Statistical differences were determined with least- 
squares analysis of variance using the General Linear Model 
procedure and predetermined single degree of freedom con- 
trasts and predicted differences. Predicted differences from least- 
squares analysis were used for comparisons within each type of 
fecal sample: human wheat bran, rat wheat bran, human cel- 
lulose, and rat cellulose (Ray, 1982). 

RESULTS AND DISCUSSION 

The neutral  sugar conten t  of the feces varied substan- 
tially, f rom 1 9 %  of fecal d r y  weight for the sample  col- 
lected from adul t s  consuming 30 g of wheat bran daily 
to 65% of the feces f rom rats fed 5% cellulose (Table  I). 
In both species the neutral sugar content of the cellulose- 
containing feces was higher than that of the feces col- 
lected dur ing  wheat  bran consumption. 

The neut ra l  sugar  composition of t h e  feces generally 
reflected the dietary fiber source that was ingested (Table  
I). Glucose accounted for  91% and 9 2 %  of the fecal neu- 
t ra l  sugars  in  the h u m a n s  and ra t s  consuming cellulose, 
respectively. In contrast, the sum of arabinose and xylose, 
which accounts for  about two-thirds of the fiber-derived 
neutral  sugars in  wheat  bran (Neilson and Marlet t ,  1983), 
was 50% and 5 9 %  of the to ta l  neut ra l  sugars  i n  human 
and rat wheat bran feces, respectively. Rhamnose, fucose, 
and mannose were detected i n  all samples, a l though t h e y  
were generally below the limits for quant i ta t ion,  which 
was 50.5% for t h e  analytical procedure we used. One to 
two percent of the fecal neutral sugars were ribose. Recov- 
e ry  of fecal neut ra l  sugars  as the sum of the sugars  i n  the 
NDF-insoluble and NDF-soluble fractions was good, rang- 
ing from 88-8970 for the r a t  cellulose and h u m a n  wheat  
bran  feces to 100% for the h u m a n  cellulose and rat wheat  
bran  samples  (Table  I). 

Mean fecal dry  weights were used to estimate the amount 

m e n t  of neut ra l  sugars  in  feces, NDF residue, and NDF 
filtrate. 

EXPERIMENTAL METHODS 

Fecal samples were collected from humans and rats fed diets 
containing wheat bran or cellulose. Seven women consumed 
nutritionally adequate diets consisting of a mixture of foods 
and 16 g/day of Solka Floc (James River Corp., Berlin, NH) 
(Slavin and Marlett, 1980) for 4 weeks; two men and five women 
consumed mixed ad libitum diets and 30 g/day of soft, white 
wheat bran (American Association of Cereal Chemists soft white 
wheat bran, AACC, St. Paul, MN) (Balasubramanian et  al., 1987) 
for 3 weeks. Subjects in the Solka Floc study consumed con- 
stant weighed diets of -400 g (dry weight) daily; the approxi- 
mate concentration of the Solka Floc supplement, therefore, 
was 4%.  Since subjects in the wheat bran study consumed ad 
libitum diets, the daily dry food intake is not known. By use 
of an estimated range of dry food intake for the general popu- 
lation of 400-600 g, the concentration of the wheat bran sup- 
plement to the daily diet was 5.0-7.5%. Composites of blended, 
lyophilized feces from the last 5 days of each study were pre- 
pared by combining 2% of the dry output from each subject. 
Rats @/group) were fed for 3 weeks the AIN-76A purified rodent 
diet containing 5% (by weight) cellulose (Celluflour, 160390, 
Teklad, Madison, WI) or 11% fiber provided by 25% wheat 
bran (AACC), similar to diets used previously in this labora- 
tory (Balasubramanian, 1987; Lopez-Guisa et  al., 1988). The 
dietary fiber contents of the cellulose and wheat bran were deter- 
mined by the Theander method A (Theander and Westerlund, 
1986) and were 46% for the wheat bran, 90% for the Solka 
Floc, and 90% for the cellulose fed to the rats. Feces were col- 
lected during approximately the last half of each rat study and 
blended and lyophilized; a composite was prepared by combin- 
ing 10% of total output from each rat. All analyses, except as 
noted, were done in triplicate. 

Fecal Analysis. Fecal samples were analyzed for neutral 
sugar content and composition by gas chromatography (HP5890, 
Hewlett-Packard Co., Avondale, PA) after acid hydrolysis. Sam- 
ples (50 mg) were acid hydrolyzed by a modified Saeman hydrol- 
ysis that consisted of two steps; first, the sample was treated 
with 1 mL of 1 2  M HzS04 for 1 h a t  25 "C, and then, after 
dilution to 1 M HzS04 with distilled water, the sample was heated 
to  121 OC for 1 h. After hydrolysis, 1 mg of allose (Sigma Chem- 
ical Co., St. Louis, MO) was added to the cooled samples as an 
internal standard. Hydrolyzed samples were filtered through 
tared glass filter paper (Whatman GF/A), and aliquots (0.9 mL) 
of the filtrates were analyzed for neutral sugars as the alditol 
acetates (Englyst and Cummings, 1984). The filter paper con- 
taining the acid-insoluble residue was dried overnight a t  100 
"C and weighed to determine Klason lignin (Theander and Wes- 
turland, 1986). Alditol acetates were separated on a 30 m x 
0.25 mm i.d. fused silica capillary column coated with SP2380 
(Supelco, Inc., Bellefonte, PA). The carrier gas was helium a t  
a flow rate of 0.6 cm3/min. The injection and detector temper- 
atures were 250 "C; the oven temperature was 240 "C. 

Fecal N D F  Analysis. Fecal samples (-1.0 g) were also ana- 
lyzed for NDF content (Goering and Van Soest, 1970). NDF 
analyses were performed with 100 mL of NDF solution in four 
ways: refluxing for 1 h a t  100 "C, which is the standard method, 
or incubation for 24 h a t  40 "C; both analyses were conducted 
with 0.5 g of sodium sulfite and without sodium sulfite in the 
detergent solution. After incubation of 40 "C, samples were 
heated to 100 "C in 5 3  min to facilitate filtering. All NDF res- 
idues were filtered through tared Gooch crucibles (50 mL, high 
form, coarse porosity) under vacuum and washed well (-900 
mL of 100 "C distilled water). The tared glass wool pad (-400 
mg) that was used as a filtering aid (Brauer, e t  al., 1981) and 
contained the NDF residue was placed in a tared 100-mL bea- 
ker, dried overnight in a vacuum oven (with P205 a t  25 "C), 
and then placed in a 100 "C oven for 1 h for hot weighing (Brauer 
e t  al., 1981). Residual NDF not removed with the glass wool 
pad but retained on the crucible was determined by drying the 
crubibles overnight (100 "C) and then weighing them. The glass 
wool containing the NDF residue was hydrolyzed by the mod- 
ified Saemen hydrolysis described above. The amount of 12 M 
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Table I. Measurement and Fractionation of Neutral Sugars in Human and Rat Feces. 

Kris and Marletl 

% dry weight of feces 
arabinose xylose galactose glucose total 

human 
wheat bran 

feces 4.6 f 0.2 5.1 f 0.2 
NDF insoluble 4.2 f 0.2 4.9 f 0.1 
NDF soluble trb trb 

feces 0.8 f 0.3 2.8 f 0.2 
NDF insoluble trb 2.7 f 0.2 
NDF soluble trb trb 

cellulose 

rat 
wheat bran 

feces 12.1 f 0.1 13.3 f 0.0 
NDF insoluble 12.2 f 0.3 13.5 f 0.5 
NDF soluble trb trb 

feces trb 4.2 f 0.1 
NDF insoluble trb 3.9 f 0.4 
NDF soluble trb trb 

cellulose 

Sugars are expressed as polysaccharides, Le., x0.9. Trace, <0.5%. 

of sugar excreted daily (Slavin and Marlett, 1980; Bala- 
subramanian, 1987; Balasubramanian et  al., 1987; Lopez- 
Guisa et al., 1988). The fecal neutral sugar content of 
the human wheat bran feces was 7.9 g/day and of the 
human cellulose feces, 19.0 g/day. Daily neutral sugar 
intake derived from dietary fiber was approximately 30 
g with the wheat bran diet (Johnson et  al., 1988) and 24 
g during the cellulose diet (Slavin et al., 1983). Compar- 
ison of daily total neutral sugar intake with excretion in 
the humans indicates that daily neutral sugar excretion 
with wheat bran supplemented diet was 26% of that con- 
sumed, and with the cellulose-supplemented diet, neu- 
tral sugar excretion was 79% of that consumed. The fecal 
neutral sugar content of the rat wheat bran feces was 1.4 
g/day and of the cellulose feces, 0.9 g/day. In rats con- 
suming about 20 g/day of diet, fiber intake from the cel- 
lulose diet was -0.9 g/day and from the wheat bran diet, 
-2.5 g/day. Therefore, all of the dietary fiber neutral 
sugars appeared in the feces of rats fed cellulose, and 
56% appeared in the feces of rats fed wheat bran. 

The apparent recovery of more dietary neutral sugars 
in the excreta of rats vs humans suggests more extensive 
fermentation of fiber in the human than in the rat colon. 
In each species these calculations also suggest a greater 
disappearance of wheat bran derived neutral sugars than 
of those from cellulose. This conclusion is consistent with 
evidence that wheat bran is more fermentable than puri- 
fied cellulose both in rats (Balasubramian, 1987; Lopez- 
Guisa et  al., 1988) and in man (Marlett and Johnson, 
1985; Slavin and Marlett, 1980); however, such a conclu- 
sion assumes that all of the fecal neutral sugar is derived 
from unfermented dietary fiber. Endogenous mucin and 
bacteria contain polysaccharides, although their contri- 
bution to the total fecal neutral sugars is unknown. The 
use of the NDF method, which separates fecal polysac- 
charides into insoluble dietary fiber, Le., NDF, and the 
NDF filtrate containing bacteria, mucin, and any unfer- 
mented but soluble dietary fiber would permit a better 
estimate of unfermented dietary fiber. More than 80% 
of the fecal neutral sugars from all samples were extracted 
into the NDF residue, although there were significant 
differences between the rat and human wheat bran sam- 
ples (Table I); 81% of the fecal neutral sugars from the 
human wheat bran sample were recovered in the NDF, 
whereas 98% of the sugars in the rat wheat bran sample 
were recovered in the NDF. Thus, nearly 20% of the 
neutral sugars from the human wheat bran sample were 

1.0 f 0.1 8.6 f 0.2 19.3 f 0.6 
trb 6.5 f 0.3 15.6 f 0.6 
0.6 f 0.1 1.0 f 0.0 1.6 f 0.1 

0.8 f 0.0 43.0 f 0.3 47.4 f 0.5 
trb 43.7 f 3.1 46.4 i 2.7 
trb 0.9 f 0.0 0.9 f 0.0 

1.3 f 0.0 16.0 f 1.7 42.7 f 2.3 
0.8 f 0.0 15.2 f 0.4 41.7 f 0.9 
trb 0.7 f 0.0 0.7 f 0.0 

0.8 f 0.1 60.0 f 2.7 65.0 f 2.7 
56.7 f 1.1 trb 52.8 f 1.2 

trb 0.8 f 0.1 0.8 f 0.1 

solubilized by the neutral detergent solution. In both 
samples a larger proportion of the glucose than of either 
xylose or arabinose was extracted as NDF-soluble mate- 
rials. Fecal NDF sugar content from the cellulose-con- 
taining samples differed from that in the wheat bran feces. 
Nearly all of the neutral sugars in the human cellulose 
feces, 98%, were recovered in the NDF, whereas only 87% 
of the fecal sugars were recovered in the NDF from rat 
cellulose excreta. 

When the sum of the fecal neutral sugars in the NDF 
is used to calculate NDF digestibility, it was 80% in the 
humans consuming wheat bran, 28% in humans consum- 
ing cellulose, 52% in rats fed wheat bran, and 22% in 
rats fed cellulose. These results are in reasonable agree- 
ment with those we reported previously as NDF digest- 
ibilities. In previous studies we measured apparent NDF 
digestibility in humans during consumption of the wheat 
bran supplement with ad libitum diets as 68% (Marlett 
and Johnson, 1985) or during consumption of the puri- 
fied cellulose supplement in conjunction with a constant 
mixed food diet as 23% (Slavin et al., 1981). In rats con- 
suming wheat bran as part of an AIN 76A purified diet 
as the only fiber source, apparent NDF digestibility was 
53%, and when cellulose was the fiber source, 22% (Bala- 
subramanian, 1987). Nyman and co-workers (Nyman and 
Asp, 1982; Nyman et al., 1986) reported neutral sugar 
digestibility in the rat to be 54% and 41%, during inges- 
tion of two different wheat brans, and 34% in humans 
ingesting wheat bran; these digestibilities were cor- 
rected for neutral sugar excretion during basal diets. The 
results from one of their rat studies is the same as what 
we determined, suggesting that either correction for basal 
neutral sugar excretion or use of NDF may provide an 
estimate of fiber digestibility. The differences in the 
human apparent wheat bran digestibilities between the 
two laboratories may be because different wheat brans 
were used. 

The recovery of negligible amounts of xylose and ara- 
binose in the fecal NDF filtrates from either species sug- 
gests that little of the wheat bran hemicellulose was incom- 
pletely fermented to soluble fiber components. I t  is gen- 
erally agreed that by the time lumenal contents are 
excreted as feces most of the mucin has been fermented. 
Mucin is water soluble, and we have measured only 0.5- 
1.5% of the fecal neutral sugars in an aqueous extract 
(Cahotaje and Marlett, unpublished results). Thus, the 
carbohydrate in the NDF filtrate may serve as an index 
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Table 11. Effect of Sodium Sulfite and Temperature on Human and Rat Fecal NDF Recovery and Composition* 
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9% of NDF 
temp, "C sodium sulfite NDF % of feces neutral sugars total nitrogen 

human feces 
wheat bran 100 + 23.2 f 0.9' 65.0 f 1.8 1.0 f 0.1" - 25.6 f 0.2b 61.0 f 3.0 2.0 f O.lb 

40 + 23.7 f 1.9" 65.3 f 1.4 1.4 f O.Oc 
1.9 f O.Ob 

cellulose 100 + 47.6 f 0.1' 91.1 f 2.6' 1.4 f 0.0' 
- 50.8 f 1.2b 90.4 f 2.6" 1.4 f 0.0" 

1.3 f O.Ob 
1.5 f 0.0' 

- 26.4 f O.gb 64.8 f 3.7 

86.4 f 5.8b 
82.3 f 0.7b 

40 + 53.6 f 3.7b 
52.6 f 1.2b - 

rat feces 
wheat bran 100 

40 

cellulose 100 

40 

48.2 f 0.2 
48.8 f 0.2 
49.2 f 0.5 
50.2 f 0.2 
62.5 f 0.4 
63.1 f 0.7 
61.2 f 1.2 
63.2 f 0.8 

78.4 f 1.7 
81.8 f 3.2 
79.7 f 3.8 
81.3 f 3.7 
82.6 f 1.3 
80.0 f 1.8 
76.8 f 3.5 
78.7 f 1.5 

0.8 f 0.0" 
0.9 f O.Ob 
0.9 f O.Ob 
1.1 f 0.oc 
0.3 f 0.0. 
0.5 f O . l b  
0.3 f 0.0" 
0.4 f O.Ob 

a Numbers within each experimental group with different letters differ significantly, p < 0.05; neutral sugars are expressed as polysaccha- 
rides, i.e., r0.9. 

of the bacteria present. Since bacteria contain more than 
carbohydrate, an estimate of fecal bacterial mass could 
be obtained by the calculation of 100 minus NDF weight. 
I t  has been reported that fermentation of wheat bran 
produces a greater bacterial mass (Stephen and Cum- 
mings, 1980), and the recovery of 8% of the human fecal 
total neutral sugars in the NDF filtrate is consistent with 
this evidence. The calculation of bacterial mass as 100 
minus NDF yields a value of - 75%, which is higher than 
the 50% reported by Stephen and Cummings (1980). The 
fact that only 2% of fecal neutral sugars were solubi- 
lized from rat wheat bran feces by the detergent sug- 
gests a relativley smaller bacterial mass in rat wheat bran 
feces, a finding consistent with less apparent fermenta- 
tion in the rat colon compared to the human large intes- 
tine. Because it has been shown that the cellulose was 
poorly fermented in humans, the recovery of little of the 
fecal sugars in the "bacterial" fraction would suggest no 
increase and perhaps even a decrease in the bacterial mass 
with ingestion of cellulose. The results from the rats are 
not in agreement with the human data. More of the fecal 
sugars were solubilized by the neutral detergent solution 
from the cellulose rat feces than from the wheat bran 
feces. A larger proportion of the glucose, however, was 
solubilized by the detergent in the wheat bran samples 
vs the cellulose samples, 12% vs 2% in the human sam- 
ples and 4% vs 1% in the rat samples, respectively (Table 
I). This soluble glucose could reflect either partially fer- 
mented cellulose from the wheat bran or the cellulose 
fiber source or bacterial cell wall components. It is unlikely 
that the glucose reflects undigested starch; any starch 
escaping the small intestine is rapidly degraded by the 
microflora in both man and rats (Asp et al., 1987). Part 
of the reason for the differences between the species in 
the cellulose samples may be because different cellulo- 
ses were used. The Solka Floc used in the human study 
was poorly fermented. When it was the sole fiber source 
in the diet, apparent NDF digestibility was 8% (Slavin 
et al., 1981), less than the digestibility measured in rats, 
22% (Balasubramanian, 1987). Nyman et  al. (1986) 
reported similar wheat bran fiber digestibilities in humans 
and rats. The wheat bran used in our human and rat 
studies was the same, i.e., AACC soft white wheat bran. 

Sodium sulfite in the neutral detergent solution signif- 
icantly decreased the fecal NDF yield from the human 
but not the rat samples when the analysis was con- 

ducted at  100 "C (Table 11). At the lower temperature 
sodium sulfite reduced the NDF recovery from only the 
human wheat bran sample. 

Sodium sulfite in the detergent solution significantly 
decreased the nitrogen remaining in the NDF from all 
samples except the human cellulose NDF obtained at  100 
"C, although some of the differences were very small (Table 
11). Marlett and Johnson (1985) also reported lower fecal 
NDF and NDF nitrogen with the addition of sodium 
sulfite. I t  has been demonstrated previously that the 
browning reaction, assessed as nitrogen in NDF, does not 
occur a t  40 "C (Robertson and Van Soest, 1981). Mail- 
lard product formation is a major concern in the drying 
of forages. In early work Van Soest (1965) demon- 
strated a doubling of the lignin content of forage if water 
was added during a 4-h 100 "C incubation. He proposed 
that the nitrogen in ADF can be an indicator of enzy- 
matic browning and that this could be minimized by add- 
ing bisulfite (Van Soest, 1965). We hypothesized that 
the heat and moisture conditions in the NDF might per- 
mit the browning reaction to occur. In our study the 
interaction between sodium sulfite addition and temper- 
ature was not significant (p > O.l), suggesting that there 
was no apparent Maillard product formation. 

The neutral sugar content of the fecal NDFs varied 
with the sample (Table 11). About two-thirds of the human 
wheat bran fecal NDF was neutral sugars, in contrast to 
82-90% of the human cellulose fecal NDF. Rat fecal 
wheat bran and cellulose NDF were similar, about 75-80%, 
depending on the modification of the NDF method used 
(Table 11). The use of sodium sulfite in the detergent 
solution had no effect on human fecal NDF neutral sugar 
yield. Temperature and sodium sulfite also had no effect 
on neutral sugar content of rat fecal NDF (Table 11). 
Sodium sulfite was used in the NDF procedure because 
it attacks disulfide bridges. In subsequent experiments 
Robertson and Van Soest (1981) suggested that the sodium 
sulfite also may attack lignin and recommended that the 
sulfite be omitted from the NDF solution. Our results 
suggest that if the NDF analysis is to be gravimetric, the 
use of sulfite to remove nitrogen provides a more accu- 
rate measure of this fiber fraction. 

Results of the measurements of fecal lignin are pre- 
sented in Table 111. Acid-insoluble residues or Klason 
lignin obtained from the hydrolysis of feces was always 
significantly higher than residues from the hydrolysis of 
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Table 111. Measurements of Crude Lignin in Human and Rat Fecesa 

Kris and Marlett 

70 of fecal dry weight 
fecal Klason lignin ADF crude lignin permanganate lignin NDF crude lignin temp, "C sodium sulfite 

human 
wheat bran 21.9 f 0.5a 5.4 f 0.3b 3.3 f 0.3' 4.7 f 0.4b 100 + 

6.0 f 0.4d - 
5.1 f 0.7b 40 + 
6.2 f 0.4d - 

cellulose 10.3 f O . l s  1.7 f O . l b  2.0 f 0.5bC 1.5 f O.Ob 100 + 
1.9 f 0.3bc - 
2.6 f 0.5cd 40 + 
4.0 f l.gd - 

rat 
wheat bran 13.7 f O.Oa 6.3 f O . l b  5.2 f 0.6' 7.3 f 0.5d 100 

10.1 f 0.9ef 
8.8 f 0.4' 40 
9.0 f 0.4' 

cellulose 3.9 f 0.38 0.9 f O.Ob 1.9 f 0.7c 1.6 f 0.1' 100 
1.7 f 0.5' 
1.8 f 0.lc 40 
2.1 f 0.7c 

0 Numbers within each experimental group with different letters differ significantly, p < 0.05. 

the NDF, ADF crude lignin or permanganate lignin. The 
acid-insoluble residues after Saeman hydrolysis of NDF 
were lower when sodium sulfite was added and the anal- 
ysis was conducted at  100 "C, probably a reflection of 
less nitrogen. Sodium sulfite produced a lower NDF crude 
lignin when the analysis was conducted at  40 "C only for 
the human wheat bran sample. Compared to the insol- 
uble residue when NDF was obtained with sodium sulfite 
at  100 "C, the permanganate lignin values from the wheat 
bran, but not the cellulose samples, were lower (Table 
111). When comparisons are made to the ADF crude lig- 
nin, the NDF crude lignin recovery varied with the spe- 
cies, generally being higher in the rat and no different 
in the human samples. 

One of the drawbacks to the use of the NDF analysis 
for feces was the inability to measure the neutral sugar 
content of the soluble fraction due to the presence of 
detergent and salts. Through the use of dialysis of a diluted 
aliquot, we removed the salts and a considerable amount 
of the detergent. Analysis of the NDF filtrate indicates 
that only a small portion of the fecal neutral sugars are 
solubilized by the detergent. The use of sodium sulfite 
had no effect on the neutral sugar content of fecal NDF 
but did lower the NDF gravimetric yield, suggesting that 
gravimetric fecal NDF determinations would be more accu- 
rate if sodium sulfite was used. The measure of lignin 
obtained by acid hydrolysis of these NDF residues was 
similar to the ADF crude lignin and always less than the 
Klason lignin. In our experience with food Klason lig- 
nin analysis, precipitated protein will be collected with 
Klason lignin if the residue is not neutralized (Marlett, 
1990). Thus, we propose that NDF or ADF crude lignin 
would be a bet ter  estimate of fecal lignin than Klason 
lignin. 
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Analysis for Daminozide in Apple Juice by Anion-Exchange 
Chromatograph y-Par ticle Beam Mass Spectrometry 
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Hazardous Materials Laboratory, California Department of Health Services, 2151 Berkeley Way, 
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Daminozide [Alar, succinic acid mono(2,2-dimethylhydrazide)] is measured directly as the parent 
compound in 11 commercially obtained apple juice samples a t  levels ranging from 0 to 280 ppb (aver- 
age 160 ppb). Sample preparation involves only evaporation and treatment with methanol and ace- 
tone to precipitate sugars and inorganic salts. Analysis is via anion-exchange chromatography parti- 
cle beam mass spectrometry, with positive chemical ionization using isobutane as a reagent gas. A 
method detection limit of 25 ppb is achieved in part by a signal enhancement resulting from the con- 
stant addition of 0.4 mM malic acid to the mobile phase. Malic acid also modifies the nature of the 
mass spectrometer response to daminozide, changing it from a nearly cubic to a linear relationship 
and also changing relative ion intensities, between the base ion of M + 1 - HzO without and M + 1 
with 0.4 mM malic acid. 

The use of daminozide [Alar, succinic acid mono(2,2- 
dimethylhydrazide)] as a plant growth regulator has gen- 
erated controversy because of its reported animal carci- 
nogenicity (Toth et  al., 1977; National Cancer Institute, 
1978) and because of a recent suggestion that children 
may be a t  risk from eating apples treated with this com- 
pound (Natural Resources Defense Council, 1989). Aver- 
age daminozide residues in apples, applesauce, and apple 
juice have been reported to range from 4.9 ppm (Envi- 
ronmental Protection Agency, 1985) to 0.48 ppm (Con- 
ditt et  al., 1988) and will presumably decline after the 
manufacturer withdraws the compound from the mar- 
ket (Thayer, 1989). 

The highly hydrophilic nature of daminozide (solubil- 
ity, grams/100 g of solvent: water 10 g; methanol, 5 g; 
acetone, 2.5 g; acetonitrile, 0.2 g; xylene, insoluble (Envi- 
ronmental Protection Agency, 1985)) suggests that con- 
ventional liquid/liquid based extraction procedures and 

gas chromatography based methods will not be appropri- 
ate for direct analysis of this compound. Existing ana- 
lytical methods detect daminozide only directly via alka- 
line hydrolysis of the parent compound to the easily oxi- 
dized 1,l-dimethylhydrazine (UDMH) followed by 
extraction and derivatization to yield a stable, usually 
volatile adduct that can be easily analyzed by gas chro- 
matography. Differences in these methods are only in 
the means of detection of the adduct, utilizing colorim- 
etry (Edgerton et  al., 1967), electron capture (Newsome, 
1980), and mass spectrometry (Conditt et  al., 1988). Typ- 
ical detection limits are from 0.1 to 2 ppm. 

Although risk and exposure assessments of dami- 
nozide emphasize its hydrolysis product UDMH, both 
the succinyl and N-methyl moieties of the intact parent 
compound bind covalently to both liver DNA and pro- 
tein of treated mice and to human hemoglobin in vitro 
via oxidation with hydrogen peroxide (Brown and Casida, 
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