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INTRODUCT IOW

For the past forty years animsl feeding stuffs have been divided
by proximale analysis inbo six fractionss HNoisture, ether extract,
provein, ash, crude fiber, and nitrogen-frec extract, as a comumon
bagis for their nutritional classification. The three fractions,
protein, fat, and fiber, have been parbicularly used In feed control
measurements. logt of the coeffielients of digestibility data report
ed in the literature have been celculated from values obtained with
this system of analysis. The significance of the gpecific values ob-
tained, however, hasg frequently been overestimated because of the
failure of these analytical procedures to define accurately each of
“the nubritional facbors present in the feed. This syétem of analysis
also involves certain assumptions as to the digestibility snd uniform
compogition of each fraction whieh are not slways substantiasted by
Lore rigoroﬁs investigation. This pertains eépecially to erude fiber
values.

The Association of Official Agriculbural Chemists procedurs for
the deteraination of erude fiber iIs a slight modification of the method
of Henunenburg and Stolman, proposed in 1864, and now commonly known as
the Weende method. It consisﬁs essentially of a weak acid digestion
followed by a wesk alkeli digestion, whiech leaves an insoluble residue
coumonly referred ﬁo as "crude fiber". Hany workers have proposed
modificetions of the original procedure which have been used advanta-
geously (3,7,28,32,47). Obher methods with different principles from
the original have been reported. Simon snd Lohrisch (60) nsed strong
potassiun hydroxide and hydrogen peroxide; Kouig (25), glycerol aznd

sulfuric acid; Steigler (63), 10 percent hydrochloric acid at 100°,



and a stream of air; Fellemberg (9), a micro-chemical method, uging
nitrie and scetic acids with subsequent oxidation with potassium di-
chromate; Scherrer and Khrschner (55), acetic acid, nitrie acid, and
trichlorocacetic acid. Uost chemical methods for the determination of
indigestible residue depend upon the ingolubilibty of the consbituents.
The product is, therefore, defined by the process itself.

It hes been reported by Willians snd Olnsted (67), working with
feces, thal a variable percentage of the constituents comuonly eon-
sidered indigestible (lignin, ecellulose, and hemicellulose) were not
included in the crude fiber when determined by the Teende method,

T

Horman (33) found that erude fiber from plants consists slmost ex-

ale

clusively of cellulose and lignin, and thal the cellulose and lignin

appearing in the ecrude fiber fraction varieg from 40 Yo 84 percent of
the total cellulose and from 4-67 percent of the total lignin. The
variations depended principally upon the uvpe of plant tissue used for

the determination. In 1936, Horwitt, Cowgill, and lendel (23) report-
ed thet the crude fiber as debermined by the Weende nethod amouwnted
to approximately 30 percent of the crude fiber as determined by a bie-
chemical enzymatic treatment. Schultz (57), in 1892, and Heuser (21),
in 1921, also showed the composibional veriability of crude fiber as
deternined by the Henmenburg hydrolysise.

There is much conbroversisl literature regarding the fate of

“

lignin during digestive processes. Woodnan and Stewart (68) coneluded
that ligno-cellulose is conpletely indigestible in the stomach of the

ruminant. Rogozinski and Starzewska (52) reported thet the amount of

ot

jignin excreted in the feces of the cow was comparable %o ithe amount

ingesbed. Crampton and Meyaard (6) similarly recovered from 93 to



100.3 percent of the dietary lignin in the feces of the steer. How-
ever, other experimenters have reported results not so conclusive as to
the indigestibility of lignin. Heller and Wall (20) found the coeffi-
cients of digestibility of lignin dependent upon the nutrients of the
diet. Phillips (43) showed that lignin is demethoxylated in the animal
body. Hale and others (5,16,42) have found lignin digestibility to be
confusing. HMuch of the conflicting evidence is probably due to arbi-
trary methods for the analysis of lignin. In view of these generally
inclusive results, and in the absence of any clear-cut evidence as to
any nutritive significance of lignin, it seems best to include all of
it with the indigestible residue. '

The percentage utilization of cellulose and hemicellulose has
also been difficult to study. There are no enzymes produced by the
digestive tract that are able to hydrolyze cellulose and pentosans.
However, these substances are attacked by bacteria in the first three
compartments of the stomach of ruminants, in the caecum and colon of
the horse, and to a lesser extent in the large intestine of other ani-
mals. These bacteria produce organic acids (chiefly acetic and butyric)
from cellulose and hemicellulose. It is quite possible that simple
gugars, such as glucose, galactose, fructose, mannose, and xylose are
also produced. These acids and glucose, galactose, and fructose would
be nutritionally valuable to the animal, but since their production
depends upon the bacterial flora present, upon species and individual
enimal differences, and also upon the nature of the association of
cellulose and hemicellulose with other substances in the plant, it is
not practical to attempt to estimate by in-vitro experimentation the
utilization of these cell wall materials. There is no evidence in the



literature that pentoses are ever utilized in the animal body. It is
believed rather that upon entering the blood stream they are soon ex-
creted in the urine (30,59,69).

The digestibility of lignin, cellulose, and hemicellulose depends
to a great extent upon their assoeiation with each other and with the
readily digestible nutrients. Hummel, Shephard, and Macy (24) found
that the distribution of unavailable ecarbohydrates in a diet could be
altered without change in the total fiber intake or the caloric value
of the daily diet. Heller and Wall (20) demonstrated changes in the
degree of utilization of fiber with variability of the more nutritious
factors of the diet. Pryanischnikov and Tomme (46), and Woodman and
Stewart (35), concluded that the relative digestibility of pentosans
end cellulose is decreased by the presence of lignin in the ingested
material. These data indicate that lignin mey be physically or chem=-
ieally associated with the other constituents of the indigestible
residue and thus have an inhibiting effect upon the bacterial action
on the associated carbohydrates.

Crampton and Maynard (18) reported data calculated from coeffi-
cients of digestibility which showed that the relative digestibility
of erude fiber in one=fourth of the feeds they anslyzed (dry roughages,
green roughages, silages and concentrates) was greater than that of
the nitrogen~-free extract. This anomaly is very probably due to the
inherent inaccuracy of the Weende method, in that only part of the
lignin and cellulose and little of the hemicellulose are isolated as
crude fiber, and the remainder included with the nitrogen-free extract
as determined by difference. It seems evident that the digestibility

of the dietary carbohydrates does not strictly follow their partition



into crude fiber and nitrogen-free extract.

In summary, the reports in the literature indicate that crude
fiber ag determined by the ususl chemical methods includes variable
and unpredictable fractions of the total lignin, cellulose, and hemi-
cellulose. In the digestive tract of animsls equally indeterminant
portions of the lignin, cellulose, and hemicellulose are mede soluble.
The type of bacterial flora present in ruminants is an important fac-
tor. The degree of solution is further dependent upon the complex
chemical and physical associations of the lignin, cellulose, hemi-
cellulose, and other factors of the feed. Whatever is dissolved may
or may not be of nutritive value.

It is concluded that for a method to be satisfacltorily used in
caleulating digestibility data it must isolate an indigestible residue
containing all of the lignin, cellulose, and hemicellulose of a sample.

It may now be realized that while the value obtained by the pure-
ly empirical methods for ecrude fiber may indicate the amount of bulk
or roughage in the material, it should not be considered to have any
definite or regular relationship to any particular plant constituent
or to its degree of digestibility.

The trend in recent years has been to isolate by some biological
means a fraction of the plant material containing the cellulose, lig-
nin, and hemicellulose, which is in turn broken down into these con~
stituents.

Remy (48), in 1931, described a biological reagent consisting of
a mixture of pepsin, malt diastase, and pancreatin, which separated
starch, protein, and fat from the indigestible constituents. After

comparison of his results with the crude fiber values obtained by the



Weende method, he concluded that the Weende digestion caused a great
loss of indigestible materials. The use of engzymes, he reported, gave
a much closer aporoximation of the true indigestible portion of feed.
In 1935 Williams and Olmsted (67) substantiated this idea and intro-
duced a new enzyme preparation, pancreatin in neutral solution, which
proved to have a less hydrolytic effect on the hemicelluloses and yet
removed as much of the starch, protein, and fat as did Remy's diges-
tion. Horwitt, Cowgill, and Mendel (23) found that pepsin, clarase,
and trypsin would remove starch and protein more efficiently from veg-
etable materials than would the other engyme preparations. On forage
grasses their method geve a much lower indigestible residue than did
the Williams and Olmsted method, although approximately the same values
on samples of feces. In 1939, Davis and Miller (8) reported their mod-
ifieation of the Horwitt, Cowgill, eand Mendel method to be the most
satisfactory of the enzymatic procedures for isolating the indigestible
residue of forage gresses with a minimum of starch, fat, and protein
remnente,

The enzymatic digestion of feed materiasls has many distinct ad-
vantages over the older and more empiricel chemicel technics. While
it does not duplicate the actual mammselian digestive processes, it
gives & close approximation of those materisls not easily broken down
by the normal engymatic action of the animal digestive tract. This
type of method lsolates a residue which bears a definite relationship
to the indigestible fraction of a specific plant material, and also
one which may be compared with the indigestible fraction of other
plent materials. Engymatic treatment proves more efficient than chem-

ieal treatment in separating inerusting material (proteins, starches,



and fats) from the iﬁdigestible residue, and yet does not attack ime
portant indigestible constituents. While enzymatic treatment demands
a longer period of time for manipulation, it seems particularly ad-
visable, in view of the more satisfactory experimental results and
theoretical considerations, to employ this method in research studies
of indigestible residue.

The second problem involves the separation of the indigestible
residue into its verious chemical entities, cellulose, lignin, and
hemicellulose. The true structure and properties of cellulose, lig-
nin, and hemicellulose are only postulated and, therefore, strictly
chemical methods cannot be used in their estimation. The methods for
the determination of these membrane substances are dependent upon
their differences in chemicel and/or physical properties.

Hibbert (22) and Freudenberg (10) have reported that lignin may
be regarded as a product resulting from the etherificetion end conden~

sation of the following and similar units:
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The condensation products which result have no free phenolic
hydroxyl, carbonyl, and earboxylic groups (15).
The general structure of the lignin molecule is postulated by

Freudenberg to be (10):
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The length of the lignin chain is as yet undetermined. A satis-
factory molecular weight estimation has not yet been possible, since
lignin is either completely or partially altered by all procedures
whioch dissolve it. Bach method for the partition of lignin from the
indigestible residue employs on§ of four types of chemical reactions
characteristic of the lignin molecule. The first type of reaction con-
cerns the functional groups, which are: The aliphatic hydroxyl, meth-
oxyl, and methylenedioxy groups, the C-methyl groups, and their deriv-
atives. Methods based on these reactions are not very satisfactory,
owing to the variability of the amounts of these functional groups in
lignin derived from different sources or from the same source at dif-
ferent times. The second type of reaction involves replacement of
hydrogen; i.e., substitution by chlorine, bromine, iodine, nitric aecid,
and mercuric acetate. This probably occurs on the aromatic ring and/br
through reaction with alpha-phenylhydroxyl groups. The third type of
reaction consists of degradation without rupture of the carbon to car-
bon linkages, and is produced by hydrolysis with alkalies, aminolysis,
sulfite reaction, aleoholysis, ete. All of these reactions take place
at the alpha-phenyl-hydroxyl groups and the open or cyeclie ether groups.
The last type of reaction involves degradation of the carbon framework
of the lignin molecule, resulting from drastic reaction with potash,
oxidation, hydrogenation, or thermal degradation. These reactions may
attack any portion of the molecule, but usually the ether linkages are
first broken followed by the oxidation of the side chain with the forua-
tion of the corresponding aromatic acid.

It will be noticed that any method employing one of these reac-
tions would probably isolate hemicellulose and/or cellulose by render-
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ing lignin extractable by some suitable solvent. This is the basis for
the determination of cellulose by the follofing methodss The Cross and
Bevan (7) chlorination procedure; the ehlorine dioxide method of Schmidt
(56); the Norman and Jenkins (39) method using sodium hypochlorite solu=-
tion; the Van Beckum and Ritter (64) direet chlorination procedure for
‘the isolation of holocellulose; and the Klirschner and Hoffer (27) method,
which uses nitrie acid and alcohol as reagents for removing lignin,

In 1938 Crampton and Maynard (21) proposed a lignin method for
feeds based on a procedure of Ross and Potter (53) for wood, which was
developed from the reaction of formaldehyde and lignin to yield a rapid-
ly flocculating lignin precipitate. This method has been rejected by
all lignin chemists as being theoretically unsound, because the compound
formed is a substituted and resinous material containing formaldehyde,
and thus ylelds unreasonably high lignin values. This reaction of lig-
nin, supposedly a phenol-aldehyde resin formation, takes place in con=
centrated aecid solutions. As will be shown later, the reaction is also
characteristic of furfural, formed from pentoses, and causes high re-
sults when pentoses are present in reaction media intended to isolate
lignin,

The lignin molecule is more resistant to hydrolysis or degradation
by mineral aecids, is more easily substituted or oxidized, and is more
reactive with alkalies than is cellulose. The analytical separations
of these two materials are based upon one or more éf thege differences
in their chemical behavior.

Cellulose was long considered to be the typical compound of the
whole polysaccharide group. Structurally, it is considered to consist

of long chains of glucopyranose molecules linked together in the 1,4
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position., The essential structural difference between starch and cellue
lose is that the glucoside linkages are alpha in starch and beta in
cellulose. Freudenberg and Blomqvist (12) have also pointed out that
starch and glycogen mey have open or branched chains, while cellulose
has open chains without any detectable branching.

While the nature of the chemical bonds between the glucose units
of cellulose is fairly well understood, the number of glucose molecules

in the cellulose chain is uncertain. Its postulated chain structure isi

e CH,0H . H HyoH H oﬂa"
H
X gl
.,
o CHOH  H OH HyOH
R celllabiose o)
LIl % Y

Cellulose

The value of X has been estimated by Haworth (19) to be between
100 and 200, and by Staudinger and Huseman (62) to be 1000-2000 glucose
molecules. This indicates the variation of opinion on the molecular
size of cellulose.

lieasurements on the kinetics of cellulose hydrolysis correlated
with optical rotation (44) have shown that in pure cellulose the beta
linkage (cellobiose linkage) predominates, and that no other type of
linkage can occur in greater proportion than one in fifty or one in a
hundred. These cellobiose linkages are split almost quantitetively by
acid hydrolysis to yleld glucose. Thus cellulose may be calculated
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from the amount of glucose produced. Various methods for the determina=
tion of lignin have been developed based on the differential solubility
of lignin and cellulose in strong acid. The method of the Association
of Official Agricultural Chemists (2) makes use of fuming hydrochloriec
acid for isolating lignin. The Willlams and Olmsted (67) procedura
depends upon the canveraion of cellulose and hemicellulose to glucose
and pentoses by concentrated acid treatment. The mixture is subsequent-
ly diluted and refluxed to separate the insoluble lignin from the sol=-
uble pentoses and glucose. The strong sulfuric acid hydrolysis of
cellulose and hemicelluloses has also been used by Norman and Jenkins
(40) and by the Forest Products Laboratory (51) as a basis for the
determination of lignin. _ >

The resistance of cellulose to hydrolysis, oxidation, substitue
tion, and solution permits its isolation by vigorous chemical reactions
which attack and remove other materials associated with it. Such re-
actions are applied in methods for the isolation of cellulose as an
insoluble residue from treatments whieh remove associated substances.

The chemistry of hemicelluloses is rather chaotic. Hemicelluloses
are rather generally defined as those cell wall polysaccharides extract-
able by dilute alkalies, either hot or cold, and hydrolyzable by hot
dilute acids to their constituent sugars or uronic acids. The group
includes short chain hexosans and pentosans (cellulosans) associated
and oriented with the cellulosic aggregate (50), polysaccharides re-
lated to starch and inulin, uronic acids, and inerusting amorphous
polysaccharides which may conceivably be in part linked to lignin (54),
and which seem invariably to contein uronic units (polyuronides).
That is, the term hemicelluloses includes everything of a carbohydrate
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nature in plants except starch, cellulose, lignin, and soluble sugars.

Hydrolysis of hemicelluloses may therefore yield relatively pure mono-

saccherides or a variable mixture of monosaccharides and uronic acids.

The monosaccharides may consist of mannose, glucose, galactose, arabin-
ose and xylose. Also galacturonic and glucuronic acids are yielded, as
well as traces of some other materials (1).

Of the various types of hemicelluloses the pentosans have received
the most consideration, owing primarily to their greater abundance and
to the ease of their determination by the furfural method. . The hemi-

.uelluloua may comprise the entire cell wall, or they may simply form
incrustants on the cellulose framework of the wall. In most plants
they rank next to cellulose in quantitative importance.

The simple pentose sugars formed b)r the hydrolysis of hemicellu=-
loses are reducing, but are not fermentable by Saccharomyces cerevisiae
(baker*s yeast). A method based on this fact has been devised by
Williams and Olmsted (67) for the quantitative differentiation of
pentoses from the glucose formed by the concurrent hydrolysis of cellu~
lose, and the cellulose and hemicelluloses of a sample may be calculated
as & result of a single hydrolytle procedure.

The study of the structure of hemicelluloses has been confined
mainly to the hemicelluloses of wood. The structure of the hemicellu=-

lose xylan, is stated by Haworth (19) to be as follows:



Atabo-
- furanese omits

Xylofrranose uoits

Yylan

1, il

It ig highly probable thet the molecule consists of eightesn or
ainebeen xylopyranose units connected by 1,4 linkages and terminating
at one end with an arabofuranose group. Sinilarly, it was shown by
Andergon, Hechtman, and Seeley (1) that in colttonseed hulls sixteen
xylose uniﬁs are presgent for svery galacbironic acid group. Weihe
and Phillips (66) identified xylose, armbinose, and hexuronic acid
anong the products of hydrolysis of wheat sbraw. They were present
in a ratic of 23-0.9-~1. Phillips and Davis (45) found the hewicellu-
lose of glfalfa hay to.consist of T7.3 percent xylogse, a trace of
l-arabinose, and 12.13 percent of uronic anhydride, values probzbly

%

representative of the hemicelluloses of forages crops.

The resctlion of uronic anfrydrides with vafious concentrations of
peids has been sbudied by Link, Otierson, and Dickscn (29}, wio demon-
gtrated thet when glucuronic mcid {anbydride or lactone) is heated with
12 percent hydrocbloric acid under conditions similer to those for de=-

termining pentoses, it is decomposed according to the following egua-

tions



OCH

H~C-oH

H‘ll' H H H

p—c-SH - ,
o H Ho T3 H, 0+ CO,
H2oH

The yield of fwrfural is less than the theoretical, while that of car=
bon dioxide is practieally quantitstive., They alsc state that in order
“o insure complete decarboxylation of uronic acids it is necessary to
beat with 12 percent hydrochloric acid at 130-140° €. for a period of
4 4o 5 hours. Their procedure is rather time-consuming, and since the
percenbage of uronic scids in hemieslluloge ié relatively small, the
specific analysic for polyruonides is not usually nade.

The discussion of the constituents of indigestible residue has
been primarily concerned with the chemical properties of the individuel
constibuents. Actually, cellulose, hemicellulose, and lipnin sre
clogely interrelated, both cheumicaslly and physically, in the natural
eell wall.

It bas been shown by Horman {35) that a chemieal bond probably
existes between polyuronide henicelluloses and lignin. Harris and bis
co~-workers (18) report thet in efforts to methylate the lignin of meple
wood no methoxyl groups were added over the normal amount found in the
lignin. However, upon mild hydrolysis of the wood before methylation,
an increage in methoxyl was observed. They therefore concluded that a
chemical bond between hemicellulose and lignin existed. The evidence
points toward a gluceside linksge, involving the secondary carbonyl

groups. A& complebe separation of lignin and hemicellulese involves an

acid hydrolysis, whiech, however, also albters the lignin. The highly
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polymerized lignin occurring in older tissues tends to be sugar~free;
congiderable sugar is associated_with lover lignin polymers pre&ominaﬁ»
ing in young tissues. There is @ regular gradation between the two
classes, and many gpecles differ. The hydrolytic procedures used to
remove sugars further condense the lower lignin polymers inte larger
ones, and aids in quantitative analysis.

There is rio evidence of a chemical linkage bebween lignin and
cellulose (10,34); nevertheless, it is impossible to extract the cellu-
lose froam lignified tissues by use of a specific solvent, inasmuch as
a swelling of the cellulege chain occurs in copper, viscose, or scetate
reagent which prevents its diffusion inte solution.

The cellulose of mosb plant materisles and woods differg from
cotton ecellulose in many regpects, due prineipally to the presence of
other polysaccharides intinmately associabed with and tenaciously re-
tained by the true cellulose (alpha~-cellulose) of the common plant and
wood fibers. Hormen (34) has suggesbed the name “cellulosang" for this
group, implying thereby that hexosazng or pentosans are found with the
celluloge and held in geme way by it. The forage grasses have a high
content of cellulosans with ag much as 30 percent xylose exisbing in
the erude celluloge fractiona

Celluloge preparations containing cellulesans undergo an lrrever-
sible echenge on oven~drying, resulting In a fraction soluble in hot
water. The main constituent affected by this treatwment is xylose; how-
ever, heat drying also renders cellulose sore sudgceptible to sxlracting
and hydrolyzing agents.

The cellulosans are probably formed concurrently with the ecellu-

lose and are oriented in the bundles of molecules comprising the
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colloidal structure hey would be retained by secondary
valence bonds, just as the cellulose chains are themselves stabiliszed
this manner. The molecular size, or rether the length of the chain
of spugar units, is considerably less in the case of cellulosans than
with cellulose itself. Asg a result of the shorter chain length in
cellulosans the sdhegive forees due to secondary valence bonds would be
weaker than those of celluloge. Partial removal of eellulogans from

- A .

elinloge fractions during their isolation

ks

Some

[&]

8 probably due te dif-
ferences in the solubilities of ithese two materials. <The ceiluloses

undoubtedly fora a normsl integral part of the cellulegic structure of
the planmt cell wall and fibers, and any analytical methods for isolat-

ing notural celiuloses ghould include this group in as 1it

tle changed
a condition as possible. Van Beckum and Ritter (64) have substantisbted
Horman's findings, and have shown that (ross and bevan cellulose, as
well as hydrolyzed holeocellulese (carbohydrabe fractiion of extractive-
free wood), contains a considerable quentity of unextrsctable furfursl-
vielding substances.

The general physical assoclabtion of 1iganin, cellulose, and heml-
cellulouse with each obher in the eell wall ig evidently wvery close, be-
cause of the vigorous chemical reactlons necessary o segregale sach
one from the other.

Four chemical methods for the separabtion and estimation of lignin,
celluloge, and hemicelluloge appear cuperior in accuracy and rapidilty
of manipulation to many obherg alsc developed ia recend years, and are
briefly desecribed below.

The Williames and Olmsted (87) procedure for indigestible residue

of feces involves digestion with strong suliuric scid followed by dilute



ecid hydrolysis to isolabe lignin. TFermentable snd non-fermentsble
sugars are delermined on the filtrabe and c#lculateﬂ to cellulose and
hemicellviose by suitable fachors.

The combingbion of Norman and Jenkins (39,41) and Horman (36,37)
aebhods isolates lignin, eellulose, and hemicellulose separately by
estublished individual methods. Lignin is determined, after suitable
prebreatnent, as the residue from strong acid hydrolysis (37). Pentoses

are debormined by furfural yield (36). Cellulose iz determined by so-
dium hypochlorite treabtment (41). Uronic acids sre determined by di-
rect meagurement of the carbon dioxide evolved upon treatment with

gtrong acid (39), This method hag many advantages bub was not used in
this study because of one serious disadvantags, l.e.; the length of
time recuived for wanipnlstion.

The nethod of Davis and Miller (8) for the partition of the lsss

zeslily hydrolyzed ecarbohydrabe complex of forages involves & weak acid
pretrestuent of the indigestible residue to remove hemicellulose, fol-

lowed by = short treatment with gtrong sulfuric acid, and a subgequent

to igolate lignin. Gellu-

©

weak scid hydrolysis to remove ecelliulose and
lose is determined by the Xrschaer and Hanak {26) acelic-niitrie aecid
mebhod, and hemicellulose ig obtalned by difference.
The newly developed rapid nethod of Van Beckum and Rititer (64)
N

isolates the holocellulose of wood by albernate chlorinabtion and ex~

<

s

traction of the lignin with 3 percent monoethanolamine in 95 percent
ebhyl sleohol. "Chloroliznin is extracted quanbibatively, lesaving as
a residus holocellulose, il.e., crude cellulose plus hemicellulose.

he hemicellulose is ealeculated from the weight loss of the holocellu-

Y

lose vpon wealk acld bydrolysis.
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ad and Van Beckwn and BEititer are

means of partitioning the lignin, cellulose, and hemicellu-

Satigfactory adaptations and

these methods soen necessary before they may be satis-
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MATERIALS AND METHODS

Samples of the following dry-land forage grass

-

Scienvific Nane

Sporobolus eryplandrug
Andropogen hall
Andropogen
Eragrostis trichodes
Panicun vergabum
Paspalun stranisewn
Fedfieldia flexuosa
Triplasis purpurea
racca Virginlanns
Culamovilfa gigeantia

Buchloe dactyloldes

Lontelouna hirsuta

ses were analyzed.
Somuon Hame
Sﬁnd dropseed
Sand bluestem
Littls bluesten
gand lovegrass
Switch grass
Sand paspelum
Blowoul grass
Purple sendgrass
Send legw

Glant reedgrass
Baffalo grass

¥

Hairy grama
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Bragosbis curvula Weeping lovegrass
Rhug trilobata Shunk brush

The samples were alredried, ground through a 0.5 im. screen in a

-

large Wiley mill, anA regromd bthrough a 50 mesh soreen in a medium

=
'.._h.
P
@
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zi1l. They were gbored in glass battles until analyzed.
I% vias necessary first to selsct a uauhod which would iIsolabte an
indigestibie residue free from conbaninants Lo uss as an idenbical

substrate for cach of the subsequently applisd nethods of cheamical

fractionation. The Davls and Hiller engymabic digesticn procedurs {3)
was selectsd as being the uost saulsfdctory thiod for preparing ine
digestihle residuc. The adaptabion used is as follows: A 3 gram air-

dried sample is weighsd into a fab-determination tube and extracted in

a conbinuous extraction apparatus with ankydroug diethyl ether for 16

hours. After drying st 100° €. for 15 minubes it is transferrsd to a
50 ml. Erlenmeyer flask. It 1s then trested with 150 ml. of 1 ¥

hydrochloric scid containing «3 ge of pepsin, and the mixbure is ine-

cubated at 40° ¢,

F*c

48 hours. During this and subssquent incubations
the nmizture 1s shoken coccasiopslly. The inecubate is then made just acid
to methyl red (B 4.5) by suceessive additions of 2 N sodiuwm hydroxide
aud o1 N hydrochloric acid, and 10 ml. of & 3 perceal aguesous solution
of clarase arc added. The sddition of a few drops of tolusne aids ma-

terially ir preventing mold growth. After sgain being incubaled for

&2 hours ab 40° €. the nixbture jis filtered and the residue wached with

€23

waber and returaned to the originsl flaskt. 4 solubiocn of 0.3 ge of
trypsin in 150 ml. of water is added, a few drops of 1 ¥ sodium hydrox-
ide are added (on ascount of buffer sction this raises the pH to only

sboub 7.8) and the mirture lg incubsted for 96 hours at 40° G. The



inecubate is then filtered, and the residue waghed with hot water, hot
95 percent alcohol, and hot benzene. It is then placed in a weighed
50 ml. beaker, dried at 80° C. for 3 hours, and allowed to remsin in

oy

a desiccator over night. This residue is then weighed and the perecent
indigestible residue of the original sample caleulated. The dry mg~-
terial is transferred to a sbtoppered flask where it is stored until an-
alyzed., All filtrations are made through a 200-thread gilk bolbing
cloth.

In & brief study of substances contamineting the Devis and Miller
indigegtible residue, nitrogen was determined by the mebhods of analysis
of the Association of Official Agrieultural Chemists (2) and ash by
ignition in slundum crucibles. While traces of other foreign materials
probably remain in the indigestible residue as determined, their sig-
nificance is relatively small in comparison with that of protein and
ash, and no specific snalysis was made to debermine errors introduced
by their presence.

The indigestible residue was first fractionated by the folleowing
nodified Williams and Olmsted procedure: A 0.5 g. sample of the in-
digestible residue in a 100 ml. tall-form beaker is thoroughly wnixed
wibh 20 ml. of cold 72 percent (by weight) sulfuric acid and placed in
a refrigerator at 6-10° C. for 16~24 hours. IL is stirred at howrly
inter&als during the first 5 hours. The mixture is then transferred
to a tall-form 1 liter beaker, diluted to 480 ml. (4 percent sulfuric
agcid) with distilled water, and gently refluxed for 38 hours, a flask
of cold water set on the beaker serving as condenser. The flocculent
lignin is filtered into an alundum crucible, washed with hot water,

and dried at 105° ¢. for 4 hours. The erueible is then weighed,



ignited, and reweighed, and the loss in weight on ignition reported as
lignin. The filtrate is neubralized to phenol red (pH 7.8) with 50 pere
cent sodium hydroxide (about 40 ml. required) and transferred to a

1000 ml. velumetric flask where it is made to volume with distilled
water. 7The total reducing value of the sugars is debermined on & 5 nml.
aliquot by the Shaffer~Somogyi copper reduction method (58). A 10 ml.

aliguot is yeast fermented by the Joumogyi procedure (61) for 20 minubeg
at 25° C. and then centrifuged at 3500 to 4000 r.p.m. for 15 minutes to
clear the solution of all yeast cells. Hon-fermentable reducing sugars
aro subsequently determined on a 5 ml. aliquot of this yeast-free solu-
tion.

In order to convert the titers of the fermentable and non~fer-

&

mentable reducing sugars to the percent of

i}

o
! :

hie specific sugars from

L4

which they were derived, il was necessary to prepare two curves based
on the titration valueg of known amounta of fermentable and non-fere
nentable reducing sugars.

To prepare the curve for reading fermentable reducing sugar values,
the titers of & serieg of knoun amounts of glucose were plotted againsgt
the amounts used. Aliguots of a 13l xylose~afabinose gbandard solutiom
were yeast fermented and the titration values subsequently debermined
for plotting against concenbration to obbain the non-fermentable re-
ducing sugar curve. In prepariag both of these curves the exsct pro-

cedire used on the uninown solubtiong waes followed and godium sulfete

e

was added to make the salt concenbration equivalent Lo that of the
sample, so thel each curve included a complete blank on the analysis.
In ealeulating, the titers of the unfermented samples minug the

titers of the fermented samples represents glucose and is used in read-
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ag the glucose value from the prepared glucose curve. This valuo is

- converted by calculation to percent glucose, and the percent glucoge

XF
is multiplied by 0.9 to secure the equivalent percent of cellulose.

ey

74 "5

The factor 0.9 ig derived f%om the ratio of the molscular weight of
giucose hto the molescular we: uAt of the glucose wnit in cellulose.

conglide

[0
LiH]

The titration value of the non-fermenteble redueing sugers
ered to represent pentoses derived from hemlecelluloses, and the equiv-
alent sugar values are read from the prepared xylose-arsbinocse curve,

converted to percent, and the percent of penbtoses mulitiplied by 0.88

o

Yo eonvert to hemiecelluloses on the bhasgis of the retic of the molece

ular welght of the pentose molecule to the molecular weight of the

penbose wndt in hemicellulogesg

A s ]

The Davis and ¥iller method for the determinabion of

wed withoub modification, ap followg: 4 0.5 g. sample of indigestible

sidue is placed in s 100 ml. bsaker, 25 ml. of 5 percent (by weiglht)

&

> =

sulfuric acid added, and the nmixbure heabted at bolling point for 1 hour

[

m

to remove hemicelluloses. The digest is filtered und the residue re-
turned to the original beaker and dried st 80° ¢. for 1 houwr. The
beaker containing thie regidue is cooled In an ice bath gnd 5C ml. of
cold 72 percent (by weight) sulfuric acid are added. The mixbure ic
gtirred uh 09 congtantly for 18 minubteg, removed from the bath, and
allowed to stand for 45 to 60 minutes ab room temperaturc to complete
the reactlon. The reaction mixture is then diluted to 480 pl. in &
telli~form 1 liter beaker and refluxed for 2 nourg, with a flask of cold

water placed on the top of the beaker ag a condenser. For remainder of

e
-
=
o
o
bt
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the procedure refer to the previcus descripticn of ¢ ams and

Mingted method.



Davis and ¥iller suggested that cellulose be debermined by the

l‘;"?
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r and Hanak procedure, as follows: A 0.5 g. sample of indi-
gestible residue is placed in & 250 nml. ¥jeldahl flask and 15 nl, of
80 percent (by weight) acetic acid and 1.5 ml. of concentrated nitrie
acid are added. The mixture is boiled gently on a hot plate for 20

mimtes with a glass thimble in the mouth of the flask. The digest i

O

Lo

then transferred to a 50 ml. centrifuge tube by means of a stream of
95 percent ethyl slechol, and centrifuged for 10 minutes ab 2500 teo
3000 r.p.m. The supernavent liquid is decanted and the residue re-

*

suspended in alcohoel and again cenbrifuged out, The residue is then
rinsed Into an alundua crucible with a sbream of alcohol, and washed
with hot benzene, hol alcohol, and ether. The crucible containing the
crude cellulose is dried at 105° C. for 2 hours, weighed, ignited ab
a low tempersture, and reweighed. The loss in weight upon ignition is
reported as cellulose.

Davis and iiller calculated hemicelluloses by subbtracting the sum
of the lignin and cellulose percentages fron the percentage of the in-

re

digestible regidue., 8ince the indigestible regidue of forage grasses
ig conbaminated by an appreciable percentage of ash, the ash content
of the indigestible residue was determined and correction made for it
when percentages of hemieelluloses were calculated according to this
system.

The analytical technique of the Van RBeckum and Ritter procedure
(64) for the isolation of holocelluloge was modified for better adapta-
tion to forege grasses, as followst A 0.5 g. sample of indigestible
residve is welighed accurately into s tared, sintered-glass filtering

e

crucible, noistened with cold distilled wabter (about 10° C.), aad the



excess molsture removed by applying suetion. By means of moderate
guction, chlorine is drewn through the sample from a funnel inverted
over the croeible, whick is still supported in the suction flask.
After 3 minutes chlorination, the residus is stirred thoroughly and
then rechlorinated for % minutes. Alechol is added to remove excess
ciilorine and hydrogen chloride,; and after 1 minube is removed by suc-
tion. The suction is released, and sufficient.hot 3 percent solution
of monoethenolamine in 95 percent alechol (“chlorolignin® solvent) to
cover hthe material complstely is added. After 2 minutes this also is
removed by sucbion. The solvent treatment is repeated and the residue
then washed with 95 percent etbhanol and twice with cold water to re-
move monoethanolamine. The chlorination and extraction is repeated
untbil the residue is white following chlorination and is no longer
colored by the addition of the hot "chlorolignin®™ golvent. The mono=
ethanolamine is finally removed by washing twice with aleohol, twice
with cold waler, and again with alcohol until the residue is neutral
to libtmus. The reﬁaining residue, holoesllinloge, is dried to congbant
weight. at 105° C. The percentage of lignin in the indigesbible residue
is caleculated from the loss in weight during the chlorination and exe
traction procedure.

The holeocelluleose is transferred to a 400 ml. beeker containing
200 ml. of hot 3 percent (by weight) sulfuric acid, and the mixture
digested jush below boiling for 1 howr. The residue, which is erude
ecelluloss, ls filtered into the original cruecible and dried to constant
weight at 105° C. The percentage of hemicelluloses is caleulated from
the loss in weight of the holocellulose. The crude cellulose is then

transferred to & tared crucible, ignited, and the percentage of cellu~



lose is calculated from the loss in weight upon ignitioa.
ine methiod finally developed in this laboratory by modifying aad
combining these methods is as follows:

The indigestible residue is determined by the Lavig and Miller

procedure previously described.

eternined by the previously described webhod of Davie

and jiiller, with the added details that the hydrolysete from the D=

T ; o

liminery o percent acid treetment is reserved for the determination of

.

tie penvoses of the hemicellulcse fraction, and the filtrate from the

2 3

subseyuent strong acid bydrolysis is reserved for the determination of
giucose derived [ronm cellulosc.

%

Hemicelluluses are deternined from the amount of pentoses in the

S perceut acid hydrolysate as followss

The filtrabe of the b percent sulfuric acid breatment is trans-
ferred to a SOO ple volumetric flask and neutralized to litmus paper
with 50 percent godium hydroxide. Then 16 g. of anhydrous sodium
sulfate are added to make the sallt concentration comparsble to thatl

obbained by neubralisation of the strong acid digestion nixture, for

mﬁdz%1%cmmmmmwhmiﬁésﬁm&wdswmremwm;mmgwammﬁ. The
golution is made Lo volune, and a 5 ml. alicuet pipetied into & R00 x
%6 mm. tost bube. Then 5 ml. of Shaifer-Somogyi sugar reagent (58) are
added, and the best bube ig covered and heabted in a beiling wabter bath

for 15 minvtes. The tube is removed from the bath, cooled rapidly in
2 i

gold vater, and 5 ml, of 1 ¥ sulfuric acid are asdded Lo liberate lodine.
The tube is shaken and the excess lodine ig tltrated with .05 ¥ sodium
thiosulfate, using soluble gtarch as the indieator. The aifference

hetwsen this titer and the titer of s blank convaining 0.2055 g. of
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sodium sulfate in 5 ml. of water which is run coneurrently with the
sanple represents‘the botal reducing sugars of the 5 pereent sulfurie
acid hydrolysate. A 10-15 ml. portion of the same hydrolysste is
placed ig a centrifuge tube‘GOﬁtaining 3-5 g. of washed baker‘s yeast,
thoroughly stirred, fermented st 30° G. for 30 ninubes, and then cen-
trifuged at 3500 to 4000 r.p.m. A 5 ml. aliquobt of the supernatant
liquid is immedigtely analyéed for redueing sugars as just described.
The difference between this titer and the titer of a blank (comtaining

.

0.2055 g. of sodium sulfate per 5 nml.) that was subjected to yeast
fermentation ard analyzed parellel with the sapple analysis represents
the non-fermenteble sugars of the 5 percent acid hydrolysate. The ti-
tration values are converted to the respective suger values by use of
standard curves prepared ans described for the Williazms and Olmsted
nethods The difference between the percentages of total reducing suge
ars and those of non-fermentable recducing sugarg represents glucose
derived from the short chain hexosans present in the cellulosen frac-
tion and is converted Ho percentage of cellulose ard included with the
celluiose fraction.

Oellinvlose ig debermined from the amount of glucose in the filtrate
from the lignin determinstion. The filtrate is placed in & 1 liter
volunetric flask, neutralized to litmus paper with 50 percent sodium
hydroxide, and tobsl reducing sugars and non-fermentable reducing sug-
ars erce debermined exactly as described for hemicelluloses. The dif-
ference between the titrsbion values of the total reducing sugars and
the non-fermenbable reducing sugars represents glucose. By reading
the sugar equivalent on the glueose standard curve and calculating as

in the Williams and Olmsted procedure, z value for pure cellulose is
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secured. The non-ferumenbtable reducing sugar value of this fraction is
discarded, since a satisfactory estimation of pentoses in strong acid
digestion mixtures is not practical. The percentage of glucose in the
9 percent sulfuric scid filtrate plus that of the nentoses of the cellu~
losans, differentiated by the following procedure, sre converted to pere
sontage of eellulosans and added to the pure eslinlose value to repre=-
sent crude cellulose,

Total pentoses ere estimated by conversion to furfural and its
quantitaﬁive egbimation by the me%hod of Helsworth (17} as followss
4 0.5 g. sample of indigestible reégidue is transferred to a 250 ml.
distilling flask containing 22 g. of sodium ehloride, and 100 ml. of
13.15 percent (by weight) hydrochlorie scid are added, The flask is
clogsed with a one-hole rubber stopper fitted with a thistle tubs which
is adjusted to extend well below the suwrface of the wmixbure. The flasgk
is attached to a Liebig condenser and the flask half immerged in a wax
bath previously heated to 168-170° C. A 500 ml. volumetrie flask is
uged ag a receiver for the distilliste. Distillation should progress
so that 25 nl. of distillale arc colleched every 10 minutes. A4t 10
ninubte intervals 85 ml. of 13.15 percent hydrochloric acid are added
through the thishtle tube to keep the volume of the mixture constant
within limits. After 300 ml. of dlgtillate are collected the receiving
flasks are removed and the distillate made to volume., A 100 wml. ali-
guot is pipebted into a glass stoppered 250 nl. Erlenmeyver {lask and
25 ml. of bromine reagent (0.1 ¥ potagsium bromate containing about 8
percent potassiuﬁ bronide) are added. The flask is kept in = dark
room &t 20° C. for 1 hour. An excess of potassium iodide is added and

the icdine liberated is titrated with standard .1 W sodiuvm thiosnlfate,
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starch being used as the indicator. A blanik correction is determined
on a solution made up to contain 4 percent hydrochlorie ameid and 25 ml.
of the potassium bromate~potassium bromide reagent run concurrently
with the sample. The ifference belween the tibration values of the
blank and the ssmple represents the ml. of .1 If bromine required to
react with the furfursl of the sample, and is multiplied by the fac-

tor 0.002402 to convert to mg. of furfursl (14,17). This velue mulbi-

plied by the experimental factor 1.835 (17) yields mg. of penbosss equive

Yy

alent to the fuwrfursl.

Th

®

difference between the percentage of pentoses calculated from
the amount of non=fermentable redueing sugars of the 5 percent acid

41 .L.

hydrolysate end the percentuge of tobtal pentoses deterwined from the
furfural representg penboses derived froa the cellulosans of the crude
celinlose, Multipliecation of the value of these penboses of the cellu=
losans by the factor .88 converis tiem to bthe sguivalent valuss of the
céliulosans. These pentose values of the cellulosans plus the 4ucose/
value of the cellulogans derived from the deteranimation of the hemie
celluloses represent total cellulosans and are added to the percentage
of the pure cellulose fraction indicated by the fermentable sugars to

obbain a percentage repressenting ervde celluloss.

LKESULTS AND DISCUS3ION

]

study was nade %o debect possible probein adhering to bthe Davis

wd Hiller indigestible residue. IU seemed Lhat the presence of pro-

SL"

tein would be manifested by two effects; firsgt, by the irncompleteness
of recovery of the indigesbible residus as messured by the sunmalion

of the fractions determined, and second, by high lizaln percentages,
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In the partition of the indigestible residue, errorg may result
from failure to account for the presence and distribution of protein-
aceous material. This ie true particularly of the methods of Davis and
fiiller, and Van Beckum and Ritter, which determine one or nore of the
important constituents of the indigestible residue by difference.
thile the presence of protein would alse prohibilt the complete recove
ery of the indigestible residue when sach congtituent is determined
separetely, as is done in the Williams and Olasted method or the pro-
cedure developed in this laboratory, this error in recovery is to be
expected, and it is not as signifieant ag the error resulting from cal~
culating the amount of a congtituent by difference.

Thig study of the protein remnants not removed by the enzymatic
digestion of Davis and Miller was made to determine the extent and posi-
tion of errors introduced by such remnants. The proportion of the total
nitrogen which was removed by the enzymatic digestion of Davis and
iller wes determined, and the values are reported in table 1. The
variation in the amount of nitrogen extracted (48~Y6 percent) is probe
ably due to the nature of the different grass samples. Whether the un-
removed protein is held by some form of chemieal bond to the membrane
carbohydrates or whether it is mechanieally incorporated as a part of
the colloidal structure of these carbohydrates is a mabier of specula-
tion. It seems reasonable to suspect that the protein has a definite
and funcbional part in the eolloidael strueture of the plant cell men-
brane. If it is assumed that the nitrogen of indigestible residue cx-
ists ag protein, the errors introduced by its presence may be appreci-
able, especially if recovery of all the indigestible residue is desirsd,

It was thought that the determinstion of the protein of the indigest-
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ible residue and addition of this velue to the amounts of other consti-
tuents of the reﬁidue might correct this error. However, even if the
Yobtal amount of the protein present in the indigestible residue were
known, the mode of distribution of this protein emong the fractions
deternined would not be known, and the accurate correction for the
protein conteut of each would be impossible. Owing to the unavoidable
appearance of protein in the determined fractions, the additicn of the
totel protein present to these constituents in celculating recovered
indigestible residus would produce an error. For this reason it wes
thought advieable to disregard the protein fraction when calculating
the recovery of indigegbible residue after its partition.

TABLE I. The Removal of Witrogen ! y the
Davig and Miller Enzymetic Digestlion¥

i present In 1. r, %%

Kin&_ of Erass Tre ated Untreated f‘{ Protein
J/a j;i

Sand bluestem 10.15 3.05 «58 3.6
Little bluestem 11.70 3.82 61 3.8
Switch grass 17.60C 8,06 1.42 B.8
Hairy gramna 15.45 3.76 68 4.2
Weeping lovegrass 16.35 3435 56 3.3

#Unless obherwise indicated the results recorded are ex-
pressed in mg./g. original sanple,

**Abbreviation o" the term indigestible residuse.

Horman and Jenking (40) observed that protein added to the strong
sulfurie acid digestion mixbture caused lignin values much higher than
were obtained when protein was absent. The effech of protein was
thought to be due to the linkage of probein fission products with lig-
nin. The size of these nitrogen-containing incrustants is probably

ratiher saall. It does not seem reagsonable that a pepbtide linkage
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could withstan&‘the vigorous hydrolytiec actioﬁ of the strong sulfurie
acid for any considersble lengbh of time. By adding a definite amount
of protein to a lignin-sulfuric ascid mixture, Hormen and Jenkins showed
that the amount of nitrogen added to the lignin relative to its increase
in weight would not permit the addition of a very large nitfogen-con—
taining molecule.

4 study of the nitrogen adhering to the Davig and Hiller lignin
and its relation to the distribution of the nitrogen within the indi-
gestible residue is recorded in teble 2. It will be observed that from
50 to 67 percent of the nitrogen of the indigestible resgidue is retain-
ed ss a contaminant of the lignin fraction. Siace vhe size of the ni-
trogen~containing fisgion product of the protein is apparently very
small, the error intreduced by it in increasing the lignin value is
probably not of great conseguence. There is no stoichiomeirie relation
between the amounts of nitrogenous component end of lignin, as shown in
columns 2 and 4 of table 2,

TABLE 2. The litrogen Contaninations of Davis and Miller

Lignin and Their Relation to the Distribution of the
Hitrogen of Indigestible Residue

-
Kind of I. R. Lignin Lignin  Total ¥ of i. r.
grass B in lignin

Sand paspalum 4.2 2] 1.6 50,0
Blue grams Be7 Red 1.5 6647
Switch grass 5.3 3.3 1.8 62.5

¥hile the presence and the effect of ash in the indigesiible res-
idue is not as difficult to sbudy as is that of protein, it neverthe~

less may cause congiderable error if ignored entirely. Table 3 shows



the relstive anounts of ash removed by the extracting processes T8/

which samples are subjecbed in the preparation of indigestible residue. 7§
The smount of ash present is sufficient to require its determination

and the application of corrections for its presence in those fraections
isolated to represent & definite indigestible constituent.

TABLE 3. The Hemoval of Ash from Grasses by Solubien
During the Davis and Miller UInzymalbie Digestion Procedure

Kind of ' Ash v

grass Untreated Treated Remnoved I. R.

Furple sandgrass 52.8 23.0 5545 3.7

Sand lovegrass 56.1 12.2 79.0 2.0

Blowout grass 48.0 27.6 42,5 3.6

Sand legume 68.8 19.2 T2.2 3.0
46.8 1745 62.6 2.8

8witch grass

In these experiments no lignin wag igolated that did not conbtain
some ash. This causes no particular concern, however, as liguin is

debernined by difference upon ignition. A4Ash is a very definite coun~

3

taminant in the case of both Van RBeclum and Ritter celluloge and
Klirschiner and Hensk cellulose, ag shown in table 4. The cellulose of
the latter method is determined as weight loss upon ignition, and the
pregence of ash would therefore not affect its yield. However, the

Van Beckum and Ritter cellulose is weighed directly, and its apparent

o
o

value would therefore be increased by the prasénde-of.

~ ‘o
-l

Lo As shown

e

in table 4, the process of Ven Beckuwns and Rittéyr Fesovds very-litile

of the ash contaminating the indigestible residud.:

00 s :a

oo 4.
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degirsble to determine the amount of ash in this cellulose and correch
for its presence in calculsting celluloss resultg. This has been the

procedure followed in this experiment.



Values for hemicelluloses cblained by the Davis and Miller pro-
cedure are calcl?a ted by difference as total indigestible residus ainus
the suam of the lignin and cellulose values directly determined. The
arror in hemiecelluloses, therefore, includes, in addition to 2ll ex~
perimental errors, the errors due to the presence of protein and ash
in the indigestible residue, unless proper correcticns are applied.
Corrections for ash contaminations were made in Lhis resgearch for all
valuss oblained by this method.

TABLE 4. The Ash Contaminationg of the Klirschner and

Hanak Cellinlose and Van Beckum and Ritbter Cellulose and
Their Relation to that Present in Indigestible Residue

Ash
Kind of grass I. H. Van Deckun and  Wirschner end Hanak
Ritter eelluloge celluloge
Purple sendgrass 230 2245 13.5
Hdiry grans, 8.5 43.0 35.6
Giant reedgrass 2745 28.8 18.7
Switeh grasg 17.5 15.8 : 16.5

The Willisms and Olmsted procedure previocusly used in this lsbora-
tory (20) waa the first.meﬁhod ghudied for the partition of the indi-
gestible residue into lignin, cellulose, and hemicellulese. In the
original method the residue of an enzyratic digest was treated with 60
percent sulfuric acid to dissolve hemicelluloses and cellulose and iso=
late lignin. The work of Wakeman and Tenney (65) and of Norman (38)
showing the failure of this concentration of sulfuric zcid to digsolve
naturasl cellulose quantitatively wag substantiated in this laboratory.
TWhen 60 percent sulfuric acid was employed the lignin flocs were very
gelatinous, and extremely high values, even exceeding et times the -

oripinal weight of the sample taken for analysis, were obtained.
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The hemicelluloses, cellulose, and lignin of several samples were de=~
vernined by the Williaas and Olmsted proeedure using twe different con-
centraticns of seid, and the resulis are cowmpared in table 5. The
cellulose results obtained with 72 perceni sulfuric acid are higher,
and the lignin velues lower than when 68 percent sulfuric scid is
used. This indicsbes that 72 percent sulfuric is a wore effechive
celiuiose golvent tlhen the 68 percent acid., Tor thisg reason 72 per-
cent sulfuric acid was used in subgequent analysis. |

TABLE 5. The Effect of the Goncenﬁraﬁioﬁ of

Sulfuric Acid on Parbition of Indigestible Hesidue
by Williams and Olmsbted Proceduve

Lignin Cellulose Henicelluleose
King of grass  68% 123 554 o #89 755
Acid divestion Aeid digegtion Acid digeation
Little bluesten 293.9 254.6 211.2 246,0 126,.4 126.4
Sand paspalum  211.6 190.7  215.0 234.0 121.2 119.4
Hairy grana 251.0 191.5 204,0 231.0 91i.2 94,7
Blowouv grass — R67.3 204.0 168,90 18C.,0 129.7 129.7

In table 6 the results of the complete partitiom of the indigest-
ible regidue of se#eral samples ares pregented. The recoverieg are de-
termined by the summation of these fractions; in most of the samples
they are quite low.

Horman (38) stated that it is impossible to recover ell the nab=
ural eellulose of forage grasses by hydrolysis and subsequent delerminge
tion of zlucose, bub that it mey be possible te demonstrate complete
recovery upoan materials ylelding pure glucose. As shown in table 7,

96 percent of maltose and filter paper can be thus recovered. This

fots

indicates that pure substences yielding reduecing sugers stable to

nineral acid hydrolysis may be determined by sueh a procedure.
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TABLE 6. The Amount of Indigestible Residue Recovered
from the Williams and Olmsted Partition Employing the
Use of 72 Percent Sulfuric Acid

Kind of grass Tignin Cellulose Hemicellulose Hecovered I. B.

Little bluestem 254.6 246.0 126.4 827 «0 650.3
Sand paspalun 190.7 23440 119.4 545,9 67246
Blowoub grass 204.0 180.0 129,7 511.2 622.7
Blue granma 129.2 200.6 63.4 392.2 523.2
TABLE 7. The Recovery of Glucose ' |
from Strong Aeid Hydrolysis

Wnd of eipht sempie Glucose Percent.
material ‘ recovered recovery
Haltose 300.0 300.0 86,0

Filter paper 300.0 ‘ 320.0 96.0
Glucose 200,0 200.0 1o0.0

Pentdse sugars sre unstable in strong minersl acid. A xylose~-arabinocsae
nixture treated for one hour with eold 72 percent sulfurie aecid is only
80 percent recoverable, as shown in table 8. This table alsc shows
that the recovery of the xylose-srabinese mixbure after treatment with
boiling 5 percent sulfuric acid is 98 perceunt of the theoretical.
Horman believed that the effeet of strong acid hydrolysis would be even
more marked upon the pentosans of the cell walls of plants. It is
shown in column 5 of table 9 that the percent of pentoses recovered
when the cell wall materials are subjected to the hydrolytie aetion of
strong acid is in wost cases even less than that obtained when pure
pentoses are similarly trested. Thus the Williams and Olmsted analysis

accounts for only part of the pentoges of the hemiecelluloses conbained



in the indigestible residue. Also, pentoses derived from cellulosans
surviving the strong acid trestment would not be ineluded as part of
the cellulose fraction, but would Le included with apparent hemicellu-
logeg. lHowever, the glucose derivea from pure eellulose may reason=-
ably be expected to be accurately estimated.

TARLE 8. The Effect of Sulfuriec Acid Coneentration
on the Recovery of Penlose Sugars

Height recavered from

Sugars uged Weight sample TR% 5% distilled
sulfuric scid sulfuric seid water
cold " boiling boiling

1:1 ratio
syloge= _
arabinose 200,0 160,.0 196.0 . 200.0

TABLE 9. Comparative Results of Lignin Determinations
by the Williams and Olmsted and the Davis and Hiller
Hethods and the Effect of the Former on Pentoge Yield

Lignin _ ___Total pentoges

Eind of grass Williams and  Davis and  Olumsted and I. E.

Olusted Willer Filliems lig-

' —s ‘ nin filtrate
Little bluestem 254,6 220.5 126.4 231.0
8and pasgpalum 190.7 144.8 121.2 147.2
Hairy grema - 191.5 155.0 94.7 162.5
Blowout grass 204.0 167.0 129.7 204.0
Buffalo grass 174.8 140,0 125.0 191.3
Sand drapssed 204,0 163.4 148,5 178.7

Horman and Jenkins (40) observed that the apparent lignin wvalue is
graably increaseﬁ by the presence of penﬁoses in the strong acid digesle
ion mixtures used in isolating lignin. This is probably owing to the
gynthesis of furfural from pentoses, followed by the formstion of an

insoluble furfural-lignin complex which is weighed as apparent lignin,.
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The Willisms and Olmsted lignin values presented in table 9 are all con~
siderably higher than are the respective values of Devis and Hiller.
The 5 percent sulfurie scid pretreatment of Davis and Hiller removes
all or nesrly all of the pentoges comprising the true hemicellulose
fraction. Thus the difference between these two lignin values repre-
sents the differences due to the presence of ventoses in the digestion
mixbure. It may also be nobed that the incresse in apparent lignin is
not correlated with the decrease in apparent hemicelluloses. A4n aceu-
rate estimation of either lignin or hemicellulose without a separation
of the hemicelluloses from the indigestible residue previous to strong
acid hydrolysis does nob seem possible.

Hemicelluloges are defined as those polysaccharides converiible
into simple sugars by heating with dilute acids at almospheric pressure.
The use of o percent sulfuric acid was adopted by ilorman ag a pretreat-
ment in whe debermination of lignin by 72 percent sulfurie acid hydroly-
sis. Davis and killer hsve made use of 5 percent ﬁcid hydrolysis to re=-
nove hemicelluloses from bhe indigestible residues of forage grasses,
previous to the determination of lignin. It is shown by table 10 that
from 65 to 75 percent of the totzl pentoges of the indigestible residue
are removed by 5 percent sulfurie acid treatment. Jormen (34) has
shown that an extremely vigorous reaction with acid or alkali is aec-
esgary for the removal of the remaining pentoses. It was concluded
that boiling © percent sulfuric acid extracted most of the pentoses dug
to hemicelluloses and, therefore, this hydrolytie treatment was incor-
porsted in the Williams and Olmsted procedure to facilitale in partiticn-

ing the indigestible residue of forage grasses.
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TABLE 10. Compsrative Resulbs of Pentose Determinations
by bthe nedualigﬂSugars and Furfural Yield aiter Sepsvation of
Pentoses by the Davis 5 FPercent Sulfuric Acid Treatuent

» _Redueing sugars - _TFurfursl yield

find of grass Filtrabte Resgidue Fiitrale Hegidue
Sand blussten 215.5 83.5 22647 82.7
Sand dropsesd Z07.0 96,0 209,0 5.0

The pentoses Lhal are not removed froi the indigestible rasidue by
the § percent suliurie tresiment apparently bave neo sppreciable affect
on the lignin results. The reason may be their low concenbration.

After strong sulfuric scid hydrolysis of the 5 percent acid pretreated
regidue, most of the remaining pentoses can be accounted for by the re-

dueing sugar technique, as is shown in table 10. This would indicate

that the peutoses of the cellulosan fracticn sre reasonsbly stuble in

n

trong sulfuriec scids thue neither furfural nor the congequent lignin-
o 2 3,

furfural complex would be formed. Dy careful technique 1t is possible

+ R

o debermine the amount of non-fermentable reducing sugars in vhis

},:g

gtrong acid hydrolysate. Addition of the velue thus received bto The
coliulose value vields results thalt are both more sabtisfactory analyti-
cally and wore conformable to the theery presented in the introduction.
Alternatively the percent of penboses due to cellulosans mey be calcu-
lated from the difference between the total pentoses of the iudigest-
ible residue and the pentoses of the hemicellulosss that are extracted
Ly § perceunt gulfuric acid. As iliungbrated in table 10, furfursl de-

-

Lerminstion {17) was found to be an accurate and easily manipulated

method of esbimating pentoses. Almogt idenbical resulis were obtained

For the hemicelluloses partitioned with 5 percent sulfurie scld, and
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for the cellulosan pentoses of the subsequent strong acid hydrolysis

by botk the furfural and the reduclnﬁ sugar methods. In view of the
somewhal uncertain sbabiliby of the penitoses of the cellulosans in
strong acid solukion, and the errors inhevent in détermining sugars at .
such low concentrations it appeared that the wanm ses of cellulosans
could be more reliably estimeted by an indirect methé& employing the
furforal determination. By subtracting the percent pentoses of the
henicelluloges determined by the reducing suger btechnique epplisd %o

5 percent sulfuric acid extract from the total percent of pentoses de-
termined on the indigestible regidue by the furfural procedure, a value
representing the npentoses of the cellulosans was secured which was
comparable to that determined by the direct reduction methed. Acccrd-‘
ingly, the Williams and Olmsted method was further modified to include
& determination of total pentoses by furfural yield, and the error in
bobh hemiselluloses and celluloges due to the negleet of the cellulogan
fraction by the original procedure is corrected. fTable 11 shows the re-

. to partitioning of the indigesh=~

sults of bhe modified méthoﬁ as applied g
ible residues derived from forage grasses. The gum of the pesreentage
of the fractions partitioned is practically identiecal with the percents
age of the indigestible residue.

It seenmed desirable to check the valusg for certain of the {rae-
tions determined by the nodifled method by comparing with veluss de~
termined by direct and independent nmethods based on different pringi-
ples. The determination of cellulose by the Xlirschner and Hanak pro=
cedure was used in this research to check the cellulose values of the

modified nebthod. It is based on the principle that lignin is nitrated

by boiling dilute nitric acid and the resulting "nitrolignin® is sol=



uble in concentrated acetic acld. A&lso, hemicelluloses are hydrolyzed
and extracted by the aeld trestument., Reid and his eo-workers (49)

have shown that lignin-free cellulose is not isolated by the Klrschner
and Hoffer procedure. Their regults indicate thel by analysis of this
cellulose for lignin by the 73 percent sulfuric acid method and correc-
vion for the lignin contamination, low resulis for cellulose Wefe 0b-
tained as coumpared to thoge from other procedures. The reagon for thig
was not determined. Likewise, lignin~free cellulose was nol oblained
by the KBrschner and Honal procedure in this 1ab0ratory.‘ flso, low
cellulose values were obtained by eorrecting fér lignin contamination.
It appeafed-that a cribical analysis of the Kirschner and Hansk cellu-
lose should be méde in order to discover the sources of these.errors.

TABLE 11. The Partition and Reecovery of Indlgestlble
Regidue by the Moulfled Procedure

Kind of I. RB. Lignin GCellnloge Hemicellulose Ash Recoversd

gruss '
Sand :

dropgeed  43.37 12,78 21.70 6.70 1.66 42.84
Switeh ' :

grass 44,13  8.06 22.56 7.89 1.75 40.26
Hairy

grame 48,29 9,30 25.50 5.70 4.80 45,33
Blowout

gracs 42,11 9,55 23421 5.64 2,76 41,26
Sand :

paspalum 44,22 11.20 23.89 4,26 3463 42,98
Sand : ‘

hluesten 51.22 18,00 22443 .45 1.06 50.93
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The value of the pure cellulose fraction retained by the
Klrschner and Hansk cellwlose was calculated from the amount of glu-
cose ylelded by strong acid Lydrolysis. The results of this analysis
are compared with the Williams and Olmsted cellulose in columns 4 and
5 of table 12. The consistentiy lower value for Efrschner and Hansk
pure cellulose may indicate thalt some of the hexosans are extracted
irom tne cellulosans by the acid mixbure used in this procedure. A
further analysis of the Klirschner and Hanal cellulose was made to dig-
cover the effect of this aeid mixture on the penbose fraction of the
cellulosang. The values for the pentoses of the eellulosans deterumined
by the modified procedure, are compared to those of the pentoses from
the Kirschner and Hansk cellulose determined by the furfural yield, &é
shown in columns 1 and 2 of table 13, This comparison shows bthat a
considerable amount of the pentoses of the cellulosans is removed by
the acid mixture of the nitrating medium. The lignin contamination of
the Kireschner and Hanak cellulose is appreeisble, as shown in column
2 of bable 12. The analysis indieated in this paragraph shows that the
Klirgchner and Hanak cellulese containsg only part of the cellulosans and
is contawinated by small amounbs of Ilignin, and thus this procedure
does not isolate a frection of the indigestible residue truly repre-
sentative of cellulose. However, the Klrschner and Hansk procedure

does give a cellulose velue comparable o the modified cellulose value

o

providing that no correction for the presence of lignin in the former
eellulose is made. While this procedure is not theoreticelly sound,
it seemed advisable to adopt it, since by so doing hemicelluloses

could be caleulated by subtracting the sum of lignin and cellulose

fron the indigestible residue. This makes possible complete partition
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of the indigestible residue.

TABLE 12. The Composition of Klirschner and Hanak Cellulose
end the Comparison of Its Pure Cellulose Value to that
Determined by the Williams and Olmsted Procedure

Kiirschner and Hanak cellulose Williams and
Kind of grass Total Lignin Pentoses Pure cellu- Olmsted cellu-

lose lose
Sand lovegrass  359.3 59.3 52.8 243.0 267.5
Switeh grass 230.0 26.0 176.4 193.4
Blowout grass 358.0 40,3 53.0 256.5 266.5
Buffalo grass 306.3 65.5 205.2 216.0

TABLE 13, Comparison of the Amount of Pentoses in the
Cellulose as Isolated by the Klirschner and Hanak and by
the Van Beckum and Ritter Procedures to that of
the Modified Method

gggtoann of cellulose
Kind of grass schner Van Be Modified

Hanak and Ritter
Sand lovegrass 52.8 102.6
Blowout grass 53.0 100,0
Switch grass 65.0 68.7
Purple sandgrass 58.5 56.8
Sand bluestem 67.5 73.0

The method reported by Van Beckum and Ritter (64) for the parti-
tion of lignin, cellulose, and hemicelluloses of wood offers possibil-
ities for partitioning indigestible residue. This procedure is based
on the prineiple that in a moist medium chlorine will substitute into
the lignin molecule, and render it extractable by an aleohol solution
of monoethanolamine. The chlorination and extraction process leaves a
residue containing the entire carbohydrate fraction of wood. Subsequent
hydrolysis of this residue with weak acid extracts the pentoses derived
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from the hewmicelluloses thus isolating crude cellulose. Since the

-

determination of lignin and cellulogs by this procedure is based on

3 oo

entirely different principles than the modified method, it was thought

determined by the modified procedure would prove valuable in establish~
ing the experimental accuracy of the modified procedure. A partition of
indigestible residue was sccordingly made by the Van Beckum and Ritter
mebhod.

It was found that ths celluloge value, correéted for ash, was
bigher than the wvalue gecured by the modified procedure. Therefore,
an analysis was made of the Van Beckum and Ritler cellulose to deter-
mine the percent of conteminants, of pure cellulose, znd of pentoses
derived from ﬁhé cellulosans to digcover which of these fraciions
caused the high result. The crude cellulose fraction was subjected
o the usuel hydrolysis with strong sulfuric acid follewed by [fiitra-
tion to igolate lignin. Lignin valueg, which sre reported iz column £

hoge of the

523
ot

of table 14, were found te be of the same order a

¢ celluloge. This may indicabc thalt theore exists

a linkage bebween lignin and the polysaccharides which is nob broken
by the gubgtitution rescetiocns and subsequent extracticns of these two
methods.. Horman (38) claims that the failure to bresk carbohydrate-
lignin linkages is a common weakness of most lig nln-@ubstltu ion and
~extrachion methods when they are applied to forage grasses. The
weight of pure cellulose pregent in the crude cellulose is calculated
from bthe glucose yield determined on the scid hydrolysate. A compari-
son of the amount of pure ceilulose in the Van Beckum and Ritter crude

eellulose with thet of the Williams and Olmsted cellulose shows then
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to be equal, as shown in eolumns 4 and 5 of table 14. This indicates
that glucose derived from the ecellulogan fraction of the erude cellu~
lose is probably nobt removed by the chlorination and extraction eme

ployed by the Van BDecltum and Ritter procedure. Since the removal of

glucose derived from cellulosans is nol provable, the removal of the

pentoges from Uhe pane source would not be expected. The weight of

penvoses derived from the Van Beclun snd Ritter cellulose as determin=-

o

ed by the furfurel yield is equal to the value for pentoses derived .
from cellulosans as debermined by the modified method. (See columns
3 and 4 of table 13). It may be concluded from the above analysis of
crude cellulose that the Van Beekum and Eitter procedure isolates a
cellulose comparable to that from the modified procedureiexcept that
it ig contaminated lignin.

TLBLE 14, The Composition of Van Beckum and Ritter Cellulose

and the Compcrison of Ibs Pure Cellulose Valus to that
Determined by the Williams and Olmsbed Procedure

VYan Beckunm and Bltter cellulose

Kind of grass Total Lignin Pentoses Pure cellu~ Olmsted cellu-
J.ose lose

Pluc gravs 361.5 4345 59.0 288.,0 290.0

Sand bluestenm 366.0 53.0 67.5 234,0 235.0

Purple sandgrasz 311.0 46.6 58.0 206.5 214.8

Sand dropseed 370.0 71.6 33.0 R42.2 24446

The lignin results deltermined by the Van Beckum and Ritter pro-
cedure are usually lower than determined by the modified method., This
would be expected, since part of the lignin is retained by the holo-
cellulose fraction. However, the lignin values corvected for the lig-
nin retained by the holocelluloge are greater than those of the modi-

fied procedure. This ancmaly is very likely due to the presence of
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protein in the indigestible residue, which would probably slso be re-
moved by Uhe chlorination and extraction process. With this situstion
exisbing, apparent lignin velues msy even be high, although s consider-
able portion of the lignin is actuslly retained as = contaminant of the
ceiluloge fraction. For this reason the deternination of lignin by the

a

Van Beckum and Ritter procedure is not dependable when applied to the
indibestivle residue of lorage grasses. Hodifilcations in this pro-
cedure to eliminate the lignin error in the cellulose value and to re-
nove a greater amount of the protein from the indigestible residue
would be desirable,

The weight of the hemicelluloses as determined by the Vah Beckum
and Ritler procedure 1s comparable to that determined by the modif'ied
method. This would be expected, since the Van jeckum and RKitter chlo-
vination and exbraction should have 1little efiect on the hemicelluloses
or those polyssccharides assoclaved with them as has been indicated in
the introduction. Therefore, the holocellulose fraetion should be
idenbical, in respect teo polysaccharides, with the indigestible resi-
due. The hydrolysis with weak acid, employed by these two methods,
snould yield equal percentages of hemicelluloses.

Table 15 records the resulis of o complete analysis
gestible residue by Hhe Van Beckum and Ritter, Devig and ifiller, and
nodified procedures. A comparison of these results shows that for
soue grassee (purple sandgrass, sand bluestem, and swibch grass) the

nethods of Van Beckum and Ritter and Davis and Hiller yleld in all

fractions the resuits obtained by the modified procedure. In other

grasses (giant reedgrass, sand dropseed, and hairy grama) variations
in resulte by the different methods occur in some fractions of the



vartitioned residue. Thig would be expecled becauss of the failure

o Gl

of these nethods Lo produce ideuntical frachions, and beeause of the

s,

differences in the neture ol the various indigestible residuss ane

iyzed.
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TABLE 15. Comparison of the Results of the Partition of the Indigestible Residue
of Forage Grasses by the Hodified, the Van Beckum end Ritter and the Davig and
' ifiller Procedures

Indigestible residue

Kind of grass Total Lignin 7 Cellulose ' 7 Hemicelluloses
ffodi- Van Beckum Davis Iodi- Van Beckum Devis  iodi~ Van Beckum Davis
fied and - and fied and ahd fied and and
Ritter Miller Ritter Miller Ritter Miller
Switch grags 671.9 22le& 183.6 221.2 312.0 384.3 312.0 130.5 18,8 122.2
Hairy grama 681l.4 326.5 17¢.0 226.5 2%4.0 353.0 296,00 105.4 117.8 100.7
Gilant reedgrass  713.5 249.8 247.6 244.8 386.0 384,0 424.0 87.7 66,8 39.7
Purple sendgrass 651.5 210.2 190,0 210,82 317.0 324.3 301.5 129.7 129.7 123.2
Sand dropseed 577.8 139.3 11%.4 139.3 328.4 344,0 318.0 674 7540 106.4
8and blueghen 652,1 20B.8 211.5 208.8 3R26,5 346.0 322.,0 104.3 107.0 1067
Sand blusgtenm 646.7 181.8 211.5 181.8 335.0 336.0 326,0 135,6 151.5 12¢.9

(Month younger)




RESULTS ARD CONCLUSIONS
The Davis and Miller procedure was chosen for preparing indi-
gostible residue. The effects of ash and provein contaminations
were ghudied, and corrections were made for errors regulbing from
the preszence of ash.

It wag found that the Willisms and Olmsted procedure did not
properly allocete the pentoses of the cellulosans of the crude cellu-
lose fraction, that pentoseg were condensed in the 72 percent sulfuric
acid solusvion to furfural, and that a fwrfural-lignin complex was
formed which caused an increase in apparent lignin velues.

A nodified methiod was developed which made corrections for the
errorg of the Williams and Olmsted procedure. The resulls were in
substantial agreement with those obtainsd by the Davis ard Hiller
and Van Beclum and Ritter procedures for partitioning cellulose.

It is coneluded that the modified procedure is theoretically

sound and experimentally dependable for the partitioning of the

indigestible residue of forage grasses.
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