
SUGGESTED SHORT TITLE FOR BOUND COPY: 

IN VITRO EVALUATION OF FORAGE NUTRITIVE VALUE. 



THE USE or AN 1!i VITRO RUM!N FERMENTATION PROCEDUU 

TO PREDICT THE !Vl'!tiTIVE VALU! or FORAGES 

Jtuserw Donafer 

A tbesis sub.itted to the Paculty of Graduate Studies and 
Reaearch in partial fulfit.ent of the requirements for the degree 
of Doctor of Philo1ophy. 

Department of Nutrition, 
Macdonald Colleae of 
McCill University, 
Montreal. April, 1961. 



ACiaDn.EDCZMENTS 

The author wishea to tbank Dr. E.W.Crampton, Chatrman of the 

Department of !Utrition and dlrector of this reaearch, for his 

guidance, interest, and ta.ptration in its conduct. 

To Dr. L.E.Lloyd, the author exprea1es hia sincere thanka for 

his constructive criticiam and assistance during the conduct of this 

researcb. 

Special t~anka are due to Dr. D.G.Dale, who prepared the 

fistulated antmals, and to Mr. B. Dolgowicz who•e technical assistance 

in the operation of the 1D !i1xQ syst.m la gratefully acknowledged. 

Appreciation is also expreseed to the author's wife, Vera, who 

prepared the illustrations, and to Mrs. E.D. Catto for the typing of 

this thesis. Photographe tncluded of Ule !a vitrQ techniques were 

taken by Dr. E.W .Cra.pton. 

The author would like to express hia sineere appreciation to 

Drs. O.G.Bentley, R.R. JOhnson, and B.A. Dehority, for the instruction 

and advice received durlna hia visit to the Ohio Agricultural Experiment 

Station at Wooater in June, 1~7. 

This project was made possible by an Extra-Mural Grant of the 

Canada Department of Agriculture. 



TABLE OF CONTENTS 

Pas• 

1. INTRODUCTION 1 

II. R.EVIEW OF LITERATURE ' A. NUTRITIVE VAWE OF FORAGES POR lWKINANTS 5 
1. Function of ru.en ' a) !arly vine 5 

b) Role of llicroorsaniau 6 
2. Criteria uaed to evaluate foraaes 8 

a) Availab le energy 8 
L Net energy 9 
u.. Metabolizable enaray 10 
iii. Digeetible energy 10 

b) Voluntary intake 12 

B. IN VITRO IWMlQf l'ERMENTATION lŒTHODS 14 
17 !arly in vitro studlea 14 
2. Deve1oPMnt of modern .!!l vitro systeme 16 

a) Microbial 1npcu1um 18 
i. luMn Hqutd 18 
u. Wa1hed cella 20 
iii. leeu1pended cella 22 

b) In vitro 1ystems ' . 22 
1. All-glasa 22 
u. Sesd.permeab le a.brane 24 
111. Manometric 25 
iv. Col\tinuoua flow 26 

3· Va1idity &Dd standardization of !! vitro ayat ... 27 
4. Nutrient requir..-bts of ru.en ~erooraani..a 29 

a) Fatty •n4 amtno acida 30 
b) B-vttallina 33 
c) Inorsanic el ... nts }4 

C. PORAGE S"IUDIES USING IN VITRO lUMEN FEIM!R'l'ATION 
M!THODS 36 

1. Studies of the nutritive value of foras•• 36 
a) Effect of li&niflcatiou ~ 
b).Celluloae atructure }8 
c) Undiaeated cellulose aa related to rate 

of paaaaae 39 
d) Effect of nutrtent auppl...atation 4o 
e) Vola tUe fatty ac id proclw.ctioa ~ 

2. Use of !a vitro techniques to predict, autritiva 
value of foraaea 44 

III. OBJECT OF RESIWtCH 51 

.,. 



TABLE OP CONTENTS ( continued) 

IV. PR!LnnNAaY STUDIES ON THE ESTABLISHMINT OP AN 
IN VITRO lWMIN FDM!!ftATIŒ SYSTEM 

A. GËiERAL DrnODUCTION 

B. GENERAL EXP!llnŒMTAL PB.OCEOORE 
1. Preparation of bacterlal iDOCulwa 

a) Source of ruaen inaeata 
b) Phosphate buffer extract 
c) Resuspended bacterial cella 

2. Nutrient Mdi• 
~. Cellulose aubstratea 
4. !! vttro ayat .. 
5. Setttug-up procedure 

a) Day previoua to feraentation run 
b) Day of initiation of fermentation run 

6. Terainatton of fe'f'Mtltation 
7. Celluloae aualyais 

a) Acid diseetion 
b) Filtration 

1 
c ) Drying and aeh1ng 

8. Calc:ulationa 
9. Statistical analyste 

C. niAL 1. THE EP'FECT OP VAltiOOS SUPPL!M!NTS ON THE 
.Yi vtnO DIGESTION OP PUtiDED CELWLOSI 

1. Introduction 
2. EXperipental procedure 

a) Nu trient medium 
b) Substrat• and iboculum 
c) Suppl ... nts 
d) Fermentation rune 

~. Resulta and dbcueeion ' · 

D. TRIAL 2. THE BPrECT OP VüiOOS SUPPI.I!HDTS AND 
JORAC! P!D TO ~ DONOll STED. OH THI 
IN VITRO DIGESTION 07 ~IFI!D C!LLULOSI 

1. Introduction 
2. Experimenta 1 procedure 

a) S-strate 
lt) SuppleMilte 
c) rer.utation runa 
d) Forage fed to iuoeulum donor steer 

~. Raeults and discuaaion 

E. TRIAL ~. THE Fl'Ptc'l' or VAUOUS CctœiHATIONS or 
VAL!RIC ACID AND CASBIN HYDR.OLYSATE œ THE 
.!!'! vrrgo DIGESTI<If or Pftlfi!D C!LWLOSE 

1. Introduc:tiotl 
2. Experl•nta 1 procedure 

a) Substrat• 
b) Fermentation ruu 

~- Resulta and tiacusston 

68 
68 
68 
68 
69 

-69 
69 
70 

13 
13 
13 
13 
13 
7~ 
74 
7~ 

79 
79 
79 
79 
79 
8o 



. ., 

TABLE or COJrr!NTS ( continued) 

P. TRIAL 4. THE EPPBCT OP CAS!Ilf HYDlOLYSATE 
SUPPLBMEHTAnON AND JORA.GI P1D TO 
IHOaJUJM DONOR STID ON THE !! VlTIO 
DIGESTION OF NATIVE P'OIAG! C!LWLOSE 82 

1. Introduction 82 
2. !xperiMnta 1 procedure 82 

a) Subatratea 82 
b) Hu trient mediua 82 
c) FerMntation runa 82 
d) Poraa• fed.to inoculua doaor ateer 83 

3. Reau1ta and discuealon 83 

V. PUDlCTtON· or THE NUTRITIVE VALUE or A fORAG! ftœl 
J!! VITRO RUMEN PDM!ll'l'ATION MTA 88 

A. TRIAL 5. T'IlE ESTABLlSIIM!NT OP A COilULAnON B!'I'WEIN 
TH! 1!. VlTlO C!LWI.OS! DlGESTIBILm OF A 
1'81AP AliB tf1 lllftl!lVI \füUI Al DITIIHlNED 
IN VIVO 88 

1. lntroct;ëtiOD 88 
2. ExperiMntal procecture 88 

a) Substrat•• 89 
b) Foraae fed to inocvlua dODDr ateer 89 
c) Per.ntatiOil periode aad runa 89 

3. Resulta aDd diacuaaion 91 

B. TRIAL 6. THE EFP!C'l' OP FORAGE PED TO lMOCtTLUM DOR)R 
STEER ON 1!! VlTIQ CILWLOSK DlG!STDll.lTY 
OF 1957 PORAG!S AT VARIOUS rDMP.NTAnON 
T~ 1œ 

1. Introduction 102 
2. Experiaeuta 1 procedure 102 

a) .~batrate~ 102 
b) Poraa• fed to laoca1um donor at .. r 102 

3. Resulta aDd diacua1ion 103 

C. TRIAL 7. THE UIATIONIHIP BI'IW!KH lg-HOUa CILLVLOS! 
DIGESTD ILITY AND TH! Ilf vtvo N. V .1. or 
PORAG!S J'11) Df TRI CWPnD'"IJin Glotnm POIM lo8 

1. Introduction 108 
2. Expert..ut&l procnure loB 

a) Substratea loB 
b) Perantat 1011 runa ad perioü llO 
c) Porqe fed to iaocuha donor ateer 110 

3. Resulta aad dbcuasioa llO 

D. S1HWtY 119 



TABLE Ol CONTENTS (continued) 

VI. IlftiGRATING DISCUSSICti 

VII. CONCWSIONS 

LITERATURE CITED 

A PP END IX 

.. 

Pas• 
121 

127 

130 



LIST OP TABLES 
!2:. !w. 

1. Composition of uatrtent medium and bacterial 
iupeulum ~xture 56 

2. Composition of amino acid mixture 69 

3. Effect of varioua aupplemeuta on the ~ vitro 
digeation of purified eelluloae (Trial 1) 70 

4. Effect of varioua auppl.meuta and foraae fed to 
inoculum donor steer on the !a vitro digestion 
of purified cellulose (Trial 2) 'Tf. 

5- Effect of varioua combinatloaa of valerie aeid 
and caaeiu hydrolysate on the ~ vitro diaeatton 
of purified cellulose (Trial 3 80 

6. Effect of caaein hydrolyaate supplementation and 
forage fed to inoculus douor ateer on the 
in vitro digestion of native foras• celluloae 
CTrial 4) 83 

7- Relative Intake, energy digestibility, and N.V.I. 
of forages as determined !!! vno 90 

8. !a vitro cellulose digestibllity of foraae and 
purified celluloae subatrates at various 
fermentation times (Trial ') 

9. Significant correlations between the !g !!!2 and 
!a vitro data (Trial 5) 

10. Effect of forage fed to inoculum donor ateer ou 
As vitro cellulose dise1tion of 1957 forages at 
varioua fermentation ttaea (Trial 6) lolf. 

11. Forages studted in !a !!!2 - !a vttro comparlaoaa 
(Trial 7) 109 

12. ln vivo (N.V.I.) and!! vitro (12-hour cellulose 
dlgeatlon) ca.pariaons for forages ln chopped 
forna (Trial 7) 111 

13. In vivo (N.V.I.) and~ yttro (12-hour cellulose 
digestion) comparlsona for forapa fed in ground 
fonn (T~ial 7) 112 

14. Regres1lon of N.V.I. (determined ja !1!2 vith 
chopped and gTound forages) and 12-hour !!l vitro 
cellulose digestion (Trial 7) 113 

15. Regression of N.V.I. (4etermined !i vivo vith 
chopped and grouDd foras-a) and 12-hour .!!! vitro 

1 
cellulose diaestion aaauming homogeneity of 
regression coefficients (Trial 7) 116 



LIST OP PIGQU:S 

1. llaaovina aa.ple of rumen ilaeuta from 
flstulated steer 63 

2. SoU.d ruMD ingeata ued in preparation of 
"phosphate buffer utract" 63 

3. Pboaphate buffer extract presaed and filtered 
into thermos container for transportation 
to 1aboratory 64 

4. Phoapbate buffer eztract paastag throuah 
aupercentrtfuae witb cell-free supernatant 
discharataa into bucket 64 

'· llaoval of celluloid lilwr {contailatna 'bactarial 
sediment) froa inside of aupercentrifuae bawl 

6. 

1· 

8. 

9. 

10. 

11. 

12. 

16. 

17. 

18. 

Use of automatic pipetiug .. chine to dispenae 
nutrient MdiWD-inocuhs aixture to 
fer.entation tubes ~ 

Overall view of ln vttto unit 66 

Close-up vin of several fermentation tubea 66 

Undigeated celluloae residue sed~ted by 
centrifuaation followtns teraination of 
feraentation period 67 

Cellulose analyeie 67 

Effect of varioue auppl ... nte on the !! viyro 
digestion of purified cellulose (Trial 1 71 

Effect of varloua eupplementa and forage fed to 
inoculum donor ateer on in vitro cellulose 
diaestion (Trial 2) - 75 

Rate of !n vitro cellulose digestion, 1956 foraaea 93 

Rate of in vitro cellulose dtaeation, 1957 toraaea ~ 

Regression of N.V.l. on 12-hour !a vitro celluloae 
digeation {Trial 5) 97 

Effect of forage fed to lDOCulu. d011or steer on 
!B vitro celluloae dtaeattbility of 1~7 foreaea 
at varioua fementation tt.Ms (Trial 6) la, 

R.eareas ion of N. V, 1. ( deterlliDed in vivo vith 
forages fed in the cbopped aad ground fora) and 
12-hour in vitro celluloee diaeation (Trial 7) 114 

Regreaaion of N.V.I. ( .. ter.iaed ~oÙ!do with 
foraaes fed 1n the ehopped &Rd ar f~ and 
12-hour iA ~ cellulose diaeation aaauatng 
homogeneity~greaaion (Trial 7) 117 



I • INTJ.OœCTIOlt 

The fa.ily of antmals - Boyl4ae (ruainants), charactarized by tbeir 

abillty to conau.e large quaatitlae of fibrous feeds, have evolvad 

througb .any .tllions of yaars into the doaesticated species which today 

constitute one of the most important ca.ponents of ani.al agriculture. 

Their specialisation •• forage consumars is dependent on the capacious 

nature of a portion of their diaestive tract (ru.en), and the micro­

organiama living in a sy.biotic relationship within this organ. It is 

tbese microflore and ~crofauna which are the actual converters of tha 

celluloeic foraae ca.ponents into nutrients which can be absorbed and 

utilized by the host animal. 

It is hypothasized that the ruminants of the Eocene period evolved 

and survived due to their ability to hurriedly iaaest large quantities 

of graesy materials, rapidly retraat from carnivorous predators, and 

regurgitate, remasticate and reinsalivate the foodstuffs contained in 

their rumen at tbeir leisure. Although these traits no lonaer hava any 

survival value to the doœesticatad ruminants of today, these same 

characteristics have in part enabled these species to play a dominant 

role in the production of huaan food. Modern-day cOIIIDereialization of 

antmal husbandry bas 'teaultad in an intensive effort to increase the 

affleiency of meat, aUlt, and wool production, an important manifestation 

of whicb is the faeding of rations whicb most economically ean result in 

bigh levels of production. 

Altbough ruaiaants may not be as efficient as otber clàsses of 

liveatoek wben effictancy is defined in ter.s of units of feed needed . 

to produce a given unit of product, they compare more favorably when tbe 

rations used to feed the various classes of livestock are examinad 

1 



qualitatively. For while species such as s~ine and poultry require hisb 

energy concentrate feeds to œaintain levels of efficient production, 

ruminants have the ability to utilize relatively law energy and low cost 

fibrous feeds. In addition, because of the high human population 

densities in relation to available fo0d supplies in many parts of the 

world, people in these areas cannot always afford the luxury of raising 

livestock on concentrate feeds more efficiently used directly as human 

food Sùurces. On the other hand, f.Jrage crops fed to ruminants are for 

the most part not utllizable by humans, and are gencrally grown on land which 

cannot be adapted to more intensive crop production. Even in those more 

privileged areas where agriculturists can justifiably use concentrate 

feeds in animal rations, correct agronomie practice dictates the exclusivè 

use of forag6 crops on certain types of land as a conservation roeasure and 

the inclusion of forage in crop rotation systems as an aid in maintainins 

soil fertility. 

The recognition that forages may vary widely in quality necessitates 

the study of the cause and effect of these differences on the efficient 

use of forage crops in all phases of animal production. Insight into 

the complexity of studying qualitative aspects of forage utilization cau 

be realized ~hen we examine the uumerous types of forages (pasture, 

silage 1 and hay - among the most important) fr~ grass, legume, or mixed 

sources, which are fed to the various domesticatcd ruminants (cattle, 

sheep, goats, and water buffalo - among the most comroon) for a variety 

of purposes (reproduction, lactatio~growth1 maintenance, and work) . 

In evaluating forage crops for their specifie roles in antœal nutrition, 

accurate and concise criteria of nutritive quality which can be determined 

with speed and precision must be chosen. 



Since a cardinal prerequisite in measuring forage quality is the 

ability to apply expert.ental results directly to problems of animal 

production, it ia cuetoaary to use as pri .. ry experüoental subjects the 

same types of antmala to wbich. the iDfprmation obtained will be eventually 

appUed. The soundnesa of this reasoning is affirmed by the wltitude of 

nutritional expertments successfully carried out over the past several 

decades with groving and fattening cattle and shaep as well as lactating 

cows. The criterion of forage quality in tbese tests usually becames 

soae measurement of actual production in reference to the diet consumed. 

Another type of nutritional study also makes use of farm animals 

as expertmaatal subjects, although in this case they are usually in a 

non-productive (ma1Dt8nance) state. This type of study is illustrated 

by the determination of coefficients of digestibility of various diet 

fractions. These experiaents usually have the advantage of more 

intensive study with a ltmited nuaber of animals, but their success is 

dependant on the establishment of a definita relationship between the 

criteria being determined and soue aspect of actual animal produetivity. 

Altbougb feediag trials constitute an essential tool in the study of 

animal nutrition, their uae in the evaluation of feedstuffs bas definite 

ltmitations. The principlea of expertmental and statistical design 

dictate that adequate numbers of antmals must be used with appropriate 

control treatments included aad that replication of eesults is 

necessary. Therefore a properly desianed experi.ent testing ble quality 

of a forage m&terial vith cattle, for example, might cover a period of 

several moutbs vith several tone of feed uterial required. Although 

less demanding, forage evaluation tests witb sheep (as conducted at 

Macdonald College) are approxiately 3-4 months in lengtb and require 



a adn~ of 500 pounds of each of the forages to ba tested. Thes• 

situations serve to indicata the need for accurate aethods of forage 

evaluation which ~an be rapidly performed utilizing small samples of the 

test 1111terials. 

Mauy "laboratory type" systems for evaluatiag forages have been 

suggested includiug the cba.ical and physical analyste of various plant 

ccaponents 1 the use of "laboratory s ize" aniJDsla such as rabbits, and 

4 

the use of cellulolytic aicroorganiaas to determine ~ vitro cellulose 

digestion. For aay of tbese systemS to be usaful assays of forage quality, 

a bigh correlation aust bQ established betwean the observed data and 

certain criteria of forage quality, previously defined in antmal trials. 

Of equal importance, the criteria of forage quality wbich are chosen 

must be adequate in completely describing nutritive value, since a 

"laboratory method" highly correlatad to some inadequate nutritive 

measure is thus ltmited in practical application. 

The purpose of the rasearch to be described in this thesis was to 

develop an in vitro rumen fermeotation system which, with a high degree 

of accuracy and reproducibility, could be used as a tool in forage 

evaluation. A successful !Q vitro method would hava the ability to 

predict forage nutritive value, hased on actual samples obtained from 

!n ~trials. The aeasure or index of forage nutritive value to which 

the !B vitfo data were correlated was based on sheap forage expertments 

conducted by the Departaent of Nutrition at Macdonald Collage JVer a 

period of several years. 

A corollary of the above atudy, also described in this thesis, was 

the ex~nation of varlous factors affecting the accuracy and 

reproducibility of the proposed !g vitro system in the prediction of 

forage quality. 



11. REV1EW OF LITERA'ro&E 

A. NU'l'lt1TIVE VAWE OF FOB,AGES POR JlUMllCANTS • 

1. Pynctiop of fU!89· 

a) Early views. 

Although records have dated the existence of domestiêated cattle 

to the ancient civilizations of Meeopotamia, Egypt, and 1ndia (approxLm· 

ately 5000 B.C.), it is only within the past hundred years that knowledge 

as to the exact mechanism of ruminant digestion has been elucidated. 

Until the middle of the nineteanth century the popular belief concerning 

the rumen, the largest compartment of the ruminant stoœacb, was that it 

functioned as a storage organ. 1t was thought that this structure 

eoabled these antmals to consume large quantities of fibrous feeds thus 

being able to aake up in quantity what was lac~ing in quality of feed. 

Varlo (1785) describas the "maw" [!umeti) as "a place by nature designed 

for a repository. 11 Comstock (1836) designated the ~men as the "large 

sac, or store room. 11 The concept was clearly one that ruminants 

utilized forages only because they had adequate capacity to store this 

bulky material in their rumen. 

The study which perhaps inaugurated the science of ruminology was 

reported by Baubner in 1855 (cited by Sijpesteijn1 1948), in which by 

analyzina the hay fed to an ox as well as the resultant feces for crude 

fiber., be found that 6CJ1, of this constituent had been digested. Armsby 

(1896) cœments on this discovery as follows: ''Cellulose was long thought 

to be indigestible. Haubner was the first to show ... this ••• was 

erroueous 1 and that ruminants were capable of digesting large quantitiea 

of this substance." Haubuer • s observation was quickly confirmed by 

other workers, laying the groundwork for future revelations concerning 

ruminant digestion. 

5 



b ') Rf'l..E_ ~f n!_iC"roorganisr.-li,. 

Si : rectP.Un (l()l~ny h:•3 r~viewed rl!p0rts pubH.c;~ht~rT •-n thl"• htttP.r 

half of th~ n{nP.teenth C'cntury in ~"hiC'h the sitP. ,..,f ceJ lulrlse ~1~1'\stion 

was idcntified as the rumen, anrl rtnnen liquid shnvn to p•..,ssess c-e1 Ju1o­

lytic acti.vity. The agent rcspon~ibl~ f..,r thi-s :tctivi.t·_, P::ts n matter of 

COntr·W€'rsy ~nng m:lny ,-:-f the WC't"kers nf thi~ p~rind, Wi.th 'l'nppei.ner 

suggest tn~ in 1er.11 thnt micrn<"'rr.;anisrns prcst'!nt in the TUr.len t·!P.re 

reaponsihle fnr ccl Julnn<'! ~e~r<'<1<>ti~. This htter r.,1.nt '"ns firmly 

established by s~v~r~l workers in the succ~eding decades resultinp, in 

extensive studies nf rum~n mi('ronrgani~ms. llc11t•ev'~t' much inf·,rmntirm 

still remains tn be c1ucidat~d nn this sub1ect. 

nryant (1'"'5'""'), in a recent review nf bAc:teriaJ ~peci.e!'l r:-f tha 

rumen, sunnnri~cs the rumen prllCP.I'4Sf!S 'vhich have becn qh•'t·m t0 he due 

to tnicrohi~1. n~tivity 3~ follows: "Dcs~raoati0n f"Jf carhohydrv.tes such 

as CP.llulosc thnt cannot be utilized unless dip,~sted b•; nlicr,)org"n{sms 

and thoRe such ns ~tarch anrl certain sur,aors that can be utiHzed by the 

aninnl Hith"Yllt micr.Jbial arti:m. l'r1tci.ns, crranic l'lcf.ds, and many other 

feed c0nstitucnts are also attacked." 

The sttunti0n in r.er,nrd tn the large ntnnb1~T nf j)'rl)tnzNl present in 

the rumen is not as clear, in that theior p0ssi.ble si~ntfic'.lnce to the 

nutritir'>n of the h.,st has not been fully subst:tntiated. r'lxf ·~rd (J'J~5) 

ha1 reviP.to:~d tb a li te rature C"~ncerning the rt.JT!len c iliRte pr 1t .'~ '.,". 

c) ~tritiv..2_~n_l~.:~~ . ...Q.f cellulo~. 

Armsby ( 1.'3o(.) stated th at the digested p·)rtirm of crude fiber had 

been shm.rn "to c·m~ist of cellulose only, ~-1\lic.h has ex3ctly the 

composition of sterch ... and thercf0re is as~urned t~ hav~ the same 

nutritive value as the latter." Kellner (1n13) substantLHcd this 
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hypotheeis in studies comparing the ability of cl"Ude fibar ("straw pulp") 

to store body fat wbea fed to oxen in comparison to digestible starch, 

finding "it ~rude ftbe€) has about the eame effect as pure starch." On 

the basis of observations by saveral workers, Armsby (1917) suggested that 

the products of the "deetructive fermantation" of cellulose were "carbon 

dioxid ~!8 and methane and small amounts of hydrogen, which are excreted, 

and various organic acids of the aliphatic series wbich combine with the 

alkalies of the saliva •.•• The salta tbua formed are resorbed and 

constitute the sole contribution whicb cellulose makes to the nutrition 

of the body. The principal acids formed appear to be acetic and butyric, 

although others are present." 

The actual significance of the products of cellulose digestion -

the volatile fatty acids, to the nutrition of the ruminant was not fully 

appreciated until experimenta reported by British workers in the 194o's 

as to the actual metabolism of these fatty acids. Phillipson (1947) 

reviewing the literatura on this subject, suggested that an important 

prerequisite to the knowledge of fatty acid metabolism waa the develop­

ment by Eisden of a chromatographie method of separating a aixture of 

volatile fatty aeids. "By this technique he (itsde~ proved that the 

principal actd present 11 acetic, and that two higher acids also are 

formed, namaly, propionic and butyric." Phillipson estimated that the 

lower fatty acide are produced in the rumen in sufficient quantity to 

supply at least 40 per cent. of the fasting energy requirements. 

Of recent interes t 1 Shaw !J:. al. ( 196o) have shawn that wh en a 

diet of stsamed corn and ground hay was fed to stears there was a 

marked decrease in the molar proportion of rumen acetate and an equally 

marked increase in the molar proportion of rumen propionate, as compared 



to steers fed an unaltered ration. With the increase in propionate it 

was noted that the efficiency of feed utilization increased l5.3i and 

body weight gain increased 2~. They suggested that ''both rate and 

efficiency of body weight gain in beef cattle may be controlled to a 

remarkable degree by control ling rumen microbial metabolism." 

The preceding reports serve to summarize the nutritional 

contribution of the cellulose component of forages in the diet of 

ruminants as mediated through the cellulolytic rumen microorganis~. 

These microorganisœs degrade cellulose to form as end-products the 

volatile fatty acids, which upon absorption through the rumen wall 

enter into various pathways of intermadiate metaboliss to serve as a 

major energy supply for the host. 

2. Criterta used to evaluate forages. 

a) Available energy. 

"It 1s obvious that in the feeding of the individual animal a 

primary consideration must be the adequacy of the energy supply. 

Shortages of dietary energy are usually far more important causes of 

low productivity in farm livestock than are dietary deficiencies of 

vitamins, minerais, or amino acids (Bluter, 1~)." 

"Available energy, rather than some specifie nutrient, is the 

fondamental limiting factor in the nutritive value of forage .... If 

a forage is consumed in amounts to ueet energy needs, it will normally 

also meet the needs with respect to protein1 calcium, and phosphorus 

(Crampton, 1957)." 

"Much more nutriment is required ta maintain normal energy 

metabolism than all other purposes combined. There is a high degree 

of likelihood that if this need is satlsfied that all other essential 

B 



requirements will be incidentally covered.(Swift, 1957)." 

"The ~~~&in purpose served by forages in the diet of ruminants is 

the provision of energy (Reid .tl_ &., 1959)." 

As indicated by the above statcments, there appears to be 

unantmous agreement that the most tiportant criterion of the nutritive 

value of a forage is the amount of ~vailable energy1 it supplies to 

the animal. Acceptance of this premise necessitates that all proposed 

criteria of forage nutritive value be examined in terms of their 

relationship either directly or indirectly, to the measuremcnt of 

available energy. 

L Net eq.ergy. 

From a theoretical standpotnt, the ideal method of measuring the 

nutritive value of a forage in te~ of available energy is by 

ca.Jiorimetry techniques in which all "expenscs" of feed utilization are 

subtracted from the gross energy of a fced, leaving that portion of the 

energy availablc solely for productive purposes. Titis measure, termed 

net energy, was suggested by both Kellner and Armsby at the beginning of 

this century, and today is the basis of essentially all European ~thods 

of assessing nutritive value of feedstuffs. 

Practical criticisms of the net encrgy system have evolved 

because of the difficulties encountered in its determination. These 

include the elaborate and expensive equipment required, the lengthy 

process of accumulating data (Blaxter, 1~), and the many factors 

affecting its determination unrelated to the nutritive composition of the 

1 Available energy might be defined as that portion of the gross energy 
of a feedstuff wbieh is available to the animal for productive 
purposos. 
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feed (Swift, 1957). Althouzh it would be technically tmpossible to use 

this systaa to rapidly ueasure forage crop quality, its maximum useful-

ness may be in elaborating general principles in regard to comparative 

faed quality. 

ii. Hetagoliz:able encr&Y~ 
•· 

This measure corrects the gross energy of feeds for encrgy losse& 

in the feces, urine, and methane produced by the animal. The difficul ty 

in its detenri.nation involves the mcasurement of methane production, 

either directly (requiring claborate equipment) or indirec.tly (involving 

computations based on digestible carbohydrate). 

Whcn forages atone are con~idered, the relationship betwcen 

metabolizable and the much easier detcrmined digestible energy are 

relati.vely constant, as suggestcd by Swift (1957) who found a correlation 

coefficient of 0.98 bet\>Jeen the two measurcs. Re suggested that this 

high correlation "lcnds further support for the use of digestible energy 

as a simple and meanin~ful measuro nf nutritive value." 

iii. Digestible en~. 

Although arrived at by different methnds, the following criteria 

are all essentially measures of ene-rgy vnlue in which the gross energy 

of a feed is corrected for fecal energy losses: total digestible 

nutrients (TDN)1
1 digestible encrgy (DE), digestible calories, digest-

ible dry matter, and digestible organic natter. 

1 TDN difters from the other measures of digestible energy in that in 
addition to accouutt-a for fecal eneray losaea, the eDeriY equivalent 
of protein is also corrected fnr urinary nitrogen energy ]osees 
(Cr-.pton, 195.J). 
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The TDN system evolved and is still used extensively in North 

America, although questions as to its accuracy in measuring the energy 

content of feeds, particularly forages, have often been raised. One 

objection is the observation that TDN values for forages are not "as 

valuable for productive purposes as the TDN in concentrates (Moore!! al., 

1953)." This is based on the fact that energy lasses through combustible 

gas formation and heat loss are relatively larger for rougbages than for 

concentrates (Maynard and Loosli, 1~5t). 

Perhaps a ~ore serious objection to the use of TON in forage 

evaluation is the observation that "poor quality" forages tend to be 

overevaluated in comparison to so-called "good quality" forages. 

Blaxter (1956) compared the TDN system and several European systems based 

on net en~rgy in evaluating two representative forages, one being an 

artificially dried grass (1~ crude protein} and the ether a 'grass hay 

with a 6i crude protein content . The TDN values suggested that the 

former hay was superior to the latter only by a factor of 2yaj,, \-.7hile the 

systems based on net energy esttmated the artificially dehydrated grass 

to be 4G to 8Gcf, superior, depending on the system used. Morrison (1956) 

compared the TDN values for average alfalfa hay, average grass hay, and 

oat straw, and suggested that "no experienced stockman believes that 

oat stra~ is really worth over four-fifths as much as good alfalfa hay, 

or nearly as muchas average grass hay, for stock being fed for 

production." 

The fact that the actual determination of TDN is a lengthy and 

complicated proc~dure has motivated many workers to suggest similar 

methods of meaauriug feed-fecal energy differences. Crampton (1955) 



proposed the use of digestible calories, !'!ince "the procedure for the 

energy measurement by calorimetry i.s straightfcnvard, involves no 

assumptions as to relative importance of energy-yielding compnnents, is 

rapid, and can be adapted to routine manipulation by technicians." 

Swift (195,) likewise suggested that digestible energy is ''obviously more 

direct and accurate and free fr(nn eropirical procedures and assomptions 

lthan T~" · 

b) Voluntary intake. 

Huffman (1959) noted that "palatability is frequently uscd to 

denote appetite'' but that appetite measured in tertns of total feed 

consumed is influenced by many factors including palatability, environ­

mental temperature, inhoritance, and health of the animal. Voluntary 

intake may be defined as total fecd consumption undcr ad libi~ feediag 

conditions. 

Early Yorkers recognizcd that fnrage quality, intake leve!, and 

production were closcly related. Armsby (W?f.) suggested that "in 

rapid fattening it is especially important to induce the animal to eat 

as large a quantity E>f fora.g~ as possible." Kellner (1~113' defined 

the best hay as "distinguished 

exceptiona.l palatableness." 

by its tenderness, aroma, and 

It is only within recent years that it has been suggested thot 

volunta.ry intake may serve as a quantitative measure of f qrage quality. 

According t~ a classification schcme for forages proposed by Crampton 

(1956), average daily voluntary intake was directly proportional to the 

available energy content of a forage. He further elaborated (Crampton, 

1957), that "the feeding value of a forage depends primarily on the 

magnitude of its contrib6tion toward the daily energy need of an 
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animal," and that differences between forages, in this respect, "are 

almost completely a consequence of the relative amounts in which they are 

voluntarily cousumed." Sheep feeding trials over a period of several 

years at Macdonald College have confirmed this bypothesis. Li~ter (1957), 

and Smith (1953), found significant differences in voluntary intake 

between 5 species of hay. Smith_ (195B), and Beacom (195S•), found 

significant correlations between voluntary intake and livewcight gaina. 

Jeffers (l96o) demonstrated that voluntary intake of timothy hay 

decreased with advancing maturity. 

Crampton (1957) proposed that "a practical numerical rating of 

feeding value might be given to a forage by expressing its voluntary 

daily consumption as a percentage of a 'n()rmal' or 'expected' value of 

3.0 lb. (dry weight) per lOO lb. of live wcight of animal." Reid~!.!.· 

(195~) stated tll8t the common denominators of forage quality include 

intake of forage dry matter and the concentration of energy in forage, 

with the product of these two factors cqual to forage energy intake. 

Crarnptvn & .!.!.· ( 1960) formalized this relationship into a "Nutritive 

Value Index" (N.V.l.) for evaluating forage quality. The N.V.I. of a 

forage was arrived at by multiplying its percent energy digestibility 

by its "Relative Intake'', as detcrmincd in in ~ trials. Relative 

Intake of a forage is an expression of the voluntary intake of a forage 

computed per unit of metabolic size of the test animal (Wcightkg0 ·75) in 

relation to a standard forage. 
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B. IN VITRO BDMEN FERMENTATION METHODS. 

1. Early in vitro ~tudies. 

Becnuse of the many difficulties encountered .in studying 

digestive pr~cesses in the intact ruminant, early emphasia was placed 

on the development of appropriate ~ vitro techniques wbich could maka 

eignifica.nt contributions to the science of t'UIIlinology. A precedent in 

the use of in vit'l"o procedures bad been set in the classtcal etudies of 

human digestion by Beaumont (1833), who, obtoining gastric juice from 

the stomach of ao accidentally fistulated aubject, mixed it with various 

foodstuffe in small vials which vere placed in a sand bath "being kept 

as near as precticable at the natural temperature, 1000 Fahrenheit, 

with frequent agitation." Beata:mt was thua able to determine the 

time required to digest the foodstuffs in ~ and to compare these 

data Yith the digestion time as determined by inserting the same 

foodstuffs directly into the intact stllmllch through the fistula. 

Probably the firet application of !g ~ techniques in the 

study of ruminant autrition was made by Tappeiner in 1884 (cited by 

Sijpeste1.1n, 1948). In an attmpt to determine the site 1Jf fiber 

(cellulose) digestion, he incubated undiluted samples of rumen., small 

intestine, and a mixture of caecum and colou contente in bottles 

maintained at body temperature~ After an iacubation period of aavera1 

daye he noted that the fiber waa digested in the rumen, and in the 

mixed eaecum and colon contents, but not in those of the small 

intestine. Re therefore concluded that the former were the sites of 

fiber digestion in the intact animal. Tappeiner also established in 

in vitro atudies that the ndcroorgauisms norma11y present in the rumen 

.... 
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contents vere responsiblc for the cellulolytic activity observed. 

He demonstrated this by adding a microbicide (chloroform) to rumen 

contents whieh was then found to lose it1 ability to degrade cellulose. 

Many other workera followin1 Tappeiner coDtinued to use various 

a1pects of cellulose utili~ation by rumen microorgantsms, and a series 

of reports by Woodman and co-workers were outstandtng in their 

contribution to the development of in vitro methods. In their earlier 

etudies (Woodman and Stewart, 1928) 1 they culturèa thermophilic cellulo-

lytic bacterium isolated from well-rotted horae manure. Optimum growth 

of this organism was obtained under aerobic conditions (at a temperature 

of 65°C), wtth filter paper providing a purified cellulose substrate. 

In addition to fermentations conducted in all-glaas aystems1
, they 

attempted to demonstrate the end-products of cellulose digestion by 

placing the cellulose substrate and bacterial inoculum in collodi~n 

sacs which were Lmmersed in distilled weter. Using this technique they 

could not positively demonatrate that glucose, their postulated cellulose 

fermentation end-product, dialyzed into the diatilled water, unless 

toluene (a microbicide) was added to the fermentation mixture after 

1 An all-glass ~ ~ rumen fermentation system migbt be defined as 
one in which the microbial 1noculum1 nutrient medium, and (cellulose) 
substrata are combined in a glass container, with no provision 
genarally for the reaoval of feraentation end-products. This is in 
contrast to a semtparaeable system in which the inoculum and 
substrate ara cootained in a closed sac constructed of a material 
posae1sing semipermaable properties, whlch allaw fermentation 
end-products to dialyze out of the fermentation area int~ a liquid 
contained in an outer chamber. ! 
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active fermentation had st~rtP.d. In 3 later report,an all-glass 

~n vitro system using subcultures of the previnusly isolated thermo-

philtc organiRm was used in the study of the digestion of both native 

and isolated forage crude fiber (Woodman and Stewart, 1932). The long 

incubation period of 14 days used in this study illustrates the 

relatively low cellulolytic activity 

final paper in this series (Woodman 

obtained ln 
Evans 

andASteaart, 

their system. The 

greatest contribution of this group to improved in vitro ~thodology, 
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as atte~ted toby the fact that 'many of the techniques described in this 

study are still used in !n vitro rumen procedures. In contrast to their 

use of a thermophilic organism isolated from horse maDure in previoua 

studies, they were able to obtain bacterial inoculum from th~ rumen 

contents or sheep. This lnoculum was added to a simple nutricnt medium 

consisting of several inorganic salts and a ''pinch of casein", and 

using ground filter paper as a purifled cellulose substrate, the 

fermentation mixture was incubated at ~7°C. In thiR study they found 

no essenttal difference tn the natu~e of the volatile fatty acids 

produced ~hether aerobic or anaerobie conditions were maintained. The 

shortc(~ings in their in vitro and/or chemical prncedur~s are illustrated 

by the fac t tha t they C•)\J ld not de tee t pr<lpionic ac id, a maJor fet'1Dellta• 

tion product of normal rumen bacteria, in their fermentation mixtures. 

2 ~ Deve loprgen t of modern in vitro~.!:!!!!. 

With increa~ing information becoming aveilable concernlng the 

biochemica1, physi•>logical, amd microbiological aspects of ruminology, 

attempts w~ra made t•l utilize this knowledae in the improvement of 

in vi~ fechniques. The concept developed that an ·~ vitro rumen 

ferMentation sy9teR should duplicate as closely as possible the 
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conditions fùunù within the intact: ru:rt~en, ..10 "experimental imitation 

of the mili~u" (~lars ton, 1940), if results obtaineu with these in vitro 

sy6tems were tu be appli~d to an !n ~ ~ituatlon. 

Pearson and Smith (l~)a) found til.at b~cause of the heteNgeneous 

nature of :cuw\!r. ~vntents and lack ùf experi.luèntal Cùntrol ln the intact 

animal, Ja ~ '"'•p~riments could noL b~ t·egardea as ''supplyiug evidtmce 

cither ~ur ur againt:lt the theory that ut·ecl is Cùnverted Lù protein iu the 

rumen. As a 1:esult of thit> observatLm, they dev<!lopcd an !!l ti..U2 

tcchniquu ~Pears"'o and Smith, l);.jb) by wlli<.:.h they ~Jould ut~ able to 

s tudy urea uti.iization by nJLien micrùorgauisms. Using an aU-glass 

system \Üth " cumcn liquor ' ' inoculum .Jbtailli!U by pressing rumeu iug.asta 

through wut;lln, th~y l>tuùi~d the c.:onver.::>ion oi an urea substrate to 

axœnouia ùuri~ an 8-c.iay incubation period at ):JJC. lu thc.se c~puriments 

they sludieci the influence 1Jf various [a~.:tol:s un the urea-splittiug 

power .Ji ru&:llCu contents !a,~· Tl1es!! ia..::tors includedj gas pha:;e, 

with C02 being "slightly more effic..:ient than uitrvgcn or air ' ; 

tompecatut·e, with urca <.: ·.mversiùtl. reaching th~ an.J.Ximum at 4)°C; anJ pli, 

the optimum Ldling between i and J. In furthcr stuûies lPearoon and 

S~aith, 1 :,.4)<.: ~, a m1crobi•.>l~ic.:al eJ.amiuatiou of the fcrr:Jentatiùn 

mixtur-: was ~aade by F.Bal\.er, who sLatttd 1 that ~VèU aiter l ùay's 

.i.nc.uwtiun gJ:1!8t change::> tl.ad takcn IJ.i..ace in the lai~rùfl.:;ra aud fauu.a, 

so that the 'mict·obi.:>logical IJ.Î.Cture' at th~ en<i of ùUe Uêl)' bùre little 

res~Jb1ance t0 that in the initial sample." As a result of these 
1 

ob$ervat Lùn:., they o.dopl~d a shùrt incubatio.Jn per iod .:>f ~'- to l• -hours 

in all subsequent work, and were able to demonstrate duriug this time ,.. 

the mlcrobiological synthesis of p:t·otein frOD non-prutfl!in nitrogen 

sources. 



Farthar t.pr .. ..ants in !! vitr,o teehftiquee were tntrodaeed 

by Huston ( 1948) 1 vho C0118tnactad an elaltorata all·glaas J:a vitro 

ayatem whlch contained 3 llters of a Bdxture of a coapl.x laors&nic 

nutrient madium and bacterlal inocubm, uaing purlfled cellulose 

obtatned frœa blrch wood or fUter paper a.t a subatrate. He wu 

poesibly the first to uae aeparated bacterial cell1 aa inocula. ln 

~ vitJ'O atudiea. The rumen Uquid wblch he obtained from newly 

slaughtered sbeep waa centrtf-sed at high speed in a Sharplu euper· 

centrlfuse, with the eediaented cella resuapended and concentrated in 

phosphate buffer (pH 5.,) conatituting the inoeulua. ADaerobic 

conditions were maintained durlng fermentation perioda of 2~ to 48 

hours by bubbllag nitrogen through the fermentation llixture. UsiDI 

this ~ vitro syst .. , in which 34 to 6~ of the cellulose aubstrate 

18 

was digested, he was able to quantitatively determine gaaeoua and other 

products of 11ierobial fer.ntation. 

Becauie of the lncreaaing complesity of the !B Ylt[9 ~ 

fermeiltation etudies that chronologically followed those of Marstoa., 

the suceeeding diacuaaion will be subdivided accordiDS to the .. jor 

. a.peets of the i!! yitro systems; vith a diacussion of the 'ftl'ioua 

methode of preparing aierobial inoeulalll followed hy a cleacrlption of 

the major types of in vltJ'O syst- tbat l:Lave Men .volvecl. 

a) Microbial ipoçulwa. 

1. Rum!n Uguld. 

Althouah rw.n llquid t.nocul..a, preparee! by atraiftiq ~ 

tngeata obtaiaed either froa fiatulated or nevly elaa,htered aalaala 

or by maans of a at0118ch tube, waa und ln 1oaa of the Mrlleat 

1!! vitro atudi.,, it la atUl uaed tu .uy ayat- becauae of tu 



relative simplicity of its preparation, its characteristically high 

microbial activity, and close microbial similarity to actual rumen 

material due to the minimal "processing" which takes place in its 

preparation. Its use is advantageous vhen !n !!1!2 exper~nts do 

not involve detailed study of the effcct of various le~els of 

nutrients or other substances on microbial activity, since in this 

case the addition of substances found in the rumen, other than micro­

organisme, may lead to erroneous results and lack of exper~ntal 

control. 

Workers using strained rumen liquid in recently reported 

!n vitro studies include: Barnett and Reid (1957); Adler et al. (1958); 

Hershberger ~t ~1. (1959); Reid et al. (1959); and Stewart and Warner 

( 1959). 

Johnson et al. (1958) have proposed a modified procedurè for 

obtaining rumen inoculum vhich may have definite advantages over the 

method of obtaining rumen liquid by straining rumen ingesta. In their 

procedure, they discard the original rumen liquid expressed from the 

ingesta, and add a definite amount of phosphate buffer (pH 7) to a 

weighed quantity of the. solid ingesta residue. After· a thorough 

mixing of the ingesta and buffer, the liquid is expressed and is 

designated as the "phosphate buffer extract." Suggested advantages 

of this modification include; higher cellulolytic activity of the 

extract as compared to rumen liquid because of the close association 

of rumen cellulolytic bacteria vith the solid feed particles, and 

closer standardization of cellulolytic activity between fermentation 

runs since a given weight of solid ingesta which is extracted with a 

given volume of buffer is less subject to fluctuations and dilution 

19 



errors than the liquid phase of the rumen. 

ii. Waahed cella. 

The recognition of the fact that rumen liquid inoculum could 

not be successfully employed in vitro when nutrient requirements of 

the rumen microorganisms were being studied, or when experimenta were 

being conducted to isolate "unidentified factors" stimulatory to 

cellulose digestion, led to the development of more suitable types of 

inoculum for studies of this nature. 

One of the earliest attempts to solve problems of inoculum 

preparation was made by Burroughs and co-workers, who after studying 

the effect of various additives on the nutritive value of corncobs in 

steer fe~ding trials, devised an in Yll!.2 system ("artificial rumen") 

in order to study under controlled laboratory conditions problems 

related to the feeding of farm animals (ruminants). Since Burrough3 
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~ al. (1950a) recognized that the use of rumen liquid as inoculum led 

to "the introduction of large quantities of unknown constituents aside 

from the microorganisms" to the in vitro system, they proposed a method 

by which the original rumen liquid inoculum added to their all-glass 

system was periodically diluted throughout their fermentation runs. 

This was accomplisbed by removing 5~ of the fermentation mixture 

(175 ml.) every 36-hours for analysis of residual cellulose with the 

remaining half used to inoculate another flask for the next fermentation 

period after the addition of new cellulose aubstrate {ground filter 

paper) and mineral aix to bring the mixture back to its original voluae. 

This meant that the original material taken from the rumen was 

"progressively dUuted" during the course of eight 36-hour fermentation 



periods. In a later study (Burroughs~ !l. 1 1950b) results were 

aummarized by averaging cellulose digestion occurring during the 
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last four fermentation periods, representing the greatest dilution of 

the original rumen material {other than the proliferating rumen micro· 

organimms). The ~dilution technique was modified in a study of urea 

utilization (Arias~ &1. 1 1951) by increasing the volume of fermentation 

mixture to provide larger samples for chemical analysis, and reducing 

the total time for each series by usiag 24-hour periods. 

Perbaps not satisfied with the precision of the ~~ dilution 

technique, Burroughs and co·workers later developed a new .!Q vitro 

system, as described 
llal{ , 

by Cheng,Aand Burroughs \1955), the most outstanding 

feature of which was tha use of "washed suspensions of rumen micr"· 

organisœ" as inoculum. The washed cell suspension technique bad bHn 

used by Sijpsteijn and Eldsen (1952) and Doetsch =! !!· (1953), in 

studies of rumen microbial reactions. Cheng and Burroughs prepared 

their washed cell inoculum by suspending in distilled water the 

sedimented bacterial celle obtained by high speed centrifugation, and 

recentrifuging the resultant mixture • this process being repeated 

twice, with the final yield of sedimentad cella suspended in nutrient 

medium for use as inoculum. This technique s~ved ta physically 

separate the rumen microorganisma from their original eavironment, 

with the washing procedure ramoving any adbering materials from the 

cells, resulting in a suspension of mixed cells free of contaminating 

substances and particularly suited for etudies involving the chemical 

composition of the medium and metabolic studies of the organisas. 

Disadvantages of this type of in~ulum include the loss of cellulolytic 

activity wbich is generally related to "handling" of the fastidious 



rumen microorganisms, and the los8 of rumen protozoa due to the large 

,...,., 
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gravitational forces used in centrifugation, although the significance 

of this latter point haa not yet been resolved. 

Other workers who have u~ad waahed ruMen cell suspensions as 

inoculum in vitro include McLeod and Murray (1956) and Asplund 

~ ll· (1~). 

iii. Resuspended cetl!. 

Another type of "puri.fied" inocu lum, which is essentia lly a 

simplification of the washed cell technique, was described by 

Bentley!! !l· (1954J. Instead of washing the cella obtained by high 

speed centrifugation as in the previous technique, they were directly 

suspended in phosphate buff•r (pH 7) for use as inoculum. This 

modification representa lese stress to the rumen microorganisus in 

that "bandUng" tiJie is reduced, although a hi8h degree of separation 

of cella and rumen liquid is obtained with contamination being minimal 

as illustrated in the etudies of Bentley and co-workers. The 

modification of this method by Johnson ~ ~· (195R) by using a 

phosphate buffer extract of the rumen ingesta as a source of 

bacterial cella, as describcd previously, further enhanced the 

precision of this type of inoculum in in vitro studies. 

b. ln vitro systems. 

i. All-gdass. 

The all-glass in vitro system, representing th~ simplest type 

used, assentially consists of a glass flask, bottle, or tube, in 

which all the constituants of the fermentation mixture (inoculum, 

medium, and substrate) are eontained, with various provisions made, 

either sfmple or elaborate, for maintenance of proper incubation 
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temperature and anaerobiosie. The tandency in recent years hae 

been to a reduction of unit size, so that many unita can be studied 

simultaneously in an in~ system. 

The system of Burroughs et al. (1950a) consisting of 1-liter 

flasks, placad in a water bath to maintain proper temperature and 

with CO? flushed through the system in arder to obtain anaerobie 
Hall 

conditions, was later modified (ChengAand Burroughs, 1955) so that 

each unit consisted of a 75 ml. centrifuge tube containing a total 

volume of 20 ml. of fermentation mixture and a 0.5% level of 

purified cellulose substrate (Solka Floc). Using this system approx-

imately 6o1 of the cellulose was digested in a ?4-hour fermentation 

period. 

A similar evolution to smaller size units characterizes the 

in vitro systems described by Bentley and co-workers, who originally 

used 1-liter flasks as fermentation units (Bentley et al., 1954d, 

but later changed to the more convenient 100 ml. fla!k, (Bentley 

~al., 1955). In both cases, their studies were concerned with 

identify1ng factors which caused an increase in ccllulolytic aetivity 

when added to the fermentatic>n mixture. Tl1is same !n vitro system 

was modified in studies of the digestibility of native forage 

cellulose (Quicke ~ al., 195qJ so that 75 mL centrifuge tubes 

containing a total volume of 50 ml. of fermentation mixture 

constituted the in vitro unit. 

Not all ~vitro units were dtminishing in siza, as illustrated 

by the novel study of Hershberger and Harstook (196o), where an 

extremely large in vitro system was used. This consisted of 36o 

liters of nutrient medium and ovine rumen inoculum, with lO.R kg. of 

. ~ 
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alfalfa hay substrate being incubated up to 32-houra in the Araeby 

Respiration Calorimeter at Pennsylvania Stat~ University. The 

purpose of this study was to determine the beat of rumen fermentation, 

and measure the amounts of carbon dioxide and methane produced by the 

rumen microorganisms. 

ii. Semipermeable membrane. 

Louw !.t.ll· (194:-J) sought to improve Marston's (1948) .!!!!!tt2r 

procedure by making provisions for the removal of nongaseous end­

pro<lucts which he stated ''might be expected to slow the rate .19f 

fermentatio~ and eventually inhibit digestion." For their neY mathod, 

Louw and co-workers uscd a somipei1118able membrane sac in which to 

contain the fermentation mixture. This provided for the removal of 

fermentation cnd-products from the fermentation area by dialyzis. 

Actualiy this same type of system had been used by Woodman and Stewart 

(1928), as prvviously described. Louw and co-workers cumparing their 

semipermeable membrane system to an all-glass system, obtained slightly 

higher cellulose digestion with the former. Since their unit was 

relatively large, with '(00 ml. of strained rumen liquid inoculum, 

57.5 ml. of an inorganic elaaent mixture, and 1:2 or .20 grams of 

cellulose substrate contained within the membrane sac, it was not 

practical where it was desired to study many factors in simultanaous 

fermentation runs. 

Wasserman ~al. (1~)2) used a slightly smaller samipermeable 

system, the sac containing 200 ml. of rumen liquid inoculum, in 

studying the effect of various antibiotics on ia vitro cellulose 

digestion. 
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Huhtanen ~ 31. (1954) described a "simplified adaptation 

of Louw's apparatus 1 " which they teraed the "miniature artificial 

naen. " This system conaiated of a small cellophane sac, holding 

10 ml. of ruœen liquid inoculum and 500 mg. of alfalfa leaf meal 

subatrate 1 suspended in a mineral solution contained in a 4-oz. 

glass screw-cap jar. Fiber digeation was determined in many auch 

units (20 reported in one test) studied stmultaneous1y by placing the 

jars in a )8°C incubator for a 16- to 24-hour fermentation period. 

Piber was defined as water insoluble carbohydrata œaterial, which vas 

analyzed by the anthrone colorimetrie method, Many workers who have 

adopted Huhtanen's miniatura artificia1 rumen aystem, or ~dified 

vers ions of i t inc lude: Baumgardt and liU 1 ( 1956); Sal sbury !_t ~J. 

( 1956); Hano1d ~ al. ( 1957); Asplund ,tt al. ( 1:1.58); Gaunt ( 1960); 

and Clark and Hott ( 196o). 

Warner {1956) described an in vitro system utilizing a semi-

permeable membrane sac containing 50 ml. of fermentation mixture. His 

system although of a similar size to Huhtanen's, wae roore complex in 

that it provided for the constant bubbling of nitrogen through both 

the fermentation mixture and outside dialyzing mixture, as wel1 as 

containing inlet tubes to enab1e the addition ur removal of material 

from either the sac or outside solution. El-Shazly et !!· (1960) 

ha~recently modified Warner's system to provide for constant flow 

of the dialyzing solution by means of a siphon arrangement in the 

outer chaœber. 

iii. Manometric. 

A manometric An vitro system, employing a Warburg respirometer, 



for studying th~ utilization by rumen microorgantsms of sevaral 

substrates was described by McBee (1953). The main part of the 

Warburg vesse! contain~d 1 m1. of rumen fluid and 1 ml. of sodiuœ 

bicarbonate buffer, with 0.~ ml. of buffered substrate in the side 

arm prior to mixing and the ini~tation of fermentatinn. Hungate 

~al. (1955) used a modified manometric technique with an increased 

volume of rumen inocu1um (10 to 4o g. of rumen contents). Hobson 

and Lloyd (lyf~) have developed a manometric systom using 100 ml. of 

rumen liquid, lOO ml. of buffer solution, and ao ~: of substrate, in 

which measurement of rnte of gas production as '1ell as quantitative 

analysls of gnses produccd can be accomplished during a 90-minute 

incubation period. The manometric in vitro sy3tem would appcar to 

warrant furthcr investigation bccause of the relative ~implicity of 

its operation and speed and accuracy of its det~rminations. 

P~rhaps the most complex of any of the in vitro ~ystems 

developed are those of the continuous flow type. Adler et~)_. (1958) 

described a system in ·~.-~hich, after inoculating an incuhati•m chamber 

( 1-liter 4-necked fla!'lk) containing rwt'rient medium with strained 
i 

rumen liquid, aut<~tic controls were used to regulate pH, and the 

continuous addition of new nutrient medium caused an overflow and 

removal of the .ferœentation mixture. In trials of 10-hour duratton, 

data w~re coll~cted whtch enabled the calculation of the growth rate 

of microorganisms present in the system. 

Stewart and Warner (195~)) used a cnn~inuous culture system 
' 

contatniog 5.5 liters of fermentation mixture in which substrate 

and medium were added continuously 1 with total volume kept codstant 



by a fl,)at c~mtrolled '-'V:.!rflow. During ~4-h•rur f~rmentation periods 

the pr~duction of volatile fatty acids, and bacterial Ct~nts were 

detcrmined for different substrates. 

,.,.~ 

L . . 

The semipermeable membrane system dcvelop~d by Davey et al.(l96o), 

contained 1150 ml. of ruroen cont•mt inoculum and haù a c,m~tant flow of 

liquid in the outer chamber as well a~ provision for removal of gas 

samples for analysis. 

Compare cl to the ab ove described systems, tlw cont inunus flow 

system dasc.ribed by El-Shnzly et .v_. (l'.l6o) 1~ re1ative\y simple. 

It consisted of a seroir·~rme.:tblt~ sac containing 40 ml. of rumen Hquid 

and ? g. of subl'ltrate rnaterial, suspendt~d in a glass tube c'mtaini.ng 

·~0 ml.· of basal medium. Continuous flow was achieved by dripping 

nutrient medium through a small opening in the outer chamber, l~ith 

a nsoxhlet" type siphon arrangl!lnent m•'lintaining :1 v>nstant level nf 

medium in this chamber. 

;, Val idit.Ljilld standardb:_~tion of. in vitro sy_~teml't. 

The extreroe divergence of the in vitt'! systems dc~;criherl in the 

preceding secti·.ms, involving many different snurces nnd mcthods of 

preparl.ng rnicrobial inocu1um 1 nutrient media for varied composition, 

and n\IIlw.rous dtfhrences in the, construction of th~~ systcns, 

illut>tratc the diffic\llty in duplicating and confirming in vitro 

results obtainell by different workcrs. Th~sl! fact~n:.·s perhaps serve 

to ~xplain why certain results obt~ined in some 1aboratorfcs have 

been followed by cuntradictory observatir"ms in others. In response 

to this chanti~ situation, severa! workers have attemptcd t~ study 

the va 1 idity of vari<>US in vitro systems i.n order tn determine if 

' . 
in vitro observations are true feflections of in vi'!2_ C•")nditions 



hf>E'n made tl') c::tudy the conditions necessl\ry f0r standarlli:!:atir·n of 

!n vit'!:Q systems both within ~:mel betwe+:-n laboratori~s. 

Baker' s observatiJn ,1n the effect cf increasing 1 ocub~tion t ime 

(in the in vitr'2_ systeu1 t>f Pe.1rs .. .m and S11.ith, F~)c) 0n the 

clissimilarity of the mh:r•1flora and fnuna as compared t:-> the initial 

f;arurle 1 resulted in these ~1orkers reducing their fermentation perlod 

from 8-days to between :-'- nnd 4-hours. 

Warner (1Z5t~) suggcr.t~d several criteria of n0nr.al rumen 

functi0n l-1hich could be applied in cst.:1b1ishing th(·· validity of 

in ~i. trg stuè.icn. These arc: 

I.) 11w maintenance of numbers and normal nppearance 
of nd.croorganisms of the rumen. 

II.) The maintenance of normal rates of digestion of 
cellulose 1 stan·h, and pr,lt'-!in; and of non.1al 
interactions between these. 

III.) Tite ability to predict quantitative results 
~n vivo. 

Certainly any in vitr:1 sy~tP.t!l to~hich coul <l l!lect all of thcse conditions 

w .. )uld constitut~ an nccnrate and valuab1~' rescarch tunl. 

The in ~·itr.2, systMn~ dcw~lnpe<l by ne~tley and CO•tolorl-:ers have 

recently becn studi~d in reference t0 th~ir precision and limitations. 

Johnson ~ !..!.· ( F 15S) studied the eff~ct of v3ri0us fee tors on !.n YU!:.2. 

cel ~ ul ose digestion, reporting that a single "washing" of the sedi-

n•ented b.1cteriaJ. cell'> reducen ccllulolytic ac.tivity onc-thirè, that 

after 15-minutos aerati ,·m of inoculum - 4o1, of the activity was lost 1 

and that levels of fatty acids highcr than th0se genero11y f,~nd ln 

in vitro systems l.>'ere necess.ary to cau!;:P. partial inhibition 0f 

cellulolytic activity. The last r~su1t suggests that rcrhaps the use 



of semip'-'rmeable membranes to dialy~e fermentation end-products is not 

necessary for maximum cellulose digestion. El-Shazly ~al. (lJ5~), 
' 

in bi..H:hCJnica 1 and microscopie camparisl)ns between in vivo (!heep) 

and in vitro rumen fermentation, conc1urleJ that the in vitr~ srstem 

used for cellul.,:;c digesth'n was "representative of cunditi •ms 

~ vivo ovcr a period of ~4-30-hours. '' P'urther work by El-Shazly 

( . 1 f ll al. l_1b0 11 cnmpared all-glass 1 semipenneahle 1 and contiuucus low 

in vitrtl rumen fermentation systems, using cellulose digestion and 

volatile fatty acid production as critr!rla. They eoncluded that 

"there: was little to prcfcr fr•ml one type of apparatus to another," 

and al s .. ) that enrl-products such as v Jl<ttile fatty acids are not 

inhibitory for cellulose digestion (tn level~ acc~lated tn the 

.!.!! vitro system) sinco! the systems in which end-products \olere removed 

"did not give better cf!'llulose digestion tlutn the all-glass systC!ID.'' 

Church and Petersen (1)6Ü) using an all-gla~s in ill!:2 system, 

have studied the effect of sevl:'ral factors suc:1 as l<!vel .-.f sub10trste1 

level cf inocuJum (rumen liquid), source of inoculum, pH ad_;ustment 1 

and substrate pnrticle size on aeveral in vitr11 criteri..a {cellulose 

and dry matter digestibility, and volatile fatty acid production). 

The continuance of the prcccding types •Jf studies, is necessary 

f•Jr the maxir.lum potential usefulncss of in vitro rumen fermentation 

mcthods in rcscarc.h attempting to parallel or duplicate situations 

existing in the intact rumen. 

4. ~utrtcnt rcguirements of rumen microorganisme. 

Accurate in vitro studies of the nutrient requirements of rumen 

ruicr .. ,crganisUJS were not pussible until advanced techniqu~s had been 

developcd to enable the preparation of microbial inocula which were 



fre(~ ' f th.t:! hQt<~l'0p~ne ··o uf.: :~ nd ill-d, ~ finPÙ ~ ub·~t~n<"t~!'. prc~"nt in thP. 

c•t·f.gi. r ~-:~1 rumen li.quid. These "purified' ' lnnculn ~ .. crE' r.iaJ ~· pos~i.hle 

by th0 d.-wclopmcnt of ",.:ashPd" ,,r "suspenù;~rl" cê1.1 techniques, as 

describf•cl in n yrevious &ecti-1n. It l'O. ~\ pr••bably the r••t-0(":nitf.Pn by 

sevcrnl tMrkt~rs thnt rumen liquicl cnnt~ined Cl~rt;dn "unid•.!ntificd 

fact .;rs" O!..'C•.!ssary for rn<>:-: irnum C'! J 1 ululytic activj ty in y_! tr.;_, thnt 

stit:~u1ntr>ù th<~ <ll~v,~lopment of th,~ more prt~ctst~ teehni.c1ues in a.n attempt 

tl) id~>ntify thesc sub::=;t.:tnccs. 

a) Falty ~cids _. Bllc!__!t_rn_i._I!·:._~_c_ids. 

nur. (' lughs ~t al. c ' l"j()n '-, us ing ~~ t ~ "'j()~', di lut· f. pn" .in Y. i. t:r c~ 

t•!<"hnlqu•' to n~c1uc~ tlw i.nC.ul'tKC nf n..:1t•:>ri.:1l·~ a."•t ·~c~ in thro .wi ~:inal 

rumen fJuid tn' 'cu1ur1, fnuncl that "' •!Vel·al aJ•Hti ·ms t·1 thP. Lt ~= :~l medium 

such .·•~ aut!Jc 1 nvec1 runH:·n lf.qui<.l, P C nut .x: taved vatt~l" extr:tct •)f 

m:~nu~:~, "pr.w·.·d h•dpfu1 t.1 cellut · •S'.' <.!Lgestt.1:1." T.J" an ·t·he.r in vitro 

test, lJurr•ur,hs ~t- '!l · (l 05')c', studying the effec:t n f aclcling vArious 

feeds tiJffo:: tr; t~\1' f. · rtn>mt;1t i=>n mixttl!'~ 1 f .. und thar. "r.•tny r~eds influence 

l"l.lffi(•n Licl.'•H't"f'<lni·.;ms ~-1v··rably i.n <"•'l 1 ul•st~ di~esl:i.~n,'' :·ur:h a~ dri.ed 

tii~till .... r. -:; s·dubl.:~, S<)ybenn .·· LI m:::a~, :tnrl 1 in~eed · ·il mei!l. A 

furth,~r rep<•rt b _y th.•~e W"T."k.!T'~ c~u.f .:::.!_ a1 .. 1 }'"1':")) chat";'lCf:\.!t"i. :': ,~Ù 8Q 

unid :.mti.fi.c'' f:v~ t · :r ,.:timul.lt-•ry t •) (:·•11ul ·~P. die •~ .. .; ti --n ;1•; buing 

''fair~~~ widec.llt"o~;Hl tn c<JtTillon f<:cctt''' \"{th yt-a~t and m.1.nun~ •'"tra ct 

bl'ing ''p;Jrti.cu1 :tr1y rir·h s •\.trccs." Fractimati·m ,-, f t't;~ l <ltter 

!1\l\tt-riah indicat.,•d l'he f7:J ,·t ·r t ' he h ~at st:~ble, '.Jatcr R•)1ub l e, :!nd 

d .. ~str, ,yeJ hy ashin~. r~ l\.J·!Ve:r, vit<1rd.ns :m-1 casein hydro1 ysate did 

not e:-·hihil. an·,.. ~~pp<lr ·~nt <;tin.llati•~n. Slnc<> cert:d.n vit:m;i r"ls and 

c ::tsein h.ydr .:dy .c:at··_. Hi~r!~ J a t(~r shown t" · l b~ s ti.mulat.,ry, t"lk pqss ibility 

of t1xic lcvcls in this study might ~xplain the l~rk of e f fect. 
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culturi•t.g L"Ull\("ll iHlt.:teria, conc.:luded that '' thl!re ant fl!lctors in rumen 

su.:.cim•gt!ncs -an actively cel1ulolytic rumen h:tct~ri.1 1 )bsarveci 

that rumen f-hrid c.:ont:ain•!J a.u unkn·.)1olll h~.Jt 1 acid, and a.ik".!i-stable 

factor ~hi.·:h wa:.; n:.Jt a t::mr.10n 1\-vitarnin, amino aci.J, or mineral. 

l!hara~o:tl!rizcd L;t rulat•u liquid ino..:u~\.11!\ .:md v,!gl'3tabl~ pTrr.hment 

(cellu l use) substrat,~; demonstrated that sevcral fi~•h~~ry hy-pr.N1ucts 

s<lte) ~ach stL·•ngty stimulated <·.,:.]Julos'' tligi.!sti ·•n~o~h~n adlleJ t • the 

fenno.!nt;•ti.dn r.d.xturt.!. When a lllixturt>. 0f lE~ amin .·· acicls \J(J.'~ aclc~c,J, it 

cysteiu~·. and ;n.•.thi ·min'.! 1 did n'•t have :;t i.mu.iat .•ry pc••perties 
' . 

Bentli.!y ~al. (l/)1)_, u~ing suspcnded cell in0r.ulw. and a 

highly purifi•!li n~ecJiwr, demon:tr :..! tad :; hi:·h l~vt?i ,,f cellulo:>e 
. 1 

tligesti ·m wb~ either rumen liquid, rumen liql.!id ~upcrnotant (fr'JIT\ 

ccntrif ugat:i ,J!t r>f c e lls}, a t.J<lter c:xtratt of alfalfa, yea:it ')r 

ro·~ lasf:e> was '1ÙÙed t ·J the ba~:::1J medium. During a serie-~ r•f 

an<l an.ally va l erie acià was shJWn t•J b~ prüu .. nily r~sp _;nsible for 

this activity (Isentley & al., l;.J5)). Caproic, i.s..,·butyric, and 



iao-valeric were also found to markedly increaRe cellulose digestion, 

but not to the sal'le extent as valerie acid. 

Huhtanen and Elliott ( l~)G) obscrved no effed on cellulose 

digestion when valerie acid ''t' iso-valerie acid were added to the 

fermentation mixture. This lack of resp0nse was probably due to the 

fact that thcse wnrkers uaed "whole unalterad rumen fluid'' as 

inoculum, a ruaterial which would itsalf have contributed a substantiel 

amount ,)f the )-carbon fatty acid to the medium. 

That valetic acid was not the only active factor was suggested 

(Bentley !1 al. 1~5) since a non-volatile substance present in yeast 

extract and rumen liquid demonttrated cellulolytic activity. 

Hall~ ll· (1;~), using washed cell ino~ulum, shcrwed that mild 

hydrolysates of purified casein and othcr protein-rich materials 

"exhibited a highly favorable influence ..• in th~ digestion of 

cellulose." Since severe hydrolysis, reducing the protein tc..• the 

amino acid state, resulted in loss of ccllulolytic factor avtivity, 

they suggested tbat perhaps the active principles were water-soluble 

peptides. In a later study (Hall!!, !Ù_., 1)55), it was shown that 

the active substance in the prolein hydrolysate was not: identical to 

any of the short-chain fatty acids. 

MacLeod and Murray (195G), having adopted a washcd oéll i.nocuhan 

in their ,!!! vitro system, demonstrated that a combination of three 

amino acids (valine, leucine, and isol.aucine) were "primarily 

responsible for the strong stimulatiun of cellulose digestion previously 

shawn to be produced by a mixture of 18 amino acids." They also 

produced inhibition of cellulose digestion when too high a level of 

nitrogen occurred in the medium. 



Dt!hnrity et g. (l.!'j'r), using ion exchange and large scale 

paper chr<~tngraphy techniques, fractionated and isolated the 

cellulolytic factors present in autolyzed yeast and casein hydrolysate, 

and identified them as th!! amino acids valine, leucine, isoleucine 

and proline. 

A possible relationship between the amino acids and fatty acid• 

sbt~ to be required by cellulolytic rumen microorganis~, as 

suggested by the work of 1::1-Shaz ly ( 1)5~'), is that the former 11Wly be 

converted by the microorganisms to 4- and 5-carbon volatile fntty 

ac ids. This c l.lim is supported by the observation of !>ehority ~ al. 

(l~~·r) that valerie acid and the amino acids when tested in various 

combinations ''did not show any appreciable additive effects," 

b) B-vitamins. 

The use of washed or suspended cell inocula has also made it 

possible to demoustrate in vitro, nuoen micr,Jbial requirements for 

nutrients othcr than the amino and fatty acids dlscucsed in the 

prcvious section. Hall et al. (1)53) reported that the B-vitaœins 

ribof\avin 1 pyridoxine, biotin 1 para-amino benzoic acid (PARA), folie 

acid, and B12, all stimulated cellulose digestion, with the combina• 

tion of B12 and biJtin more stimulatory than any single vitamin or 

vitamln combina.ti.m. Bentley ~ al. ( 1'155) showed that biot in and 

PABA are required by rumen microorganisms for maxünum cellulose 

digestion, and that valerie acid bad no atimulat~ry effect unless 

the ·;! B-vitamins were also added to the basal medium. When valerie 

acid and the B-vitamins were addcd in cambination they e~1ibited an 

additive effect. MacLeod and Murray ( lJ5~)) found pyridoxine 

''consisteutly effective in stimulating cellulose digestion" wlth 



coaai1tent stimulation ~1~ thiaaine, niacin, folie acld, and PABA. 

Although liadted reports on 1-vttamin requir...uta are not 

entlrely in agr .... nt vith each other, tbere appeara to be a 

definite requireaant for several of theae vltamina. 

Host of the mineral solutions usad ln recent !a vitro autrint 

media are related to the "eyntheU.c saliva" forasla &1 sugeatad ~ 

McDougall (1943), ~ho baaed t ·he compoaltlou of_tbt.t •solution on 

raaults obtained by actual cheaical analysis of sheap ealiva. 

Additions to and modifications of McDousall'a formula bave beon baaed 

ou observations made by eevera 1 workers, particularly BCITrCJU&hs and 

asacx;iatea, on the !!! vitro reaponee of ~ llicroorganliiiS for 

different inorganlc el..ents, aa related to thelr source and avail-

a'bility. 

Using an ia vitto phoaphorua availability teat (aa deseribed 

by A!aderson ,!S. !1·• 1956) 1 Raun !! !!· ( 1956) deamstrated th.at 

phytata phospborus vas almost 1~ available to n.en aierooraanieu, 

and auageste<! that this was due to the suaauntial phytaae activity 

of v1ab le ruaen microorsaniama. Hubbert !l !.!. . (1~) 1\&ya 

detarmined tbe opttœYm and taxie concentrations of 9 iuorganic 

eleaents. In another report (Hubbert !S !l·• 19581>), they ducribed 

the affect of 5 other inorganlc elements on celluloae d1gaat1on as 

well as the 1nterrelat1onahips existing between certain of the 

elements vhen added to the madi\llll at variova leveb in factorial 

expertm.ntal designs. As a reeult of this atvdy, aodi.m vas ahova . 
to have no effact when addad in leve la from ,0 to 4,000 'lll!g. /ml. 1 

although a sf.snificant additive effect wlth sodium was ohaervecl when 



pota&$ium level& were increased from 50 mcg./ml. to 100-400 mcg./al. 

Trenkle ~ !l· (1)56) studied the neceasary lavel of sulfur, and .the 

availability of sevaral sulfur sources. Chamberlain and Burrouaha 

(19ÔU) lUlve r~ported that when magnesiuœ or manganese were omitted 

from the medium, cellulose digestion was 50-60% of normal. 

Although rumen microbial .nutrient requirements may be consist• 

ently demonztrated in any one ~ vitro system, it is perhaps 

premature to accept these qualitative or quantitative requirements 

as absolute, unless they can be repeatably confirmed using other 

systems. Since this later consideration 1eems to be tbe exception 

rather than the rule, there appears to be a need for staodardizatiOD 

of procedures so that all in vitro studies can be carried out under 

similar conditions with adequate controls. 



C. FORAGE snmt!S USmG lM VITRO IWMKN IQIW(t'ATION METHODS. 

1. Studies of the qutritive value of forases. 

Since cellulolytic activ1ty 1 as related to substratea of either 

purified or native forage cellulose, bas been the major criterioo of 

!a vitro rumen fermentation systems, the use of these systems to study 

factors affecting the nutritive value of forages as vell as the .are 

concise "indexing" of this nutritive value, ts not illogical. 

a) Efftct of li&nification. 

Perhaps the firet ig vltro'study of forase quality vas sade by 

Woodaan and Stewart (19~2), who stated ·"the prtmaryobject was to 

ascertatn wbether auch a.asur..ents eould fora the basis of a quiek 

~ vitro method for estimating the digestibility of the fibrous 

constituants of feeding stuffs." Even tbough their !!!. vitro system, 

as previously descrlbed:. was advanced for thelr tt..e it left mtach 

to be desired by present-day standards althoush this did not eeea to 

affect the quality of their observatiOM. ln thelr study 1 they 

campared in vivo (sheep) and in vitro fiber diaestlbility, usina as 

substrate in the in vitro tests the intact feedstuff as fed, as vell 

as fiber isolated from these feedstuffs. They demonstrated that the 

isolated fiber was digestad to a greater degree in vitro thau the 

corresponding intact feedstuff in animal trials, and suggested that the 

"formation of a 810811 .-ount of Hgnocellulose may be responsible for 

a distinct lowerbg of the dlgestibility of the fibi!B in a crop." 

They further stated tbat "it ie DOt necessarily the amount of Ugno­

cellulose whlch determines the ruaning off in digestibility, but 

rather the 111lnner of its deposition within the [plang cell valls." 
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'l'hey also stuùied the effect of stage vf &Matudty of ry~gras& <..>n the 

charact41lr of its fiber cout•ut, demonstrating iŒ .. reasing lign.Lfü:atiou 

with maturity, and ·ceùuc~d digastiùility which wus assùCiat~d with the 

prvducti~n of relatively ~wall amounts of liguucelluluse. Cer~ainly 

this study Stil the &U..ge fvr futur\:! expat·i•ntli on turage quality. 

In urder tu demùnstL·.::tte the possible mode of action of !ignin, 

Stallcup (l))ï) added cvamerdally puriilt!ù lignin1 tu !a vitro fla&k.i 

at fùur diffcrcut lcvels, with no significaut differ~nce in cellulose 

digestion ubserv~d in any of the flasks. He suggested that the data 

"lend credence to the idea that the reduction in diaestibility usually 

assoéiated with increasing amounts of lignin appears tu be due to its 

role . in the physical structure of the plant, rather than cb.emical 

action as toxicity to the microorganisms of the ruwen." 

Salsbury !1 !l· (1756) determined cellulos~ digestion after 

3, 61 ;, 12 and 24 hours of incubativn1 using native and purified 

cellulose sub~trates as weil as halo-, and alpha-cellulose fractions 

of these materials. Native alfalfa cellulose ahowQd most rapid early 

digestivn1 while the dcliguified cellulose fractiono pr~part:<l from 

forages were ~e rapiùly and cvmpletdy digesteù than the vriginal 

pl.,.nt matcrial. Kàmstra !l ~· (1 . .;-)U) also eompared the !!! vitro 

diges ti.:>n of uative cellulose as well as the cellulose containing 

fractiuus prepar~d !rom th~ same fvrages. These workers studied an 

extensive range of fvrage species, each ha.rvested at several stages 

of ma.turity, and dalonstrated that "separating cellulose from lignin 

grcatly improved its dige~tibility !a vitro with the effect of maturity 

lignificati.:>n di.minished greatly when the cellulose was isvlated 

1 
"Indulin A", 99." lignin. 



from the plant." 

Quicke and Bentlay {1959) in a &tucly of the effeet of U.pin aad 

methoxyl groups as related to decreased digeatibllity of •ture 

forages, atated tbat lower digeatibtlity ia yitro could DOt be tully 

explained in tarms of proxf.ate ccapoaition or U.antn coutaut wlleft 

brOIDI and orcl\ard grass haya were compared, but that in the eue of 

4 staaes of uturity of a ainal• species (tillptlay bay), decrualos 

digestibility dtd appear relatad to llgnin content. 

Dehority !1 al. (1960) furthar demouatrated that the affect of 

lianln in decreasing cellulose digestion was most probably due to 

its "inerusting" affect rather tha.n its total conc.ntratioo, 'by 

ball-milltns several forage saaples caustns physical napture of the 

cell woll stnctures. Ball..U.lU.ng waa shawn to .ubstantlally 

inereaae cellulose digestion, partieularly tu the case of t~ .ore 

mature foraaea. 

The preeedina !!! vitro studt.es serve to aapba.alze tJae iaportanee 

of lianin as a factor in reducing forage utilizattou, its detrtmental 
y 

action most likaly related to its ability to isolate fora .. natri~ta 

from bacterial u well aa other forma of enzy~~&tic <Waradaticm. 

b) C•llulose structure. 

Baker !! !!.· (1959) atuclied certain pbyaical propertiea of 

4 purlfied celluloae .ateriala for which !a vtÇro celluloae 

dl&estlou had been determiud. Although data from X-ray 4iffraetf.cm 

studiu 1 as upressed ln a "crystallinity index" 1 were bweraely 

related to celluloae disestion for the purified eallula. .. , only 

s11all "index" differences vere aoted betweeu forages vith wiclely 

! 
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differing digestibilities. Tomlin and Davis (1959) also reported no 

relation between the crystalline index of the cellulose and !a vitto 

cellulose digestion of various forages. 

ln order to determine if pelleting conditions affect cellulose 

availability, Jahn and ~tra {196o) studied the effect of pelleting 

hay of early &Dd late maturity at various t~ratures and pressures 

on the !a vitro cellulose digestion of thesa forages. They concluded 

that improvegent in digestibility was more pronounced with law quality 

or more mature forages at all temperature and preaaure coabiaatians. 

c) Undigested cellulose as related to rate of passage. 

Although lignin baa been shown to iDhibit digestion of cellulose 
. 

and other outrlents to a signlflcant extent, another factor decreasina 

forage dlsestion is the amount of ttme the forage r..ains in tbose parta 

of the antaal's digestive tract where it can be enzymatlcally attacked. 

Johnson~ al. (1959) determined the in vitro cellulose digestibility 

of "undisested" cellulose isolated from the feces of sheep fed 

different forages. They showed that TI~ pf the''undigested" cellulose 

of soybean hulls vas digested in the in vl:!!2 system, while lEf/, of 

alfalfa cellulose and only 5~ of bromesrass or orcbard grass hay 

cellulose was further digested. These workers suggeatat:l the observed 

differences were a result of both rate of digestion and rate of passage 

in the intact aniaal. This explanation vas substantiated by Quicke 

et !!· {1959~, who obtainod ~ digestion of soybean hull cellulose 

both ,!!! vitro and when samples of the sa~e material coutained in a 

dacron bag were placed in the rumen of a fistulated steer. This was 

compared to 54i observed in in !!!2 digestion trials with sheep. 

The soybean hulls fed as the sole feed to the sbeep resulted in very 
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soft feces possibly caused by "too rapid passag •. " A further 

observation on the relatioaship between rate of digestion and passage, 

was made by Phillips tt!!· (1960), who showed that ~vitro 

fermentation rates were sianificantly negatively correlated with ~ 

retention times as deteraaioed in ~ with Zebu and European type 

eattle. 

The preceding reports indicate that the potential digestibility 

of a lignified foraae is further ltmited or enhanced by the lensth of 

time the feed is retained in the digestive system. 

d) Effect of qutrlent supplementation. 

Early !n vitro studies indicated that supplementation of poor 

quality forages with a variety of nutrients would increase the 

digastibility of such forages. These incraases were accomplished by 

either supplementing the feed of the animal serving as inoculum donor 

or by direct additions to the in vitro ft'lltrient medium. However 1 

many of these claiDs have yet to be substantiated in large scala 

animal feeding trials. 

Burroughs ~ !!!.· (1950b) detertllined the cellulose digestion of 

good and poor quality forages in one of their early in vitro etudies. 

It was found tbat a suppleaent of nitrogen, complex mineral sohation, 

or autoclaved water axtract of cow manure, each increased and maintained 

cellulose digestion throughout the fermentation periods when added to 

the poor quality forages (corn atover1 wheat straw1 corncobs 1 mature 

grass hay) 1 wh!le the good quality forages ( leguae hays) maintainad 

a high le9el of di&es tion independent of supplementation. 

Bentley ~ al. ( 1951) reported that after cha118ins the feed of 

a fistulated steer from good quality hay (alfalfa) to poor quality 



bay (late eut grasa), ~vitro cellulose digestion, using rumen liquid 

inoculuœ obttined from the steer, decreased ~ durin& the first 

4-weeks of poor hay feeding. They also reported that suppleaentation 

of the poor quality hay witb boue meal, Umestone, and salt "reaulted 

in in vitro microorgani.m activity s~lar to that observed when the 

alfalfa hay vas fed." Rcoval of the supplement reaulted ln lowered 

activlty. They noted that the law phoaphorus content of the poor 

quality hay vas a posaible "liai ting factor in cellulose dlaeetion." 

Stnca no details of the feeding regime were given in this report, tt 

is not possible to ascertain the posaible contribution of protein 

present in the bone meal to the observed stt.ulatory effects. 
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Hunt!! al. (1954), usins the same in vitro system, presented data 

obtained witb inoculum prepared from the rumen contents of a steer fed 

either a good or poor quality hay. Their result& sbowed that !!!. !1.9:2 

riboflavin and vitaain B12 synthests, cellulose digestion, and 

uaonia utilization were all depreesed oo the "poor bay inoculua." 

The addition of starch to the aedium resulted in a much larser 

depression of cellulolytic activity witb the poor hay inoculgœ tbaa 

with the inoculum prepared from the steer fed good quality hay. 

Severa! workers have recently studied !n vitro the effact of 

nitrogen fertilization of forage crop&. Hall !l al. (1958) noted 

marked negative affects of nitrogen fertilization on cellulose di& .. tion 

of certain forages, with no siJnificant effecta on others. ln a later 

study (Hall ~ !1·, 196o), additiona of sodium nitrate and aodium 

nitrite to fermentation tubes caused inhibition of 1! vitro 

cellulose digestion and it was suggested tbat "poorer utiliution 

of a beavily nitrated young Sudan forage .. y be due to the 
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p:resence of nitrate and/or nitrites in the fot'ege. 11 Hopkins.!!.!!· 

(196o) demonstrated that in Y!!I2 gas production decreased aa the level 

of nitrogen fertt.lization of several forages_ increased. Ethanol 

extraction of the nitrogen fertilized hay removed inhibitory factora, 

which werc isolated and identified as nitrate. Perez!! al. (1960) 

using the same !n vitro system, further noted that whan an &mount of 

nitrite corresponding to that present in a given fertilized hay was 

sdded to a non-fertili.zed hay, gas production was depressed to the 

level noted in the fertiliEed hay. Reduced saine of calves fed 

nitrogen fertilized hay compared to non-fertilized hay were also noted 

with the suggestion that tM "level of nitrite may aecount in part 

for the significantly 1ower gains." 

These studiea illustrata the use of in vitro systems to 

demonstrate the presence of inhibitory material, related of course 

to the fact that these ~naterials ttaJst be in soaae manner inhibitory to 

the rumen microorganisms the~elves. 

e) Volatile fatty acid production. 

Although it has been demcmstrated that the main products of 

cellulose degradati(m in the rumen are volatile fatty acids, in vitro 

studies of the effect of forage quality ou volatile fatty acid 

production and ratio are ltmited. 

Barnett and Reid (1~7a) studied in !1!!2 volatile fatty acid 

production from both fresh and dried grass e~les representing 

various stages of m8turity and harvested in tvo different yeare. 

They obsarved that acetlc acid was the .ain acid produced during 

early growth stages (with fr•sh grass) but that propionic acid 

production increaaed with advancins .. turity 1 finally becoming the 



major acid pr,lduced. Dried samples which corresponded to the freah 

grassi!s invariably yielded acetic acid· in greater proportion than 

propionic acid, and it was suggested that variations in results 

between fresh and dried Ramples were "due to changes in carbohydrate 

content resultant upon storage of the latter." In another study 

(Barnctt and Reid1 1957b), they shQWed that water extraeted dried 

grass gave incrcased amounts of propionic acid while the water 

~xtract itself resulted in conaistently higher acetic acid levels, 

revealing itself "as the chief source of acetic ac:id in the whole 

dried grass." When crude fiber and cellulose extracted from the 

fried grass samples were tested (Barnett and Reid, 1957c), the 

"proportions of different volatile fatty acids resembled those 

obtained from purified cellulose, propionic acid being produced in 

greatcst relatlve yicld." 

Asplund S! al. (1~) found a aignificant correlation between 

(~ ~) total fatty acid production and dry aatter digestibility 

{!g vivo - sheep) using 11 forages <)f varying speciea and stages of 

maturity. 

Rice et al. (1960) observed that in vitro rate of volatile -- _...;...;;;;...-;;;..;;.. 

fatty acid production was significantly greater when alfalfa hay was 

used as a substrate as compared to the use of oat straw. Theee 

workers also found a signlficantly lower ac:etic to propionic acid 

ratio for the alfalfa substrate during the first 4-hours of 

fermentation, but no signifieant differences for the balance of 

the 24-hour fermentation period. 

Since the volatile fatty acids produce~ by rumen microorganiama 

represent one of the ~jor energy sources of the ru.inant, detailed 



~ vitrv studies on this subject hold promise as ~rtant sources 

of information, particularly because of the high degree of accuracy 

made possible throuah the use of purified nutrient media. 

2~ Use of in vitro techniques to predict nutritive value of forage§. 

The indexing or ranking of forages according to some cetterioo 

related to their nutritive value (!a vivo), constitutes one of the 

more practical uses of !n vitro rumen fermentation methods. The 

validity of such an index syst~ must depend on the establishment of 
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a high correlation betwcen the ln vitro observations and soma 1e vivo 

measure of forage nutritive quality 1 with the identical forages atudied 

in each case. 

The in vivo criteria of forage nutritive value which have been 

uscd are related, almo6t without exception, to the digestibility of 

some component of the forage, this component uaually being some 

measure of energy content. Ta illustrate, digestibility coefficient• 

most often used as in Y!!Q measures of forage nutritive value are: 

dry matter, organic matter, energy (calories), crude fiber 1 cellulose, 

and TDN. It is obvious that an in Y!!!2 observation which is lound 

to be highly correlated to the digcstibility of one of these components 1 

is only as precise in describing the nutritive value of a forage as 

the ill Y!Y2 criterion to which it is compared. 

Although previous discussion emphasized the necessity of 

in vitro systems paralleling or duplicating as closel.y as possible 

!fi vivo rumen conditions, this consideration is not an important one 

when the objectives of the 1n vitro method can be wall defined in 

terms of some predetermined criterion of forage nutritive value, a5 

eatablished !a Y!!2.· ln other words 1 the actual ~ viupo method used 
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t·.) obtain data on forages is of secondary importance to the establish· 

ment of a high and consistent correlation be~een the in vivo and 

.!!!, vitro observatiou.s. It will be noted, hvwever, that most !a Vitro 

methods pr'-•posed for forage evaluation are identical or s lightly 

modified versions of methods used in other ruminology studies. 

The previously noted studies of W~odman and Stewart (1932), were 

perhaps the first in which !E vivo and in vitro digestibility 

coefficient6 (crude fiber), obtained usia& the same forages in each 

case, were c·~pared. The resulta of this a~dy did not show any 

co~~istent relationship belveen the data observed1 most probably due 

to defects in the 1a vitro methods used. 

Mull~r (1947} devised an !a vitro system to determine the oraanic 

matter digestibility of forages, which utilized as inoculum pure 

cultures of aerobic cellulolytic bacteria isolated from soil samples. 

llis 18 forage samples for which ~ viyo coefficients of organic matter 

digestibility had been determined with sheep 1 consi.sted mainly of 

chemica Uy treated straw with a few untreatad amples 1 and only 6 

samples of hay or dried grass. As a result of this "heterogeneous 

collection of materials,'' Muller stated that therews "no'aeneral 

parallelism for the two œethods" (12, vivo and ,!n vitro). Whan the 

untreated straw and hay samples were examined there was a closer 

relationahip, but Muller observed that, ''the number of samples 

investigated of these two gr~p• is far too small to warrant any 

definite conclusion." The lack. of a statistical aoalysis of the 

experimental data makes it difficult to comment on the aecuracy of 

this method. However, graphical presentation of the data indicates 



th.at this type l)f !n. vitro system, simplified by the use of a pure 

culture of an aerobic ~ellulnlytic bacterium, holds promhe ae an 

accurate and casily standardized meth..xl for studyina forage quality. 
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Pigden and Bell (l):;ï5), perhaps the first workers to obtain 

positive results, reportod a highly signi.ficant correlation bat:loleen 

organic matter digestibility of 11 forages as determined with aheep, 

and carbohydrate fermented !a_v!!!2 as measured by the anthrone .. thod. 

Barnett (1957), studying ~7 s~les of dri~d ground ailages 

!!! vitro, f·)Und "a reasonable degree of correlation with the corres· 

ponding figures for the digestibillty coefficients of crude fiber 

obtained by feeding trial" (t"heep). Although no statistical meaaure 

oî this relationship was reported1 visual observation of the grapb 

presented indicates that the correlation between the !a ~ and 

in vitro observations was very high. 

Asplund ~ !l· (1958) studied the effect of varioua modiftcatiODS 

of thelr !n vitro technique on the applicability of the ~ vitro 

system as an assay method in cletermining the nutritive value of 

forages. Th~y used a total of 17 fol'ager..:sataples for which dry matter 

digestibility coefficients had been deterœined in sheep trials. The 

.!!! vitro observations aade wcre: percent dry matter loss, total 

fatty acid production, and ratio of percent acetic acid to percent 

propionic acid. The samipermeable membrane sy$tem of Huhtanen wa• 

used, with variables studied including rumen liquid vs. waehed cell 

t.noculum, S•Jurce of inoculum, and length of fermentation period. Vitla 

a &roup of 11 forages harvested in one season1 the highest correlation 

(r .. 0.8'r) was found between !.!!. Y!:!2, dry matter digeetibility and 
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in vi~ dry matter losa after ~ hours incubation uaigg rum.n 

liquid inoculum obtained from a fistulated aheep fed solely oa straw. 

Other coœbiRBtions of fermeatatton time, type, and aouree of inoculum 

also yielded high1y signifieant correlatiOGa witb ln ~ dry .atter 

dlgestibility. None of the ln vitiO obsarvati~ vas aa related to 

in vivo dry natter digeatibility aa waa the ch .. tca11y determinad er.de 

proteln coatent of the forages (r • 0.91). 

Baualgardt; !! !.!· (1~) c011p4red the a~illty of h vitro 

aud ch .. teal technique• to eatt.ate forage nutritive value defiaed tD 

terms of various 1! vivo dtg .. tibility eoeffici«Rtl obtainad with 11 

forages. Of the JMtbods tested1 in v!tro "cellulose digestioa a,..rad 

to h. the most closely related to the~~ cligeatibUity ûta," 

in partieular dry matter (r • 0.81) and en.rJY (r • o.Bo). In a 

tatar report !aumgardt et !l· (1959), proposed a atmpllfied ia vt~ro 

procedure, "applica\la to routine (!orage] tutins," with whtcb 

a highly signifieant correlation (r • 0.8,) vu fOUDCI between in ntro 

cellulose digestion and in vivo digestible eaersY, using '1 hay aa.plea. 

Quicke .tt al. (195~ deacrlbed an ln vitro metbod wb.ic:h wu .. ed 

in studies comparing in vivo and ~ vitro cellulose digestion. 

Inoculum prepared fr~ either atrained rumen 11~14 or resuspeaded 
• 

eells dtd DOt appear to ruu1t in df.fferenc:u in celluloae dtgeatiœ. 

ln cœpa.riag io ~ ud iD vitro cellulose dt.pation, a forage apeciea 

effect seemed evideftt in that no stsulfieaat difference wae ob~erved 

betveen reaut ts wtth sr au haye, but in soae of the legume hays, 

celluloae digastibility coefflc:i.nts vere aianificantly different. 

!lerabbergar !1 !l,. (1~9) usf.lts nAIIIeD Uqutd inoculUII obtaiud 

from sheep, compared the in vivo and in vitro cellulose dtgestibl11ty 



of 35 L•rag~s, ·:..bs~rving a cùrrelati<.ln coefficient <)f 0.9·:, pcrhaps 

the clvSQSt ralati.onship •lf this type rep-lrtcd in the literature. 

The relati0nship between J& ::!.!,lli cel ~ ulose digestion and in~ 

digestible cncrgy (r ::.: 0. )2) was also highly significant. 

Reid~ al. (195)) extcnded in vitro forage studies to pasture 

evaluation. M~th0ds of preparing the pasture samples for in vitro 

assay wcre comparcd, with .wen drying giving a m•)H! accurate 

prediction of in vivo digestibility chan either fresh or freeze d~ed 

samples. In a later study (Reid et!!·, 1960) utilizing 124 forage 

samples obtaincd from seven dlffer~nt research stations, a highly 

significant cJrrelation was f0und between in vitro cellulose digestion 

at 36-hours and~~ dry matter or energy digcstibility. 

Clark and Mott (1 ) 60) using an 1u vitro syst~m similar to 

Huhtanen' s with a 'Washed ccll inoculum, determined the dry matter 
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digestion of 11 forage samples for which !J! ~ dry matter digestibiltty 

had been dctermined. Thcse forages were identica1 to a group tested 

by Asplund ~ ~· (1959) 1 having been obtained from the same source1 • 

Clark and Mott observed a seasonal cffect 1 depending on whether rumen 

inpculun1 was obtained in spring or fal1 1 on the relationship between 

in vivo and in vitro dry matter digestibility. A highly significant 

correlation coefficient (r = 0.77) was obtained in the spring, with 

a n~n-significant corre lation (r ~ 0 .49 ) observed in the f a ll. 

Infqrrnation regarding the feeding regime of the staers used as 

inocu!um donors, the most probable cause of the variation obscrved 

1 W. J.Pigden1 Animal Resaarch !nstitutc, Canada Department of Agriculture, 
Ottawa. 



was Otlt given. Thcse same w~rkers also studied!.!!. .Y..!-!!:2 digestibiltty 

(lf 1~ vari ·~ti es of tim:1thy ss.mples 1 cacb. harvested on the same day at 

10-day intcrvals, representing all maturity stages. After early leaf 

stage, significant differences w.ere found between s,1me of the varieties 

at any of th~ harv~sting dates. Titis latter study, for which in vivo 

data were not .:tvai.lable, U~ustrates the applicaLf.on of in vitro 

rumen fermentation techniquE:s to agronomie selection of plant varieties 

on the basis ùf nutritiv~ value. 

Gaunt (196o) has used an in Y!!E2 system to determine dry matter 

digestibility of samples in a state-wide (Massachusetts) forage 

evaluation prograsn, with observations of 567 samples of hay, corn 

and grass silage reported. Since no studiea were mentiryned in which 

the validity of the p.nticular in vitro system used was examined in 

relati~n to forage samples of known nutritive value (determined 

la vi~o), the accuracy of this procedure is unkn~~. 

Shelt..m and Reid (196o) have recently reviewcd the use of 

in vitr~ rumen techniques t ~ measure the nutritive value of forages, 

w1th n C;)ncluding statement that · n0 ;; ther single factor wouJd 

stimula te f :Jrage re!>earch and produ~ti•>n t.::> a sr~ater extent than 

the development of a simple procedure for determining the nutritive 

value of a fwrage to the ruminant." 

The pr~ceding discuss i.m of the various i!l vitro methods which 

have bccn pr.1p;sed as a test for forage nutritive value can perhape 

be summarized with the statemcnt that it appears p)ssibla to predict 

~ith a high degree of precision the ~vivo digestlbility coefficient 

' of the main en~rgy-yielding componcnts of a forage using a wide 

variety of !a~ techniques, providing each is used under 



stand&rdized conditiODB as experimentally dete~ned for each 

5yatem. In this particular application of !! vit~o rumen fa~ntatiou 

systems,- i.e. tbat of predictiDg the nutritiva value of forages,-

the naed for standardization of techniq~s between diffarent Laboratories 

cannot ba •veremphaaized. Otherwise in vitro observations as determiaad 

by any ooe experimenter are only valid under the· local conditions where 

they bave been standardized. 



III. OBJ!CT or USEARCII. 

The description of the nutritive value of forages by 

eonventioa.al .!Jl !.U2, fMdlftl trials h a leusthy and upeulft 

proee .. , requlrina larae aoYilta of forqe a811ple uterial to k 

fed to aperl:M11t&l ard•ls •t.utained ln apecial houaiug 

facUlties. Bec:ause of theae àifflcultiu, iaforMtioa in reaan 

. to the c~ratlve nutritive val• of forqas la IlOt raadily 

avail~le to the aatrltiOD1at1 tke pl~t br .. der, or the far.er. 

The object of this reaeareh wu: 

a) To develop a !a vitro ~ fematatiœ •thod wbich could 

be uaed to prediet tbe mstritive valae of a forqe, the effleacy 

of thb 111ethod to be .... ul'ed by a correlatloa betwMD the ill ntm 

data and aome concise iJ! xW. criterioa of -.atl'itive -yaJ.ue. 

b) To ex"'dne variows 'factors affeett.na the acc:uraey aDd 

reprodueibUity of the propoaed !!l Yitro •tho4 lu the predictioa 

of foraaa œtrttive value. 



IV. PR.ELJMINARY SilJPIU ON !Hl; ~§W~ISmmfl' OP' AN Il! VI!I,O 
!lJMEN P'DH§!!IATION SYSTIH. 

A. G RN §ML nmtùl:IUCTlQ!!. 

The in vit;o rvœen f~tation technique. uaed in these 

etudies were baeed on tboae developed by Bentley and co-workers at 

the Ohio Agricultural F.xperf.ment Station, as ducribed by Beatley 

!!. !Û· {1~5) and later oodifiad by Qutcke !.! !!· (1959a). This 

particular system waa chosen becauae of the succees acb1eved with 

it ay Bentley ând co~orkers in demonstrattng the quantitative 

requireaeats for certain fatty and aaino actda by ruaeo ~cro-

organi81DI. 

The studies to be described ~ this aeeticn w.re deataned to 

eooflrm and poselbly exteftd reeults obtained by other workers, u 

well as to study factora vhich adght affect ia vitFo reeulta. 0.. 

phase of these etudies 'W4l8 tb.e axamiDAtion of the adequacy of the . 
nutrient medium SOJ8eeted by Bentley aad co-worl~era to ruatermlne 

if certain additive• would ~eault in increaaed cellulolytie 

aetiYity. 

Succe .. ful ca.pletloa of theae prelbd.Dary etudiee vas 

considered a pl'erequlaite to the develop.eut of a at.andardlzed 

.!!! vitro technique which could be used in forap evaluation atucliu. 



1. Pretattt191! of Hsterifl iaoqlw. 

a) Sogres of ~ twatt. 

Two ~ flatulated Hol1teia ateera, fed ~ 11~1tul a dtet 

COD!latf.na •cluai'Hly of locM qulity hay (1111lua othenrin DOtH) 
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vith coltaltiaed-iocU.ud aalt aiMI vater avaUable at .all ttaa, ••ned 
as the souce of ru.en f.a&esta tlarCNihoat all ttudiea. 'l'ba •raical 

teclmiq.e u1ed 1o. the fiatulati011 operaUou1 wu aa ducrikd by 

Dousberty (lm), vith the c&JmUlae cODSlatina of threacJecl babt .. , 

internat nd utenaal flaaaea, ad cap, all coatrvcted of ecryllc 

("Luette") plastic. Ina ide camwla d~tera of 4" or of '" eaûled 

inaertioo of the band lnto tbe rumen and rapid collection of aaaple. 

b) Pboapb.att buffet gtract. 

A polyethyleM 1Nc:bt liDed vith 2 layera of chMaeelotls wu 

used to collect a a-.ple of approœt.ately 6 litera of ra.eR tag.at& 

(Pipre 1). 'ftle tiiiiiPle coatalud in the chMtecloth ,... placed t.. • 

nall pren end the r'\II!G Hquid aprund and ditcarded. A aaple 

of 4 lb. of the reaultant solid nan iaaeata (lipre 2) vaa llixed 

witb 1'00 ml. of phosphate baffer aolatioa (pH 7)2 according to tba 

method de•cribed by Johnsoa !S ü_. (19,S). After 110àerate qit&tlos 

the tnae•ta-pbo•phate buffer aixture vas re-pre1Hd ad tbe renltaut 

liquid1 deaignated •• phoaphate buffer atrect (P.B.E. ), wu flltered 

through 4 layera of chee•ecloth into a prebaated theraoa contaiaar 

for tranaportatiOD to the laboratory (Ftaur• 3). 

1 PerforMd by Dr. D.G. Dale (D. V M.) hpart..nt of Ani.Ml Scince, 
Macdonald Colle&•· 

2 1.059 1· ~4 and 0.436 g. ~P04 per liter. 



Prior to lllllkina the utraet, the pboepbate Mlffer solutloa vu 

pnheated to 45-48°C ( to eompenaate for drop of t-..rature to 

approad.~~&tely 4o°C durins extraetioa proeedare) 1 aaturated vith co2 

by rapidly bubbling gas throush the solution for '·10 atnute1 (in 

order to lower -'Xidation•recluction potGtial of solution) 1 aud 

ru.djuated t.;> pH 7 with N~co3 ( to eoapeDnte for plt drop clue to 

co2 aaturation). ln aetual praetice, tba•e 1tepa were aeea.pltabed 

by adding 6o ml. of ~ N~CO; solution to 1,00 ml. of the b\dfer 

solution (heated by placiug flaak in a coatainer . of hot water) ad 

bubbling C02 through thta aolutlon unttl tb pH returned to 71 u 

meuured by ·a pH •ter (lec)aan Zercaatic) • 

c) Ke!utpended baçttrtal eellt. 

A sample of 1250 ml. of the P.B.!. ••• paaaM throogh a 

Sharplea auperceutrifuge (stecm powered) operattus at a apee4 

between ~1000 and ;o,ooo r .p.m. (Figure 4). la te of flow t!lroqh 

the supuceutrliiage was adjusted so that ;-' aiautu waa requlred 

for the entire aolution to pase throolh. The bacterial aed~t, 

collected OG a cellulold Uaer placed lnaide the cntrifille bwl 

(1'1sur• ,), wu reau.peaded by means of a loose-ftttiQ& thne · 

homosenb:er (Pyraz lfo. 7m) ln ~ 111. of phoapbate wffer (CGIIIIJ08itiOD 

and preparation aa prevtoualy describ&d), fhte aupn~ion wu filtere4 

throush 4 layera of cheeaecloth aad eoaatitated tba bacterial inoeulua. 

Prlor to resuspenalon, the hottoa loch of ae4~t ôn the cell•loid 

liner, cousuttua of plant and protosoan debris, waa dt...,._.. ·-

2. Mlat!'Mpt NcliUII. 

The COIIPoaition of the DUtrient adiUIIl (Table 1) waa th.at 

reported by Qaicke J!. !l· (1959a), vith MY.ral 80diflcatiou, 



iDCludins a lDCreue ln the ..,.,. of N~oo3 &IMi the adcU.tiOR of 

pbo1pbate buffer. PreUmauy triab sbeved thet t!Ms• 'IIIOdificatiou 

re1ulted in a pH of 6.8-7.0 of tbe fen~ntatioa tuba coat•ta, vbicth 

waa maint.aloed even after ateBded fermaotation pu ioda. '1'\\e aUitioa 

# 
of caMiA hydroly1ate to tbe •dbaa wu buecl oo OOHI'ftt:lou in 

pre 1 im:loary trials to ~ reporUd. 

Varioua O.v1at10GS in the •Jcap of the •triellt .-dU. (u 

Ueted ill table 1) will be dians1ed in retereace to the pàrtieular 

tria le la which they cx:curred. Tbese deYi.atl.oaa 1 in senral, vera 

&slociated wlth triala c::011pleted prwiou.a to the publication of the' 

modified "Ohio -.di1111'' by Q1aicke ànd c::o•workere, ud 11\ 1bldl .. tu 

wbich requil'ea!Gtl for apecific nutrientl W1'8 ÜteJ:IIioH hy ~ifti 

tba froa the mediWl and addllll thea iu gradee! -.ouata to tpecltlc 

3. CAllulose IUP•tt!tv. 

The porified c::ellul01e aubatrate uaed waa Solka Floc SW 4oA1
, 

prepared c~cially froa ~Usnifted aoft wood. 'ftaia •terial, 

vhich aulyzed 93.~ cellulose, waa usee! at a lnel of eitber m or 

2~ 118· pu fe~tatioa tùe. 

»ried foras• auktrat .. ven prepared for ill vitro atudiu 

by griDdt.na in a laya:md b.allier mll fltted vith a ac::H~D UrlD& 

0.024" di.aMter ro.nd b.olee (equiwleat approaiately to tJ.S.I.S. 

eleve lto.3()}, and atore<f at room ta~peratue in allber•colored glua 

jars Vith tisht-fittbta caps. rorqu COilt.ai.Dlas betveen ~ aM 

34~ cellulose were aatd at a &ubetrate lewl of 700 .. • ,.r baN, 

1 Supplied by Brown Foreat Products CCIIIP411Y 1 Montreal, P .Q. 



T.UL! 1 

COIIPOStnot'f OP . JUTIIJ:lft' MDliii AD JA.C'rDUL 'Ili)CILUK IUX!VU. 

Concetratioa V•lld 11e1: ttatJe 
Solutiou wa./ml.. al. 

. •· 
( 1) lti De-!:!1 !H~ll s 10 

~~·~0 
,.65 . ~.5 
6.~7 6e.7 

Kct 2.15 21.' 
ltaCl 2.15 21.' 

=~~0 o.,ae ,.82 
o.-,o 7.5<) 

(2) Cbteoae1 20 2.5 50 

(3) Uru1 25.2 2., 63 

(4) Caaein bydrolyaate (nzyMtic)1
'

2 20 2., ~ 

(5) n-Valarie acid1 3 ,.0 15 

(6) PABA 0.5 0.()5 o.œ, 

(7) B1otin3 0.2 0.()5 0.010 

(B) tcaero3 200 1., }00 

( 9) f!!o!ttlaat! la!f,e[ (tB 1l: 10 

~4 1.059 10.59 
0.436 4.~ 

(10) lroa ~ C!lei!!: o., 
reca,· ~o ~.~ 2.200 
C4Cl.2·21120 '·29 2.~ 

(11) Bacterlal inoe1slwa .. ' - r 

(12) Distilled vater, to .ake ~ 

" 

1 Prepared on day previoaa to fetWntation l'1dl1 aad refl:taeratec! util uau. 

2 htrition&l Bioch..s.cals Corporatiea, Clevelud1 Obio. 

3 ~ ethanol sol•tion. 



thus supplyill8 a celluloM level of approxt.tely 200 Ill· Pœ thoae 

'oraa•• aaalyz1D8 belGN 2~ 01' •bave ~~ cell•loee, a n~atrate lnel 

of 8oo 11g. or 60o ... , reepectbely, wu aeed per tuM ao u to 

1111intain the e..a apprn:t.te lnel of celba.lON (200 ... ) in all 

tubee. In re lat ba to nltatrate levet, Qulcke .ti _ü. (1~) b.ù 

demQUtrated tbat varyiDS forap levala froa 0.6 to 1.3 p. per twbe 

bad no effeet oa percellt celluloae dS.SUt~illty. 

4. ID yi,tro sxatw. 

TU ill v1trg eyet• (rtpna 1, 8) couiated of 32 ferMntatioo 

tvbea (90 ml., Pyrex 1fo.8e6o), each fitted witb a 1-hole rùber et.,er 

(Ro.6) throuah whlch .. ia.aerted a al••• deli.uy tube (fiaher 

Ho.l}-711) attaehed by tDM.Da of rubber tv'bl.Da to a aae .aifold wlth 

32 oatlets each fittH with a neetfle valve. The rate of aaa flow of 

approxt-.tely l6o kaW>lee per llimate vae adjusted by MUa of an 

individ'ual needle valve for eaeb fer.ut&Uoa. tulte. TU gas -..tfolcl 

wae comec:ted to a lar .. (,0 lb. capacity) t.a1lk of"•dical qul1t7" 

co2 , fitted with a pa preanre replator. 'l"be cleU.very tu1te •• 

adjusted 1110 that ite tip waa appl"O&iMtely 'fO -· frea the bottoa of 

the ferllelltatioa tube, aad this toaether with the relatlvely alov 

aaaaiftg rate ~led the aubetrate to aattle to the bottoa of tbe t.b• 

durin.g faraentatioa. Gu wu exbauted lty w.y of the clearacace MtwMD 

the pourl• lip of the baH and the rublter stopper. 

Fer.entatioo tvbea were •iataioed at a ta.peratan of lto°C :t o., 
by U..reion in a vater 'bada (I'Uher 111o.15-~70) f~ wlaich a stabl .. e 

ateel tube rack bad ~ specially coaatnacted to ace~t• the 32 

tu'Ma plus oae extra tu'IM fUld with tNffw aolutioa to eoa.tain the 



pH •ter electrodes. '1be aiDiature electrodu (laclaMn No.39166) 

iDMrted in a rubHr stopper ·(rs.pre 8) eaabled pH •ann.ute to 

ba taken durin& fermeutatioe runa with a aiJliallo of disturbaDOe to 

the tube contenta. 

5. Stttiy-y procedyre. 

Durtns the course of thea a J.! yf.tro • badlea a seriee of 

procedures were devaloped to •intwfze potentlal aourcea of stresa to 

the llicroorgani.-s, aa wall aa to reelue• the total aettioa·up tt.. 

'l'heM procethlrH will be outlillllld briefly (wlth approx!Mte tiMs 

&ivan) in the belief that close adherence to lbeae atepa reaulted 1n 

the htah level of call•lolytic activlty and aood reprodacibility 

ln the in vitro ayataa. 

a) Dey previogs to fH'Ml!tatiog nan. 

Appropriate aubstrete.a are welahed into the fer.ntation tüu. 

Labile nu trient solution• (u DOted ia Ta), le 1) are pnparu aDd 

refrigerated. 

(4:00 tJ.H.) liatulated steer la fed a quautity of hay vbicb 

vould be cODBumed in approxt.ately 3 boure. 

b) Day of initiation of ftmettation Dm• 

·(7:00A.M.) Solutions (1) to (8) (Tabla 1) are mixed in a 

2-liter Erlaa.eyar flask in quantitiee neeesaary for the inocuLation 

of 4o fermentatioa tultes. The reaultaat llixture la placed ln a 

water bath (4o°C) and co2 bùbled tbrouah the flaak contenta. 

Phosphate bvffer solution (2.5 litera) ~ cODdltiODed as previou.ly 

deacr1Md1 wlth 1.5 litera prapared in a pnheated tllermoe contaiur 

for transportation to oorn. 



(f:30 A.M.) liat\llated 1teer 1a aampled (apprœ:W&t.ely 

l'heure abace lut ~1) and P.B.I. of aolid iuaoeta pr,pared. 

(8:00A.M.) P.l.l. 1a cntrifupd in Sharplu superceotri..hp 

and lNlcterial udi.ent reauapendeci in pbo1phate buffer to coutitate 

inoculum. lftoeuls ad solotiou (9) &lad (10) 1 are actdett to fluk 

eoatainiaa nutrieut -.diua. Diatillect vater il aclded to bl:ills flaak 

contents to 2 litera (pre~cali~rated lia. etchad on neck of flaak). 

(8: 15 A.M.) Htatri.nt eed:lull aod inoculua aixture are plaead 

OR macoetic etirrer (tefloa-coated aaanet plaeed in flaak) and 

attached by IIUU of a delivery tuH to n auta.atic pipetlD& 

machine (:Brwer) previoua ly adjuted to dispense 25 al. 

(8:25 A.M.) lutrient Mdiwa nd inoeulum dlspeued into 

ffml811tatioo tubes 'by pipetiDi llixture into aU tvbea in seq.-a1 

vith this atep repeated to brins total tVbe volume to ,a al. 

(rtaure 6). 

In those trials in wbic:h the effect of variout aupplemaDtl 

on cellvlose digestion are brins determined1 the partieular 

avtrient(a) oader study are not incl\&dad 1n the DUtrieat Mdiua 

aDd inoeulue llixture. The total aaount of llixtura 1e adjutù to 

either 16o0 or 1800 al. and the auta.atic: pipet adju.ted to deliver 

4o or 45 al. par tube 1 raapeetively. After clbpeaalna the basal 

.edium1 tba euppl ... nts or distilled vater ara then baad-pipated 

into the appropriate tube• ao tbat the final volume of all tubea 

is ~ ml. 

1 Iron and calcû.aa solttion ( 10) :i.S· a.dd.d to the aixture lut 
becauae of the tendeacy of tbeae elements to precipitate ta the 
more concentratad solutioa. 
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(8:30 A.K.) Two dropa of aineral oU are added to e.acb tube to 

prevent foaœing. The fermentation tubea are fitted wlth deU.very tebea 

connected to ~ source, contente well aiJted by sw1rlin&1 aad placd ia 

rack in water lta.th. P'e~ntation ~riod t:l.ains is initiated vith tbe 

coapletion of this step. 

During the first 8 hours of the fermentation perlod, the 

ferueutation tube contents are mixad hourly by ewirling the tu~ s-ntly. 

This is repeated at tbe 12tk aDd 24tb hour of the feraeatation period. 

Unleas otberwise aoted, all fermentatioa periode are termta&ted after 

30 houra. 

6. Tarmi9atiO!l of feJWQtaUon. 
~ 

At the coaclwsion of the fermentation period, the tub .. are 

removed froa the vate:r bath, vith any adberina •tertal vashed free 

the co2 deU.very tu1M ad fer.1lt&tion tube aidas. The fer•utatioa 

tubea are then ~iately ceutrifused at 2200 r.p.m. far 6 m•tea, 

after which the aupernataut liquid 11 discarded aad the reaidue 

coutained in the bot tom of the tubes (Ftsure 9) eitber ualyzect 

tmmediately for celluloae or refrlgerated for aubaequeat aaalyaia. 

7. Q!llyloes &qalYeit. 

nw celluloee coutant of the farMntation residue (ud .tpoal 

aubstrate aa vell) are detarmiaed aecordina to a elisht sodificatioo 

of the medaod deecribed by Crallptou and Maynard ( 1938). Becauae of 

the importance of this analyah in tbe detendnatioa of JA nuo 

resulta, a brief outline of the modified m.tbod is as followa: 

a) Acisl di&gtiop. 

'nle aeld di .. ation mixture ie prep.ared by mixina ~0 ml. of 



acatlc acid, 150 al. of diat1llad water, sad 8o aü. of conceutrated 

aitric ac:ld. Oslq an eutO.t1e pipet (Macb.lett), ~ ml. of tlM 

mixtare te dbpen.aed iato NCh f~tion tube (tu'Ms aoalywd ba 

1ert.ea of 8). A a laas atirrua rod il lo.arted ta each t:uH ad the 

contenta are well l!d.xad, with the atirrlna roda laft in the fameata• 

tlon tu~s duriQc the eatira digestion pertod. 

Eight tube•, placad b a stal.nlua tteel wire baaket ara 

la'tarsad in a bo11i'D8 watar bath fOC' a 30...S.mata period (lipra 10). 

Contenu of the tubu ara at.zed avery 10 alautea. At the ad of the 

diaestion pariod tbe tubas are ralO'I'&d frœ the boUlas water Nth 

aad allowed to cool for ' llimatea. 

b) Filtratioa· 

Aftar the acldition of 25 al. of m ethanol to each tube, they 

are t.aediataly tranaferred quantitatlvely to a filtariD& cracible 

(Salaa - extr ... ly coarae poroaity), uaiac a polyethylene waah 

bottle coatai.nt.Da m ethanol to waeh dawa the aidee of the ttaMa 

(Pigure 10). 

The precipitate ln the cruet.ble is tben waahed vith apprax­

iutely 10 al. aack of aeeta.e aDd ethyl ether 1 iD succaeef.aa. 

c) Dtr'M gd ylatg. 

The cruciblea vere nut driacl 1D a vac..- aven at ~°C for 

appr~i.Mtely 4 houra, alter vht.cll they are cooled in a deaiecator 

and •iahecl. They are theil aaMd overni&ht in a •ffle tumace 

( 6ooOC), coole4 in a dM lccator and nweiJbed. 
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8. Ç!J&ulatf-w. 

a) C!UulOf! coatyt. 

'l'he cellulose coatnt of eit:t.r ... Wtial Ullfer...ted 

nNtrate or of the fe~U.GII real.._ la calculated •• tite 1 ... 

on &ahin& in the eelhlloae otemf.Datiosa, .. folleva: 

Celluloae (a~ • Vt. (g.) dry cracible aad coatent1 

- Wt. (s.) aabed cnaet.ble aod coatenta 

Cellulose (~) - !ft. 
Wt. 

of eell!lU• x 100 
of aubatrate 

b) Ctll~l9tt s!iwt1l!1Utx• 

C.llulese di&eatl~ility (~) • 

Wt• (a.) ipittal c•tlu~Dtt • Wt. Ca.) etllglott Jllifa! x 100 
Wt. 1· initial e~luloae 

9. Statiltical ap!lYtU. 

ADalyah of variance proc.&arae uaed are •• ct.ecrf.bed hy 

Crampton (1959). libere required, traaœant ..aDa ara COI!Ip&red 

usina tbe Multiple laa&• Ta1t (L.S.R.) d«veloped by Duaran. (1~) • 

. _ 



Figure 1. 

Figur ~. 

Reœoving eample of rumen ingesta 
from fistulated steer. 

Solid rumen ingesta used in pr paration 
of "phosphate buffer extract". 



Figure ;. 

Figure 4. 

Phosphate buffer extract pressed and filtered 
into thermos container for transportation to 
laboratory. 

Phosphate buffer extract passing through super­
centrifuge with cell-free supernatant discharging 
into bucket. 
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Figure 5. 

Figure 6. 

Removal of celluloid liner (containing bacterial 
sediment) from inside of supercentrifuge bowl. 

Use of automatic pipeting machine to dispense 
nutrient medium-inoculum mixture to fermentation 
tubes. 



Figure 7. 

Figure 8. 

Overall view of in vitro unit, 
aas manifold and~istribution tubes, 
fermentation tubes, and water bath. 

-
Close-up vi w of several fermentation 
tubes fitted with gas delivery tubes, and 
tube containing miniature pH electrodes. 
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Figure 9. 

Figure 10. 

Undtgested cellulose residue sedi nted by 
centrifuRation following termination of 
fermentation period. 

Cellulose analysis: Eight tubes (containing 
acid digestion mixture) immer1ed in boiling water 
bath (foreground). 
Filtration of acid digestion residue (background) • 

• 
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C. TRIAL 1 • THE El'FECT OF VAIUOOS SUPPLEMENTS ON THE IN VITRO 
DIGESTION OF PURIFI!D C!LLULQSE. 

1. lntroduc ti on. 

Bentley Ji!!· (1955) obsarved a low level of !a vitro celluloae 

digeetion when a purified autrient .. dtum and re1uspeftded cell iaoculum 

was u1ed, due to the absence of "rumeft llquid fact~" neceuary for 

maximum cellulolytic activtty. The addition of valerie acid to the 

medium resulted in a level of cellulose digeation equal to that 

ob1erved when cell-free ru.en liquid vas used. Dehority !! !!· (1957) 

demonstrated that a mixture of aeveral amino acida could aubstitute 

for valerie acid with a stmdlar sttmulatory effect. Hall !! !!· (1~, 

1955) reported that casein hydrolysate added to the !g vitro medium 

resulted in a "conaiderable increue in celluloae dige1tion." 

The purpose of Trial 1 waa to ascertaiD the relative and poaaibla 

additive affects of these auppleaenta an the digeation of parified 

cellulose in the ~ vitro ayatem aa previously described. 

2. ExperÛI!tltal proc.Qdure. 

This trial deviated from the general procedures deacribed 

in IV, B in the followins respects: 

a) Nu trient medi\11!. 

Solutions (4) caaain hydrolyaate, and (') valerie acid,were not 

included in the medium but added aeparataly to certain fermentation 

tubes. 

All of the eubstancea in solutions. (1), (2), (:~), (6), (7) 1 

and (10), were added in half the aaounte per tube indicated in 

Table 1. 

No phoaphate buffer (9) waa added to the nutrient medium, and 



only 200; D8· of sodium carbonate (8) was added per tube. 

b) Substrat• agd iaoculyP. 

Bacter1al inoculUit was_ uaed at a levet of 5 ml. per tube, wlth 

Sollca Floc at 500 wg. to supply 470 ... of cellulose aubatrate. Total 

tube volume was 35 al. 

c) Suppl!!!!lte. 

The amino acid alxture, baaed on that reported by Dehortty 

!1 !!· (1957), was aa follova (Table 2): 

Amino actd 

L Leucine 

L Isoleuclne 

L Valine 

L Proline 

TABLÉ 2 

cettPOSITION or AMIOO ACID MIXn1U. 

Total 

,.. /•1. 

2 

2 

4 

.... 

12 wc./al. 

The levele of the varioua suppl ... nts uaed are indicated 

in Table 3. 

The supernatant, uaed aa a sappl..ent, vas the cell-fr .. 

liquid obtained from the ceutrifllsatiOD of the bacterlal cella, and 

thus served as a source of "~ l:f.quid factors." 

d) Feœnta tl on !J!M. 

'l'bis trial COilSbted of 3 fermentation runa, witb Je. tubea per 

treatMnt ln eaeh run. 



3. Resultt and diseuteion. 

The resulta of this trial are au..arized in Table 31 and 

graphieally illuatrated in rigure 11. ladividual eelluloae 

dlgeatibility determinations appear in Appecdtx Table la, witb the 

reaults of the statlatleal analyeis of the data presented in 

Appendlx Table 2a. 

tABLE 3 

El'P'ECT OF VARIOUS SUPPLEMDI'S ON THE IN !l!!Q DIGESTION or PURiniD 
CELLULOSE (TRIAL 1). .. 

Supplements: 
valerie acid 
eaaein hydrolyeate 
aina aeid mixture 
supenaatant 

( ... ) 
( ... ) 
(11118.) 
(ml. ) 

0 
0 
0 
0 

Aaount added per tube 
0 2.5 ' 2., 0 
0 0 .0 0 0 
0 0 0 0 12 

' 0 0 ' 0 

Cellulose digestion1
1
2 (~) 27 56 70 

1 12 observations per treatment. 

0 
,0 

0 
0 

2 Any two means not underscorad by the saa Une are siguificantly 
different (P • .01) 

Althouah all supplements reaulted in a highly stanifieant 

increase in cellulose digestion wh.en co.pared to the ba1al Mdiu., 

the most strlking future of thil trial waa the aapitude of these 

lncreaees ranging from 100 to 200'f,. The ability to ccapare the 

relative sttmulatory activity of the varioua auppl ... nts is ltadted . 
by their stmilar effeet as wall as the htlhly aignificant luter-

aètlon observed betveeu suppl-ntaU.on and fer.ntation runa. Of 

interest is the obaervation tbat np otber auppl ... nt or c~lnatioo 

of supplements, at the levals used, eould conabtently aceount far 

the activity of the casein hydrolysate. 
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BASAL J 
- , 

SUPIRNATANT (5 al.) 

VALERIC ACID (2.5 J18.) 

VALERIC ACID (5.0 Ill·) l 

VALEIIC ACID (2.5 118·) + SUPD!IATANT (' ml.) 

AMINO ACD> MlXTUlt! ( 12 liS. ) 

CASE IN HYDROLYSATE ( ,0 11W. ) 

VALER.IC ACID (2.5 ... ) + AMim ACID MIXTURE f~ •·l + CASEIN 
t1IUIWLYSATE IIi 

1 1 1 1 1 1 1 

10 20 :30 4o ~ 6o 70 80 
CELLULOSE DIG!STION (~) 

Pigure 11. The effect of varioua suppl ... nts on the in vitro dl&estlon 
of purified cellulose (TRIAL 1). --
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The relatively low potancy of tbe auperoatant ia probably a 

manlfeatatlon of the 7-fold dilution of this .. terlal by the ferw.ntatioa 

aixture, a• well aa the po11ibUity tut thil •tertal pr•pared froa 

a pboepb.ate boffer extract of n.an t.suta dtd 1l0t have u hl&h a 

•trieRt C4)DCMttration aa the Ol"igtaal ~ U.qutd. the ..,.naat.at 
used by Bentley .11 !l· (1~') waa a prodac't of the ortaJ.Dal ~ l!Ataid. 



1. :Wtrod!ctiop. 

With the .ac!Ulcatioo by Q.iea .U 1!· (1~) of the il 'Yltto 

procetlure ued at tM Ohio Aartcaltual bperiMat Statf.oa, tiM 

sugeeted chaapa vere adopte4 la tt.. ayatea bel• ued in theM 

etudi ... 

'l'lita trial vu a coatlaaatlOG of tJt.e 8tudy of the effect of 

aupple.entatioa of tM *al ~i..a u a tut of ita •ttitioraal 

ac:lequacy in svpporti• mat.. eellaloae cU.aeatiOD. AaetMr facta 

atadied waa the poaaihle effect OD J.a !15!:!! cellaloee di ... tion of tbe 

foras• fed to the i.aocal• doaor. atur. Thla factor vu l.Dtrect.cM 

aine• the ortaiul foraae uaed waa DDt availahle darlaa the latter two 

~•plicatea of thla trial. 

2. l!ptriMqtal noetclv•· 

'11li1 trial followed tU pural procectare aa dacri'*l :tD 

IV, B., vith the followioa addltioaa aa.d •dlflcatiou: 

a) Subttrate. 

Parified eelluloae (Solka Floc) waa 1IMCI at a lwel of ,00 ,.. 

per tube to .upply 470 •· of eelluloee nktrate. 

b) Supplagta . 

The levele of the varlOQS suppl-.uta ttudled are ladleaee.t 

in Table 4. The eoapoaition of the adao aeld af.xture vu at llated 

in Table 2. 

e) teœantttiop. rgp.t. 

Thil trial eoulated of 4 fe~tati011 ruu, 2 eoo.dueted in the 

suaaar of 1~, and 2 in the •~ of 1~9. l&ch fenaeutatl011 l"'lll 

contaiœd 4 tubea for each of the trea~ta. 



d) F&IM• ftd to lDqs!lWl doaor atur. 

The ch..tca1 aaalyaia of aeveral ca.pooeAtl of tbe alfalfa baya 

fed the iDocul• doDR' atMTa matas tite ~ra of 1958 _. tm 
b liated ln Appndb Tüle )a. 'lbe bay fe4 t.B 1~ (llo.2) vu 

chara.cterized by a louer proteia ccmtet tha tbat ue4 1a tm 
(Ho.3). Sine• thia vu tM moat olrriou. 4Uferace betwMD tbue 

hay1 1 they are refern4 to aa "1ow-prote1R" and ''bf.P-protein" 

alfalfa hay, ru pact ively. Tb. il tel"'liDoloaY il ued oely in a 

relati'ft aeue. 

3. !tttltt gd dllcvaiop. 

The raeult1 of thil trial are a.-..ri&e4 ta Table ~. &ad 

araphically ill1i11trated 1• Pipre 12. Indirlclaal ee11e1oee CS.tft­

al111$iou appear in Appeodix Tula 11•, vith tbe ren1ta of tM 

1tatiatical analylf.a preaeate4 in AppeDdb Table 2b. 

'IABLE4 

!n'ICI OF VAiliOOS SUPPLDmNTS AIID PORAGI nD '1'0 DI>QJUII 1W-* ST!D 
ON TH! IN V1TIO DtCISTIOJ or PallUD CELUJ'LOSI (TIUL 2). 

~ 

Sappleaeatat .Aaoalat aHd par taN 
valerie acid c ... ) 0 0 0 20 l' 0 0 
caeeiD bydrolyaate ~ ... ) 0 0 0 0 0 ~ 100 
aino ac id aixture •. ) 0 24 12 0 0 0 0 

roraae fed ta.oeul• doDor: 
· LGv protein (No.2) 16 67 71 ~ 90 92 

Hlgh proteiD (No. 3) 16 67 73 82 84 91 92 

Ave rase 1 
• 

2 16 67 72 §~ ~ 90 92 

1 16 obaervatiou per treat:MDt. 

2 Arly tvo M&U not uaderacored W,. the .... Une are aipf.ficantly 
different (P • 0.01). 
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Althouch then vere .-y a&rked alld.laritiu betwen tb.t.a trlal 

and the previoua oae {Trial 1), no att..Pt will M Mde to C<iillilfCNiM 

the data becauaa of quantitatln differences ln the Ja ritro 

procecblrea ued in the two trials. 'lhue differa.cu lDcluàd the 

total liquid t\lM volam (3' al. va. ,0 al.) ruultilll la dletillilar 

levela wbeu concentration of tbe auppl~t are expi'Und OD a 

-../-1. bab. Otber dlffer.Dc.a betweea the two triale wre t1le 

levet of autrienta ill tbe attrleut -..dl• ad level of ac:.a of the 

supp1-nu. 

Ali observee! ln Trial 1, the .oat ob'Yioot r-lt wu the 

etlatlatory affect of arxy of the hpplantt vbeft ec~~pa:red to the 

baaal •dium. !ac:b aupplemnt vu hiahly tlanifieatly dlffernt" 

(P • o.ol) fr011 tbe otber, wlth the .tao aeld IIÜrt'IIN tu leut 

effective, the caaein bydrolyaate the soat effectiYa1 aad valerie 

ac id in an intU"'IIMiary J'CM it loo. 

~ the avppl~t•, doubliaa the l...el of the am1Do ac id 

ai:xture h.ad a hl.ahly alpifieaat (P • 0.01) dçrutia& affect on 

. eelluloae df.aeatioa. 111 order to deteraiae if ldlUtltieR1 in fact, 

waa a lao OCCllrTiD& at tM lower level ( 12 -s./tube) 1 a total of 8 

fermeatation tubea cootaWD& 6 'Ill· of the aa1Ac acid llbtun vere 

teated ln two of tlle f'a.ntation nms ('aot lacloc!M t.D the 

atatlatica1 aoalyalt beceuae of lacoaplete replleatloa}. Witb thla 

leval of suppl-ntatiGD, aftraae eelluloae dipatt.oa wu 7c:Jil,, 

eaueattq tbat the optt... ad.DO acid aixtare leYel wu betweea 

6 and 12 mg., under the cOildittOu of thil uper'-t. lahlbitioa 

of ill yJ,tro ealluloae dlsutiOD bu beea noted by a.bority ~ !!· 

(1~7) as a reeult of hl&h lavela of caaein hydroly.ate aDd certain 

no ~'de 17 
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aaino ac: ids 1 and by MclAOd md Murray ( 1956) wben tha concentration 

of the amiDO aclds valine, lew:l.ne and uoleueiu waa doubled 1a the1r 

fermentation mixture. 

No at.aniflcant d1llereDCe wu ob1erved betwMn tlle ruulta 

obta1nad froa r1IIUI 1a whieh the iaoc111• doaor 1teer1 vere fed 

differant forqes 1 although thla observation vu allo cOIIfCMIDdecl 

~ith tt.. 

Of lntereat, 1a the u:tre~~ely low upert..tal error o••r'ftd 

la this trial, u ahown by tU •ta:841arcl "-"latioa of ± 1.9. !hia 

contrllNted, in part, to tbe hf.ahly ai&Dificat :lateTMtioe betwn 

treat.ut1 ad f~tatloo raas. 'l'ble lateractioD. vu coaaüen4 

to have DO practlcal MA1l!JII. 



1. 1utroctuctiœ. 

Bent ley !1 .!!· {tm) reporte4 that valerie ac id &ddecS to the 

matrient media:m could accowat for all of the cellulolytlc actirity 

preant in cell•free rumn. l141t1id {e.tttfqe au,...auat}. In 
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cœtraat, the n1ult1 of Trt.ab 1 aDd ~, a nported bee, llldicatecl 

that caaeln hydrolyeate r .. •lted 1ft slishtly areater celluloee dlleatioD 

than valerie acid. 

In Trial '' a eeriea of obaenUlou nre _. OB the affect of 

valerie acid aa4 co.blDetloaa of valerie acid aDd eaaelD bydrolyaate, 

in order to defiae a matrieat ..dt. whicb auppertM wat Ja yttro 

cellul6ae dt.aeetioa.. Tbe lnel ol cellul•e 1ubatra~ ued ia tlau 

trial, and all aubeequet trtall, wu reclaced to the lrnl naaut..S 

by Quie lee ~ .!1· ( 1~). 

2. !'periat1ltal PEC?CtRre• 

A. dueribed iD IV, B., tith dM folJovta& additiou aDd 

eodiflcationa: 

a) Mtttttt. 

Purified celbaloae (Solka Floe) was ued at a levet of 210 •· 

to eupply a cellulose aubatrate l..el of 200 RI• per fe~tation 

tube. 

b) PeFMDttti.oa gmt. 

The observatioaa made in tbie trial did DOt coa.titate an 

entlre fai'M11tatioa nm, but were a .-11 part of 3 fa.ntatioc 

rune, with the r..aiDder of the data pruute4 elaewbere. The 

effect of trut.ats {auppl~M~~tatiOD) atadt..d la thb trial wu 

determtaed in duplicata tubea in each of the fermentation runa. 
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3. ~sults and dltcytaion. 

The resulte of thla td.al are ~rlzed iD Table '' vith the 

lDdlvidual obaervati01l8 appuri113 ta A.ppendu Table le. St&tlatf.eal 

analyaia of the data ta pruented in Appondlz Table 2 c. 

TABLI ' 

THE EFFECT OP VARIOOS COKBllU.TlONS OF VALEUC ACID AND CAS!IN HTDB.O­
LYSA.TE ON THE 1! !JD9 DIGU'l'IOK 0? PUUrliD CILLULOSI (TRIAL 3). 

Supple.anta: 
valertc acid (•·) 
caaein hydrolysate ( ... ) 

1 6 observations per treaa.nt. 

Altoaat ad4ed per t1lbe 

l' ~ l' 0 0 100 

93 95 

2 Any two mMna not 'tSDderacored by the s ... Une are s1gn1f1cmtly 
dlffer.- . (P • 0.01). 

'l'hese observatiofta were not intaded to eac_,..a aU poeaU.1e 

levela and coabinatlona of valerLc acld and ea1etn hydro1yaate, ~t 

rather to determine if the matrint Mdlall ued by Quicb tt Al,. 

(1~9a), containlag 15 ... of valert.c acid per tuH, coald be 

illprov~ on by the addition of caaein hydrolyute, as indic:ated in 

previous trials. The moet U8aful u.dita would be one that could M 

defined ln ter1111 of lts actual ch.t.cal COIIpOSltion. Alxy adcUtiou 

of caaein hydrolysate (m UDClefiaecf llixture of nltrogenou cot~t oaDds) 1 

vould thua have to be ju.atlfied by ita poaltive contribution to tl1.a 

mediam in supportt.Da muimum eellulolytf.e activity. 

As shown in Table 51 the addition of 50 118· of cueiD hydr•· 

lyaate to the basal lavel of 1' mg. Nlertc acid ,.r tube, dld reMlt 



in a sltght but highly 1ignificaat (P • 0.01) iDcreua in eelluloee 

c!iaeati.on. Baaed ou this ob1ervation1 thesa leveb of caein 

hydrolyeate 4nd valerie aeld vere adopted in the nutri .. t .. dtum 

(as indicatad by Table 1)' in tho•• etudies ware iD.fOTMtiOD otbar 

thu the affect of matriant 8Qpl-tati01l wu requirad. 
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P. TRIAL 4. TH! Jl'!!C! Ol' ÇAS!IN RYl!QLTSAT! SIJPPLIKEIITATW! 4!P 
POY.ÇE rm ro INOCVWK J)Ql!?B. S'1U:R ON THE V! VlT!D DJGISTION 
OF NATIVE FORAGE C81J.ULOSI!!. 

1. Ia.tzyduç Uon. 

The precedtng tl'lalt were tnteaded to tut the adeqtaacy of the 

nutrlent Mdlwa to support au._ dtsutloo of J*rifi.H cellaloee. 

Trial 4 wu an ate~~alon.of the•• 1bldlee 1 utUtd.oa u 8Ub1trate 

uative celluloee of ' 1peclea of driad foraau. 

Major factor• atudied in thil trial vere the DeCUaity of 

addiq cuein hydrolyeate to tu nutd.eat ~iwa eoatainilla valerie 

acid1 and the eff.ct oa celluloae dlg .. tion of dlffenat foraa .. fed 

the lnoculum doaor 1teer. 

2. §DerwRtal rroe.me. 
At& ducribed ln IV 1 1. 1 vith the followtDa &cktttlou ad 

a.odlflcatl01ll: 

a) Subetratp. 

The five foras• aubetrate1 uaed in thl1 trial {alfalfa1 red 

clover1 blrdafoot trefoU 1 br~ua1 and timothy) are ducribe4 

ln Appeadlx Table 3h (s-.plu No.l-5). 

b) NMtii.9t !!dlwl. 

The outrient Mdba dad.gD&ted as the eootrol eoatal~ aU 

the 1ubstaœu lilte.l ln Table 1 acept cuei'D hydrolyaate1 wbtch 

waa added separately to half the fe~atton ~e1. 

c) PeF!!!pt&ti9Q nmt. 

Thil trial cOllliated of 4 femntatiOD nma1 2 ccmductn ln 

the ~r of 19581 and 2 ln 1~9. !ach fer.ntation nm coatai.Mà 

2 tubu for each treatment. 



d) lorap J•d to 1goçJ191B d0D9I ttear. 

'11\e ct..ical analyell of eewral CCIII!Ip01\ntl of the alfalfa baya 

fecl the inoc:ulœ dc:mor steers durtna thil trial u lilted in Appeadi.x 

Table 3&. Ae previoualy dtaeribed in T'rial 2, theee forqea are 

d6at.aDated aa lov ani hf.sh protein, tb.eee tema being uted tn a 

relative ••ua• only. 

3. !fsvltt !Dd dlaçp~tlou. 

The rcaulta of thu trial are sur..artud in Table 6, with the 

individual obeervationa appearing in Appendtx Ta~l• ld. Statiatleal 

aaalysia of the data ta presented iu Appendix Table 2d. 

TABLE 6 

D'PIC!' or CASIIN HnltOLY&ATI IUPPLIMDTATION MD POUGE nD TO ImaJUJM 
D<»Ql STE!R ON THE 11! VmtO DIGESriON OP NATIVE PORAGE CELWLOSE (TIUL 4). 

P'oraa• fed Motrln.t Forqe Cellaloea Diaeation (~) 

donor eteer - 1104118 Alfalfa R.Clowr I.TrafoU Bra.a Tt..othy 
(2) (5) (1) (3) (4) 

Law proteia Control 561. 57 ~ ~ 
alfalfa . 

+ Caaein ~ 57 61** 61** 
hydrolyaata 

Htsh protein Coatrol 57 63 63 f2 
alfalfa 

+ CueiD 57 62 61 62 
hydrolyaata 

dtaaetion 
.. Hlshly l~ificemt iacreaee in celluloaeAdue to caaein hydrolysata 

(P • 0.01). 

Parbapa tbe 1101t illpcJrtut obHrVatiOG in thil trial wu the 

hf.ably aipificant iDCreue iD diautiOD of the cellulose of certain 

53 

61** 

6o 

62 



forages due to the addition of casein hydrolyaate wheu the low-

protein alfalfa hay aerve<l u feed for the lnoc•lUII dODOr at .. r. 

Alteraatlvely, this affect Bd&ht be tnterpreted aa a depreaaloo of 

cellul(>~e digeation due to the abscmce of cuein hydrolyeate in the 

mediWD. In eontraat, the laek of euein hydrolyaate bad DO effect Oll 

the digeation of tmy of the forages wbn inoeul• wu prepr6 fra. 

the atHr fed the hish pt"Otein alfalfa hay. 

!xamination of the ehellical c011p0aiticm of the foras•• 

(Appendix Table 3b) iDdieatea that thpae aabatratea r .. pondtna to 

suppl~tatlon were lowest ln protein content, wltk the dearee of 

the effect (1Dcreaae or depre11icm) inversely proportloraal to protein 

content. On the baaia of this observatiea, a posatble explanatlou of 

the re$ults obtatned ln thie trf.al ud.&ht be that the wtrient .adiua 

prepared with lnoeubm obtaiaed from the stHr fed the lover proteift 

hay waa defleleut 1n elther total nitrogen or soma particular 

nltrogenoua coœpound. This compound could h&ve been supplled either 

by the native protetn of the aubstrata, or by the addition of caaeiA 

hydrolyaate when the aubatrate ttaalf waa deficient in the .ubataaca. 

The inocuha prepared from the steer feû the hiper protain hay 

might have contributed to a carry-over of thil aubstaDCa from the 

origiaal phosphata buffer axtract. 

This explanatlon does not account fl'r the f~t that no auch 

effect waa observed 1D Trial 3, whan purified cellulose (contaiulna . 
no native protein) waa eubjected to aia.Uar treat11e'Dta. A source 

of non-protein nltrosen (11rea) wu preant lu all triah, but 

appareutly dld not correct any deficicmcy in Trial 4. The difference 

in reaults between theae two trials might be relatad tu scee way to 



the mleTobial population prollfeTatlns in the fer.entation tabea. 

Witb the purified eellulo•• subetrate, proteolytlc bafierta vould 

be eltmioated fr~ the fermentation aixtare, vhile tbe pr.eeace of 

the•• orsani~ vould be lndleated ln tubee coatatniag native foras• 

prote in. 

nu. to the faet that cellulose dtsestion ~ the only criterioa 

obeerved ln theae trials, no direct explanation of the reaalte caa be 

offered. 



G. SlJ!:@RY. 

The purpose of the experlments described in thia aectioa (IV) 

was to atudy the effect of varioua factors on the ia vitro calluloaa 

digestion of both purified and native fora1• cellaloae aubstrataa. 

This informetion vas aought in order to dafi.De varlous procechsrea 

aa vell as to deter11ine the autrleat coapoaition of the .!:! Yltro 

medium capable of eupportiag max~ and conaiataut cellulolytic 

actlvlty. Definition of the il\ vltro proceclurea vaa couidere4 

naceeaary before stadles of foraze nutritive value could be 

lustlgated. 
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Becauae of the prelud:aary a.atura of thil work, principlea of 

proper expert.Mntal deaign could not be adheree! to in .ay eues. 

Thil resulted ln confoundlng and tncoaplete replication of aeveral 

factors. Thil difflculty was aggrautad by the unexpectad uture of 

aoae of the resulte, as illuatrated by the faet that .any co.pariaona 

.ade ln thia section were not ori&lnally antlcipate41 i.e. the 

affect of forase fecl lnoculua doaor ateera oa cellulae cliautloa. 

Ualag the !a yitro ayatem u defined in thia aec:U.on, tt wae 

shown that the nutriant 'IIHlum u.ad by the Ohio workera (Qulcke 

~ 1].. 1 1959a) could be improved upoa by the addition of 50 1118· of 

caseln hydrolyaate per fermentation tabe, and that the cellulolytic 

activity due to the addition of the caaein hydrolyaate could not be 

accounted for by adàd valerie acid or a aixtura of .._ alno act ... 

ln atudlee vith purifled cellaloae .ubatrate, tt waa shawn that 

levela of valerie acld hi3her than 15 Dl· par tube dtd ~t reault 

in aay further increue in celluloae dta••tlon. lncreaalag the amlDO 

ac:id mixture levet over a total of 12 mg. per tube renlted in a 

decreaee ln cellulose digeetion. 
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Wllen the cellulolytic activity of inoculum prepared from eteera 

fed a relatively low .. protein alfalfa h~y was compared to that of donor 

ateers fed higher protein alfalfa hay, the follawing observation• were 

made: 

1. With a purified cellulose substrate, no differences due to 

inoculum eource were noted when valerie act~, caseia,hydrolyeate, or 

amine acid mi~ture were added to the basal mediua. 

2. With native forage celluloee substrat•~, however, aeveral of 

the forages (generally those lower ln protein content) reapouded 

significantly to ca.ein hydrolyeate suppl ... ntation - wben low-proteln 

hay a.tved as the tnoculum donor'a feed. 

3. Cellulose digeetion for all foragea appeared .-xtmal -

regardless of eupplementation - whan the inoculum wa1 obtained from 

the donor steer fed the htgher protein alfalfa hay. 

The differentiai effect of caaein hydrolyaate auppl ... fttatton 

on native forage cellulose dige1tion appeared to be related to a 

nitrogenous subetance(s) present either in the forage eubstrate, 

iaoculum, or easein hydroly1ate. When not 1upplied by any one of 

thea• sources, lack of thle sub1tanee tn the fermentation mixture 

apparently can result tn a depression of cellulolytic activity. 

Summarizing the prellmlnary iafor.atlon preaented in this 

section, it would appear that ln order to obtain mexi~ digestion 

of all cellulose aubstrates, the nutrient medium of Quiek!! !!· 

(1959a) should be supplemented with easein hydrolyaate, and in 

addition, the bactertal inoculum should be prepared from eteers 

fed a high- protein alfalfa bay. 



v. 

A. 

PUPICTION OP TltE NU'I'alTlVE VAWE or A FORAGE P!fl1 lN Vll'RO 
lUMEN FD111ÇNIATION J».TA. 

1. Introduc tf. on. 

'ftlere have been •DY succeasful attempts ln recent yur• to 

correlate !B vitro forase cellulose or dry matter dlaeatlbillty wi~ 

vartous dtaestibiltty eoefficienta (cellulose, dry .. tter, eaeraY) aa 

determined Jd1 V\VO. 'l'beee procedures are generally U .. ed DOt by the 

aceuracy or precision of the !a v!tto techniques, kt rather by the 

failure of the chosen !! ~ criterion to eogpletely de•ert~e for-.• 
nutritive value. 

That the Nlatritin Value Indu (N.V.I. ), u propoee4 by cr..,ton 

.!1 al. (196o), b the moat COIDPlete deacrlption of forage autritin 

value which ean be deter.ained practically, ta euagested )y the fact 

that it takes into consideration both the dtseetibla ener11 conte~t and 

the extent to wh1ch a forage will be voluntarlly coa•amed. The W.V.l. 

is thus a meaaure of the total dis .. tlble euergy potential of a foras•· 

Crampton (1~7) haa poatulatad tbat the voluntary eonataptioa of 

a forage ie lt.ited by the rate of microbial disestlOft of ite eelluloee 

and hemicellulose componenta. Trial ' waa daet.aned to cQ~~~P&re the 

rate of !n vitro cellulose digestion of foragea with tketr M.V .l. ~ 

its eoaponents (Relative Intake and energy digeatibility) aa ~ter.tned 

2. Exper~ntal proctd!re. 

The 1!1 vt.no syst• and procedures used io thia trial nre aa 

described in Section IV, part B, with the followina addition• and 
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modifications: 

a) Substratcs. 

Forage s.:1mples \1ere uaed to supply cellulose substrate level of 

approximately SOO mg. per fel"'l8ntation tube. The forage saaplea uaed 
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in this trial had been collected dur1ng the !! !!!2 sheep feeding trtala 

in \Jhich voluntary consuraption at\d digestibility of prox1mate princlples 

and energy had bcen determined. These forages consisted of 5 harvested 

in 19561 artificially dehy~rated, and fed to •heap in the choppad fora 

(Smith, 1958) and 4 ha.rvested in 195'7, and fed under slm:llar conditions 

(Beacom, lJ59). The N.V.I.'s and their components (Relative Intake and 

energy digestibility), as cletemined for these forages,!!! vivo,arc 

pre3&nted in Table 7. The1r chsœical composition is given in Appendix 

Table 3b (samples 1-9). The digestibility of purified cellulose 

( So U·...:1 Floc) ~1as detentined in a ll fermants ti on runa. 

b) F•.rr:lge fed to inoculuro donor steer. 

"High-protein" nlfalfa hay (No.3) 1 'Was fed to an inoculum donor 

stcer <~uring the entire course of this trial. 

c) Fermentation periods and runs. 

A r~nèomly sulected tube 0f caeh forage tested in o fermentation 

ruu '~as tlithJrm ·n nftcr ), 6, 1~, 21J, and lJ.f, hours of fermentation. 

A dngle ti•.!tc~ination at each t!xle pcriou for 5 different lorages 

and purified cellulose \>as nade in each run, with 4 runs constf.tuting 

a test. Dnta f,~ the ) foraoes studied in this trial were thus 

c.,llccted in 2 tests •Jf 4 runs each. 



TABLE 7 

R.ELATIV~ Itll'AKE 1 ENERGY DIGESTIBILITY 1 AND N. V. 1. OP' FORAGES AS 
'OSTT-:IUUU~ !!! .Y!Y2_. 

l"ornge R~lative f.:nergy 
lntake Digestibility N.V.I. 

A ,., 

1956: 

{1) Alfalfn 79 6~ 50 

(2) Red c1over lo6 67 71 

(3) Birdsfont trcfnil 99 63 63 

(4) Brot~~egrnss 71 6o 4~ 

(5) 'l'lroothy 56 61 34 

1957: 

(6) Red claver, early bloom 98 55 54 

(7) Red claver 1 lata bloOil 92 53 49 

(8) Timothy, early bloom 66 58 :58 

(9) Timothy, late bloom 69 ,0 ~ 

Pooled standard deviation: ±10 t7 
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3. Rasults and disçuts1on. 

Cellulose digestibility coefficients after the various fermentation 

perlods are summarlzed in Table 8 for all foraget and purified cellulose. 

These data are graphically illuatrated in Figure 13 (1956 forages) and 

Figure 14 (1957 forages). lndivldual cellulose diaestlbllity detaraina­

tiona are presented in Appendix Table le. 

As illustrated in the ,rapbic presentations, lag perioda in the 

start of cellulose di!estion appear to be related to forage speciet; 

i.e. initiation of cellulose breakdown ln the graasea Q bromearaee and 

timothy - lage several hours bebind that of the leguminous speciea. 

This differentiel fermentation start is reflected in the level of 

cellulose digested up to the 12-hour determination. Once active ferm­

entation started, there appeara to be only Bdnor differences ln rate 

of digestion trends between the forages. After l2 hours, the rate of 

digestion decreased(except with purified cellulose), with little if any 

digestion observed between 24 and 48 hours for the lerumtnoua epecie1. 

The greatar rise in digestion between 2~ and 48 hours obeerved for the 

195C timothy and bromegraas samples ia of questionable signif~cance, 

because of the lengthy ttme lnterval 1nvolved. That the decrease in 

rate of digestion ûfter 12 hours is related to lignification of the 

forages is suagested by the behavior of the unlignified Solka Ploc 

(94~ cellulose), ' 'hich in the early stages of fenaentatioo was c losely 

related t () the grassea, but unlike tham dtd not increase in fermentation 

r~te until it bas been digested almost to completion. It i1 of interest 

that the general characteristics of these fermentation curves are alao 

found upcn examinatirJn of !n vitro cellulose digestibility time curvea 

presenteû by Hershberger!! !l· (1959). 
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TAlLE 8 

!! V1'l'lO CELLULOSE DIGISTDILITY OF POIAG! AliD PUI.IFI!D CELLULOSE 
SUBSTU.ns AT VAaiOUS FDM!NTATleti TIM!S. TRIAL 5. 

fatwant&tiOD ti.M (houra) 
Subatrate 

3 6 12 24 48 

12:lS: 
(1) Alfalfa 8 26 47 ~ 56 

(2) Red elowr 8 28 55 62 63 

(3) Birdsfoot trefoil 6 22 51 6o 62 

(At.) lroaeçass 0 8 '57 ~ 68 

( 5) Timothy 0 8 37 56 66 

~: 

(6) Red ~lover, early blooa 4 20 46 53 58 

(7) lad claver, late bloom 4 2' 47 53 '9 

(8) Timothy, early bloom 1 11 38 ' 7 63 

(9) TU.Othy, lata bloom 1 ' 27 46 54 

Solka Floc (pur tf in 1 2 37 92 100 
cellulose) 

Pooled at&lldard deviatlcnt: *' ±2 
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In ordu to cleteraiu what relatlouhlpe exbted betwM!l 

ill viSJ:o cellulose df.aeatlou aad J.! %!.!2 .. uuu of nutritive value 

obtalued for the ,._ forqu, alllple correlatloo coefficlenta were 

detet'11d.De4 betveen all poaaUtle paire of the je vitro ad ,!!! n!2 

data. Only thoae correlatioaa abown to be atatlatically signiflcant 

are pruented in Table 9. 

TABLE 9 

SIGHIFICAHT CORRELATIONS BI'1'WIIll 'l'Hl lJ! V1TBO AKD .1!! ~ DATA. 
THAL 5· 

Yaziabt .. corralated Coefficients 

!utrltlye Val!! lp4!l with: 

6.bour !a vitro cellulose digestion 

12-hour !a vitro celbaloae cligutiœ 

ltt.ativg 1Btak! w1t.b: 

1.2-bOG ,i!! vitJ'O callul01e digeatiOG 

Entm ;ygtDUit>: (f) vith: 

24-bowr !a xitro cellulose dlaestion 

** Rlahly algnificant (P-o.Ol). 

r ~ 

0.84** 

0.91** 

o.er-

0.87** 

0.71 

0.82 

0.69 

'l'hat 12-hour iB y&qo celluloae digestion wu bf.&bly correlated 
~ 

witb. vobmtary corun.aption (Relative Intake) la of ar.at lnterut. 

If the lag perioda whicb characterize the 12-hour !a vl§to .. teraina-

tloo alao occar vben a forage la intro4ace4 into the intact ru.en, 

tbcy .:y aerve to explaln factor• whicla affect levet of intake. 'l'his 

hypotbeau was preaented t.y Cr811PtOD !l. !J... (196o) who augested 

that reduction of nœen load, as a consequen.c:e of rate of aicro'bial 



degradation of eelluloee and headcellulosa, determines the length of 

pe1:'1od betwMn recurring hanau, and tlwa the voluntary corunaption 

characterietlc of a partlcular forage. 

The hishly algniftcant correlation betweeu 24-hour !a vitro 

e•lluloee dlaestion aod !Q !1!2 eaeriY digastibtlity is one that haa 

beell demc:nwtrated by other vodtfta if the following &aaUIIPtions are 

ll&de: (i) Tb.at the 24-'bour ia yltro deteratnatloo ls eaaeattally a 

... .ure of tha eharacted.sttc "leveling off" of rate of digestion 

(~Datra ,!t .11., 1~). (ii) That !n nY.2 indice• nch aa TDH, 

dlaeatible dry .. te.r, and dlteatible eellulo•e, in fact meaaure or 

an relatee! to the avaUahle 8Da'8Y content of a foras•· Tberefore, 

1a vltto eellulo•e diaeation at 24 houra and ~oad easentially 

... eure. the diaeatible ea&raY available par unit of forage conauaed. 

Of special intereat le the higbeat eorrelattoa obaerved • 

i.e~ that between the w.v.I. aad 12·hoor eell~lo•• dta••tibility 

(rtaure 15). lued on the Uaited 4ata prQented, this !n vitro 

crtterion can tlws .,rMict -.lth a hip dearee of accuracy tha total 

dipattltle eDUgy potenttal of a forqe, ueiq the equatloa. 

Y • -7.8 + 1.31X1 wbere Y equals the predicted I.V.I. and X the 

12-hour ill nru celluloee dtauttblltty. ' . .. y: .. • .. 

It 1s of tntereat that the pooled standard c:t.viatlon1 for tu 

12-hour ll yit;ro ~tanli .. tton 1s ±:5 (Table 8). Thie within-forage 

vari&bility 1a low, consideriq that eacb value la an averqe of 

4 single deteraiftllt1ou, ueh made tu a separa te fermentation rau. 

1 Averaae of the ataDClard deviation ol>tatned for ueh of the foragea. 
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Perhapa e.an sreater error control could be achleved if the !a vitto 

cellulose dtseation of a for4se vae determiaad in duplicata or 

triplicate within a run, wlth 2 or 3 fer.entation rua. conatitutiaa 

a teat. ln contraat, the hiah variabllity of ±10 (Table 7) la 

aa1ociated vith the ... auremaat of voluntary conauaptloa (Baletive 

Intake) 1 and ts reflected in the poo lad standard deviatiOI'l for the 

N. V .1. (±7). Thil ahortcOIIing in the M81urr•1Dt of voluntary 

cou\DI)tion, as described by McCulloqh (tm) 1 MC:eiiJitatea the 

obaervation of a laraer aperiDiental animal "population" in arder 

to obtain reliable valuea, and te show s~ificant differeacea 

betweeu forages. Thil fact iDCreuea the usefulueas of the .&a TitFo 

technique, since once the baaic relatiouhipa between the JB. !:1!2 

and!!! yitro values are vell defined, the prediction of the N.V.I. 

'by ln v1tto proced'UZ'aa can be hlahly aceurate. 

AlthouP the !!l rtqo re111lta dacribed 1• thil trial, aad their 

relatiouhtpa to the N.V.I . vera obtained uaiDC a vell-nf1Dec! 

Jê v1tto naen fermentation procedure, other i!l vltto tecbaiAlue• allo 

mipt be applicable. The prerequillte of a uaefal ill vitro 

technique ... t be ita abillty to ..uun the affect on calluloH 

dip•tiO'Il of early laa cllffereDCee between foraaes. Berallberser 

.11. !!· (lm), 1111111 an!!! vitro ayat-·characteri&ed by I'UM1l U.4uld 

lnoc:ulUD obtalned from aheep, ha'ft pnaentM fe~tatloa ttae .nee for 

..aiJI••• dise•tion whlch 1ndlcate aarked dlfferencea betveea foras-• 

in the early 1taaes of dipstion (laas than 10 hours). ~ln Trial,, 

theae early fer.entation differences of Herahberaer !! Jl. do aot 

appear to be relate4 to the ultt.Ate !! yttro cellulose dlgeatlbllity 

of the foragaa studied. Unfortunately1 it 11 not poaaible to exaalne 
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the relationahtp betweeu e.arly !ll vitro fera.entat1ou and voiuntary 

consuœption of the forage• studied by these workers, eince the latter 

criterion was not deterrained in th4ir .!!! vt,vo she.p tria la. 

The use of a standard subatrate in all lamentation runt misht 

enable compar1sons as well as permit corrections to be made for the 

observed data according to some previoualy definad standard re8Poâse. 

Thua, by taktng into uccount and correcting for various levela of 

cellulolytic activity in different ferm.ntation runs, it ~y be 

possible to reduce vithin~forage variability of the !Q I!!l2 

deterrainatione. The only etandard cellulose subttrata which wee 

readily avaUable and chall.ically defined was Sollta Floc. Althoush 

it is not a foraae but a purified celluloee, it nevertheleaa vae 

incorporated in all fer.ntation runs. TUre are several dba4Mat• 

aaea iD the use of a purifled cellulose subatrate, related to t~ 

observation that it does not nacessarily behave aiailarly to natlv. 

forqe celluloae in the fer.ntation mixture. The averas• Sollta P'loc 

cellulose dtaeetion at 12 hours in thia trial 'W&a ,.(fi, with a sta.Julard 

deviation of ±61 the latter beina twice that obeerved for the forqH 

and. sugpating that it might be over•se118itive aa a tt&ndard. Thla 

would indicate tbat the purified cellulose subatrate might reapoad 

to variations in the !Il vitro procedures vhicb would bave a a'Mller 

affect on the cellulose digestion of forage eubstratae. 

It might be of interest to speculate as to causas of the 

differentiai Laa periods obsarved ia initiation of !B vitro cellulote 

df.&estiou of forqee of varyiDa nutritive value. ln dev'elopiD8 thil 

!a vitrq rumen feraentatioa procedure for teatiua forage• an atteapt 

wa.s 11Wlde to eliminate variables that wue not related to the uutritiw 
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value of the nbstratea. To this -.:1, the forage IG!Plea ven all 

usaifor~~ly pre)Nlred far ill yltro dlpatioft by artuina to pua tbe 

saM 11111 acreen. Likewise, the c011p0aitioo of U. œtrint -~u-

# 
vaa ust.anect to aapport .ut... di&ettlon of a pvrifiH eellul"e 

sut.etrate. Thla latter point would indtcate tbat no croas autritioul 

deficieacies due to the .atrieat c~itioa of the foraa•• vo.ld 

affect the laath of the laa periM., altboa&h the t.Dtricaciu of 

their apeclflc autri.at reeatrs nta peftapa cUBOt " ipon4. 

QaliMky 8Dd 'OIIfteit (19~) DOte tut ta tU 1q pilue of tM 

llacteri&l srowtll cycle, the laa la iD cell dlviai011 not iD tbe 

ayntheais of MW protoplua. 'l'hue worms auueet tUt factors 

contrlwtiq to the •pJ.tlJcle of the la& phue iDClude c.arry-OTer 

of Mta.bolitu oeceaaary for cell arowth ad cliY!aioa (ahort•'na 

lq phaae); aD4 a.laptatioa to w.. -.li- nqairi .. el.üoratioe of 

aew euJMI for ustac 4Ufernt aoercu of attre.- ad canoa 

( lnctMDi• lq ,._..). Slœe the Ja rltro ....- fe~tatioa 

procedure dea.erlhd in tbe•e trial• brwhu a c~ laoc:ul• 8ftcl 

•ttlant -.dt. aource, it wo.lcl appeu t11at the ctllterenU.al lq 

perlod 11 relate4 to ••et~hewfcal aù/ft pbyd.cal propa'ty ôuacter­

iatic of t:Jae torap eullatrate. 

Microacop:f.c •••tlon of dipated t.-4 pa-tlcl.u ~taiMd 

fr• ru.a coeteDta (lûer ... Rarriaa, 1~7), in41uted tUt tbe 

cellulolytic becteri.a are iD "Nrf cloae prœblity or- "attadl" 

tU.el.,q to the allbatrate Mias dtrp'a'*l. OD tllia U.u 1 differ• 

entl.al J.q put.o4a •Y be tbe nnlt of faeton affecttDa "attac.Ja .. 

.at" of tha 'Ncterla to tb• for ... INHtrate. Sac.h fa.cton cc"Jld 
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includa the praaence and distribution of llanin and/or otber complex 

and relatively indiaestible carbohydratea. Usina a purified, 

delipified celluloaa (Sole Floc) Salsbury st _ü. (196o) ahort~ 

the laa phaaa in !!1 Y1tro cellulose di&utiOil by pre-1D.C\Wat1oa of 

the aubatrate with rumen microorgani-. Si.Dce waahi.ng or aGtocla"rina 

of the pre-1ncubated auktrate restored the oriain&l laa phue perlod, 

they suggeste4 tbat the effect of pre·tœubation wu due to attactm.Dt 

of the organis• rathu thau to a cb.aaa• in the suba trate. 

If it can be ~tratad that the ~ton influaci'D'i ... rly 

initiation of ia yitrp cellulose dtg .. tion are related to pbyaical 

properti., of the forage s~trataa, it mi&ht be poaaible to .... ure 

forage resiataaoe to degradation by the uee of cell-tr.e cellulolytie 

allZyllle preparatioa.a. Such an !!! vi.tro proeetlura would areatly 

aimplify fOl"age svaluation aine• fen.:ntation vith the futidicua 

naE microoraaaiaw could thua be eU.m:ioated. The preMDt anaU· 

abUity of auch cmzy. preparations wbieh c:au actively .. rade rsative 

forage celluloae nbwtratea aakea this an acadeaic queatiou at thia 

Ume. 



1 • 'n!AL 6. 'l'HB ut !CT Ol POIAG! nD TO Il!'>QJLUH DONQa S'l'Dll Ç!i 
1JI !l'l'RD CELLULOSI DIG!STIJILITY OF 1957 FO!AG!S AT VUtQVS 
F!IMI!.tfTATION TIMES. 

1. l!ltroductiO!!. 
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It waa demoutrated in Trial 4 that dae extent of ia vitro cell•­

lose dlgutibility of a foraae coulet be 1ufluen4ed },y the utve of 

the forage fed to the tnocubœ dcmor eteer. b .particul&r 1 tM 30-hoar 

cellulose di&eatibility of certain low-protetn foraae aaaplea vas 

depreeaecl wben f.Doculua vaa o~t&iDed fi"'OI a ateer f~ a low-proteiD 

alfalfa hay. Wba the f~tation tubes containiaa thue fcw...,. 

were auppl~ted vith cuein bydrolyaate, celluloee diautiOD vu 

nor.l. 

ln Trial 6, the rate of cellulose di ... tion, u iDfluucecl t.y 

the 'DAtura of the fOl"age fed the iDOCUlwa dODor st .. r, wu ...... ed 

for aeveral fOl"&gea for vhich the N.V.I. had ben 4etend.Md J.a Ytvo. 

2. §!urillgt!l noc••s s · 
"nlia trial -na run ill cOBjUDCtion vith Trial '' utin& the 

ideatlcal J& rttro proce4uru • 
. 
a) Substratu. 

'l11e 4 forqu barve•tH in 1~7 vere uN ln this trial 

, .. •. : ... ( llotJ. 6-9; Appndix Table 31t). 

b) rorm ft4 to 119Cvlp ctoaor atm. 

lftOCUI..a Ùei ln tbit trial wu p#epar..s froa n.a• contenta of 

a ateer fed a low•protein alfalfa hay (lo.2; Appeaclt.x Tüle }a). 

Cœparative uta for the 1957 forquaaatratu obtaf.ne4 .ataa 

1DOCuba Jl'ep&rH from the liteer f..S tAe hs.per proteill alfalfa bay 

(No.3J AppeDdix Ta\) le :5&) 1 were thoae deteralaed ln Trial '· 



3. Reoulta and dipçyaaiop. 

The resulta of this trial are auaaarized in Table 10 and 

illuatrated araphically in rtaure 16. 

Statiatical aaalyaia of the data (Appendix Table 2e) 
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diacloaes a hilhly aignificant difference (P•O.Ol) between inoculum 

sources. This difference iD cellulose dtaeation, in favor of the 

inpcul .. prepared from the dODOr st .. r fed the hisber proteia alfalfa 

hay, was esaentia lly confiud to the 6- aad 12-hour fermelltatiou 

periode. ln CO'Iltraat, celluloae diaeatiO'Il uaiJa& iDOCUla preparee! 

froa the different aoureea vas DOt alsuificantly different (P-0.01) 

in the 214-- alld 48-hoar fer.ntaticm periode wben the forqes are 

compared on an individual buts. The fact tut increaliua fnwenta­

tion time decreasea the differeaces due to iDoculum sources auaaeats 

t'hat the differences obtalud in TTial 4, after a 30-hour femaata­

tion period, would have ben. of a sreater .ap.itude if obaerftd 

at an earlier feraeutatton tt ... 

Since the 12-hour cellulose diae•tibllity deteraiaation of a 

forage bas been shawn to be hishly eorrelated (P-0.01) wlth ita 

N.V.I. (Trial 5) 1 a more det:ailed exaaioatton of the effect of 

inoculum source at this fermentation time is juatified. tt appeara 

that the main affect due to inoculum 1ouree at 12 boure li the 

lowar overall callulolytic activity observed for the "low-pJ"oteln" 

source inoculum, with the forages in the aame relative poaitions 

regardlesa of inoeulum source. 

When the relationship between the N.V.l.'a and the 12-hour 

!a vttro cellulose digestion coeff1ciente (usiag •ither source of 

inoculum) 'WSS detenaioed 1 the following correlation c:oefficiante 



TABLE 10 

THE EFPEC'r OF POM.GK FED TO IOOCULUH DOlQt STEEl. œ Dl VI'DlO CELWLOSE DIGES'rDILITY 
OP 1957 I'OIAGES AT VARIOOS I'!IHElrrrATiœ TIMES. ft~ b. 

Ferœaatatioa tU. (boure )1 

6 12 24 __IKl 
Alfalfa bay fed 

La r L2 tf' L2 Jil La as 4looor __l_leer__._ ~tein: 
Forases (1957): 

(6) led clover, esrly 12 20** 38 46** 51 !5, 55 ,a 

(7) led clOYU, late 12 ~** 42 47 ~ 5' '' 59* 

( 8) Timothy, ear ly 4 11* 32 :58* 51 ,7* 62 6' 

(9) Tblothy, late 0 ' 17 27** 42 46 49 ~~ 

1 Data from ,_hour fermentation period oot included because of difficulty in accurately 
meaauring law levels of cellulose digestion. 

2 Low-proteln alfalfa hay (No.2). 

s High-proteln alfalfa hay (No.3). Fermentation data from Trial 5. 

** Hiahly aignifieant increase (P-0.01) due to higb-protein iooculum source. 

* St.guificant increaae (P-0.()5) due to hi&h-protein inocul\JI11 source. 
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were obtaio.ed: 

Inoculuœ from ateer fed high-protein alfalfa bay, r • 0.91 
Il " Il Il l.Gw- Il tl " 1 r Il o.a,. 

Because of the U.aited Gallber of c0111p8rhou, Mither of the 

correlation coefficient• ara statistically stantfieant (P.O.~), 

although they do indicate that tha cellulose di&eatlOD obtaiaad uatas 

inoculum obtaiud fraœ the StHr fed the hisher protelu llay WU 

poaaibly mora closaly related to the !B vivo N.V.I. of ~e foraaes • 
. 

In all cases, the autrient .Ut~ ued in this trial eontaiDed 

caaein hyd.rolysate. Thil would fttrther lnclieata that !a vitrç 

cellulose digeatibillty differences at the earlier fer.eatatioa tt.es 

lo6 

vere more likely due to a geuerally lov level of cellulolytic acti.tty 

for all foraaea, t'ln .. r than to a differentf;al affect Oll lov-protelD 

forage eu'batratea, •• obaerved ln Trial 1!. vhea. c&Hin hydroly1ate wu 

oatted from the aedta. It would tbus appear that the luitially 

low callulolytlc ac.tlvity obaèrved in this trtàl fr0111 iDOCUl• prepahd 

frœa the dODOr ateer fecl the lover protein alfelfa laay, waa nlated to . 

quantity a'DIJ/ar ~ .of bacteria appeartns ia the ioocul-. ~ fact 

that the l.vel of callulolytlc activity increuad vith fer811ltatioo 

ttme with the "lov-proteln eource" iDOCulwa wo.ld iuieate a 

"catchiDS-up" by the bactaria as tiwy prolifarated with tiM. 

It mipt be poatulated that the uae of iDOCulUIII poeaeuf.aa lover 

cellulolytic activity would be just ae ·accurata in predictina the 

N. v .1. of a forqe, if soma fer'IDR1ltation period aruter tlaall 12 bours 

were chosen. Siuce reports ln the literature iadicate that ·~ of· 

the .!!! vitro syat- used by otber workera are characterizri by a 

lower level of cellulolytic activity than that reported in thil study, 



the question of determtning the optt.dm ferm.utatlon time for theae 

syatems ia of soma illportance, 1f thls foraae tutiag proc.edun li 

to find wide applicabllity. It "WOQld appear, althouah data h not 

available to substantiate thia postulation, that the optt.ua 

fermeatation period to predict the H.V.I. of a forage using any 

reasonably accurate !a vitro syet .. , could be deterained with test 

forage eamples of known nutritive value (NwV.I.). The procedure, 

aa used in Trial 5, vould conslst of detel"!lilliq the fex..satton 

curves (cellulose diaeation x ttme) for the standard forage se.plea, 

and determining at which tiœ! period the IIIUdama correl&ttott vith 

N.V.I. is obtained. luch standard forqa eamples would be obta1Md 

from a laboratory wbere the N. V. 1. bad 'Men cletenained ln a.W.l 

feedina trials. This would fœu a N81a for stanclardiution of 

!n vitro resulta between various laboratories. 
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1. l!!ttod1;actl9g. 

The ra•ul u of Trial 5 iDdlc.atecl a lllahly 11pifloat cœ-nlatiou 

betvaan 12-hour ia ylqo eelluloee üaaatlhUlty &Del tM ill !W. 'I.V.l. 

of forqu fecl to akeep in tbe elloppei fon. Siace oaly a llaltecl Sllllber 

of aaplu fed in one pbyd.cai fcma wen tutacl ln Trial 54 the 

applicabllity of tt.. .la v\tro proeechaè to tutiJia forapa of v14ely 

dUferina quaU.tiu fed iD variou pbyaical for. wu aot eatabUab...t. 

Trial 7 eouiltecl of an ataaalOD in the ..._r of Ji! !1!2 -

ia J1.tro c~riiOU (lncl11diaa forap1 whlch Vfte fed ln uch. of tvo 

phyaical foras - clloppecl aDd arouad), la orcier to clatandM the affect 

of the ateaded clau Oft the .&a Vitro prediction equatlou faw tba N.V.l. 

of a forqa. 

2. lxptriPuUl RIO<=tdu!i't. 

The !a Vitro syat- ad procedure• uHd. ln this trial ware as 

clescrlbed ln Section IV,. put B, vi dl tu folloving acWitiou aDd 

110dlficationst 

a) !\lburatat. 

The talllber aDd fom of the foras•• etudiad in thil trial vara 

as followe (Tabla 11); 



TABl.E 11 

PORAG!S S'l'UDIED Dl !! YnQ. - .1!! VJt!O cœiPAJll8œS. TI:W. 7. 

Source Y aar Ph:I!!Sil ~ona fH 
harvestad Chopped Grou nd 

Macdonald Colle1e 1956 51 

Il Il 
1~7 41 4 

" " 1~ 6 

Il Il 1~9 6 6 

Saskatchewan {Swift Cunnt) 1955 11 

1 Data from Trial 5. 

The 1~ aad 1 ~7 foraa•• fed 1a the cbopped fcma vere u 

deacrt'Hd prevtouly. The .1~7 foraau ven aleo fM la tàe &Toaad 

fcma with the renlu reporte ln thb trial. The 1~ forac•• 

iœluded 4 •taau of •turitJ .t artificially dehydrated baf fed œ1y 

in the ground fOl"'ll (Jeff er•, 1960) • TU tm forqea n,n•eate4 3 
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staaea of •turity of alfalfa hay aa4 of br<a~P"••• haJ, eacb •twity 

atq• fecl ill both tba choppecl and aroaDCI ferm. The Saakatüwaa 

aamplea, froa the Swift Current R.esauch StatiOD of t!ae C&Mcla 

Depa.rt:.ent of Aariculture, were obt&iraad froe fora.gu fee! iD sheep 

trtala u ducriMd tr,. Troelaa ud ea.pbell (1959). !be Butritiw 

Value Indices of thea• foraa•• vere calculated oa the baaie of tbe 

in !.!:!.2. data pNMRted in their report. 



b) l!J'M!ltltlon rœe !acl perf.ocls • 

Slnee Oftly 12-ho.r !a v1tto celluloee di& .. tibillty was 

detftaiud -6or .aat of the foraau reported in thie trial, it vaa 

potslble to mate dup1lcate deterainatlooa for 15 forages in a 

ferMDtatlon Z'Wl, vith 3 nù canatitutbg a teat. 

c) rorye fe4 to ipoçul• cloaot atm. 

''Hlp-proteiD" alfalfa bay (No.3 or 4)1 was fed to the inoculum 

40DOr eteer dariDg the coarae of this trial. 

3. l!tultt gl diiC\Ift1oa. 
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The reaulta of the 12•hour celluloae dtaeatlbility determinations 

for the forqet fed S.. cbopped or in around fonD are pructed in 

Tablea 12 and 131 rupeetiwly. Stace the phyeical fors in which a 

foras• is fed •Y have couiderable affect on ita voluntary intake, 

and aubsequeotly on tbe calculation of itt N.V.I., the .... forage 

fed iD vartoua fora. aay bave a different N.V.I. for each of thaae 

foru. The .&!!, vitio fer.ntatioa teat, however, la alvaya based on 

a finely ground sa.ple and the reaults are thua indepeudent of the 
1 

actual fcma in which the foraa• vas fed. It 1s for this reason that 

aèparate rearesaion aaalyais are ~equired for each of the physieal 

forma etudied, ae pr"unted iD Table 14. Graphical illustration of 

the regresa iœ liMa are pruented in Fipre 17. 

1 Appendix Table }a. 



TABLE 1.2 

_m ~(M. V. 1 ~ Alm li! Jil!O ( 12-BOVIl CW.ULOS! DIGESTION) CCIŒAil18œ8 
POP. l'ORAGES JID IN CHOPPID POIM. 

111 . 

Foraae De•cription lf.V.l. 12-hr. .&! rtqo 
(,y~) celluloee (' 

cii&aatiou :') 
., 

H!cdoaald Colltge.l95§J: 

Alfalfa early bloom ~ 47 
!led clover " " 71 55 
Birdafoot trefoil Il Il &3 .,1 
Broaep-aae Il Il 4.3 .37 
Tt.othy " " }4 .37 

!2ll:l 
~ 46 bd claver early bloom 

Il " la te tl 49 47 
Timothy early " .38 ,a 

Il la te " .34 27 

~~ 
Allalfa early blcx:a 71 ~ 

Il f1all tt 62 ~ 
Il poat 11 611- 47 

Bromearaas early " '1 '1 " full " 42 " Il po1t Il 42 '' 
Saa~~~h4v!1 1 l~: 
Crested wh.at;raaa ...::!.!:.. til 1zeci .36 ~ 

Il " fertllized '' 29 
Iuter.diate Il UDfertiliucl 36 :54 

Il " fert:Ulzed '' .32 
Streambank " uufertlllzed .36 .31 

Il Il fertUized "37 29 
Rusaian ~ild ~egraas unfertUiza.d 46 .36 

" " Il fertilil:ed 42 37 
R6ed canary araas ua.fert1Hzed 26 29 
Tall wbeatsraaa Il 27 27 
Alfalfa Il 4' 4' 

1 Data from Trial ,, 
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TABLE 13 

.1!i !lYQ. (N. V .1. ) AN» !!! VITID ( 12-HOUa C!LLULOS! DIGIST'ION) cœPAUS<IIS 
rott POIAGES nD nt GROUND POilH. 

N.V.l. 12-botœ 
'orage DucriptiOD Ca !J:n) .!! v1qq 

cella lon 
cU.autt.. (i) 

Ka!tdould Colla! 
lm: 

~ led claver urly blooca 71 
" " la te Il 6o lt-7 

Timothy urly Il 47 }8 .. lata Il 43 27 

~: 
47 Timothy early bloan ~ 

Il balf Il '9 ~ 
Il full Il 46 27 
tl poat Il 36 23 

led claver early " 79 '' Alfalfa early " 7l4- '' 
~: 
Alfalfa &arly blOOIIl 70 ~ 

Il full Il 69 ~ Il poet Il 66 
!roaegrass early tt ,a 'l' Il full Il '1 14.4 

" post 
,, 47 '' 



TAJSLE 14 
~ 

REGRESSION OF N. V. I. (DETERMINED IN ~ WITH CR>PPIID AND GROUND FORAGES) AND 12-HOUR 1! YI!!Q 
CELLULOSE DIGESTION. TRIAL 7. 

y x Regrea•ioo equation r Standard1 

dey!ation 

N.V.I. 12-hr. Ja vitro y - -6.3 + 1.3QX 0.91** ±5-5 
( chopped forap) cellulose d~tioo 

N.V.I. 12-hr. 1! 'riqo y- 12.0 + 1.12X 0.87** ±6.7 
(arouod forage) celluloee disestion 

** Highly sign.ificant (P-0.01) 

1 Standard error of eett..ate or atandard cJevtation of Y for flxed X. 

.... ... 
VA 
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:501 
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~ 
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}OL 

• 
• 

• ~ 0 
FED GROOtm 

• 1957 (Macdonald) 

• 1~ Il 
"' 

~ 
0 

• 1959 " 9 . • • 
~ • 

/ 0 v 
D 

• .s • • ~ ~ 

~ V./ v 
FED CHOPPED 

~s/ 
D 0 1956 (Macdooald) 

D 1957 Il 

D 0 
9 1959 Il 

~ s tm (Saautch.wan) 

" 
30 4o ~ 

J!. Vl'l'ID CELWLOSE DIGESTiœ, 12 OOURS (X) 

Ff.sure 17. R.eareHloo of R.V.I. (detend.Ded _a viw vith foraae• fed ln tbe cbopped 
aœ groaod fore) ead 12-bouT :Ja. vitro celluloae dip8t1oa {TTial 7). 

.... .... 

.j::"' 



It la of intereat to DOte tbat the exteoaton in the ~ of 

!!! ~ - ill yitjEt cG~~PU180Q8 1 fo-r forasea fed in the chopped fora, 

frae the ortataal 9 obeenationa ('l'rial ') to the 26 nported in 

thia trial fully aabatantiated tke hiahly liJUifieant correlation 

previoualy utablillled. 'nl.a resruaion coefficient (lt • 1.3) 

r-ined .acuaged, vith the DM?ly determned reare .. t.OG Une 

ea1entlally eotacidtag vith ~ for.er oae. 

'nle Saekatcbwaa foras .. , repreaentf.D& varloua graaaea trown 
1 

and harvestad uader prairie cooditior.a., vere found to be lover ln 

nutritive value than the artifiei.ally debydrated lea-u arawn 

under more huaid eODdittona in &aatern Canada. 'l'hil contraat te 

that the ia yitio teat •• deacrl~ can be uaed to c~ foraa•• 

of vtdely dlfferiaa uutritiYe q.alitiu. 

Altbouah aot ,arallel, the slope of the reareeai.OR 11ue for 

the forqee fed lu the crouod forw devia tH only a Hghtly frOil that 

repreaentlug the chopped foraau. However' appropria te atatistieal 

analyab aboved tbeae two rqre11i01l coefficients to be hc.aaeMOUa 

at a prokbllity lwel of 1~. they vere therefore pooled to atve 

a elugle weiahted reareaaion coefficient of 1.23, vith the reaultant 

regreaaiOD equations pre1ented in Table 1~, and ill~atrated in 

Pipre 18. 



TABLE 15 

J.EGUSSION Ol N. V. I. (JI'l"ERMilCiD li Y.I!Q. WI'l'H CHOPPED AND GROOlm 
lOIAGES) AND 12-IDJR 1ft mRQ CILUJLOSK DIGBSTI<lC ASSUKING IDil­
GENIITY OF R.P.GI!SSION COUflCIENTS. TlUI. 7. 

Physieal form fed 

Cbopped: y • _,., + 1.2,X 

y • 7.4 + 1.23X 

or 

y - -3·5 + 1.2,X + 10.9 

To llluatrate the poaaible aae of tba relationahip hetween 

choppeci aud grouud fora ... , · it vouùl only H neeesaary to feed a 

forqe 1R ou phyaieal tema in an ia !i!2 trial, a4 to uU•te 

the R. V. I. of the ott.el' fon ~ &4Wiq or eubtractiaa tba factor 

10.9. In the eue vbre tbe 'K.V.l. la betna predieted aolely 'by 

!a viqo .uns, the predictecl value can be expr .. aed ùpndlaa on 

the phydcal form in whicll the f«ap la to be fed. 

'l'ba rHUlta of tb.t. tr1al an ill qr~t vith reporta fraa 

other workara tha.t ariadias c...u a snater lDcraaae 1D. •tritive 

valu of poorer quallty for.,.. (Haieally 'by increaaiDS vol•ntary 

COUUIIIPtion). At a N.V.l. of ~ (ckoppH), an iacraaae of 10.9 

alta oa p-indiD& la equal to ~~ vllUe at a 1. V .1. of 6o 

( chopped) thet pereet tncraue on p-iadi'DI la only 18. 

Altboqh the relatiou'hip Ntweell 12-hovr !! yitro cellulae 

dia•• tioa and the J.a ~ R. V. I. of a forage fed ln dtffernt 

phyaical foi'IU bu hHn ....... aaized 1D this dbcuaaioe, it ahould 

116 
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be pointed out tbat tbe .:t&t illportaat couicleration 1s tbat urly 

in vitro cellulose diaeatiOR (12 ~~ in the caae of tbia atudy) 

bas 'bHtl ahown to raak foras•• aceordtns to a ...alacful crlterion 

of œtritive value. lu this rupect ~ .&!! yltto n.au fer.ntation 

procedure could be used by ~ata intereated in aalecttng 

nutritioully auperior fOI'aae apeclu or atrain.a, u vell u iD 

naluating varlou foras• apeclu aixtuea. The &clvauut•• ft! the 

!!! Dtro procedure, MMly t'M requll' ... nt for only a ... u saple 

('·10 grame), and the rapidlty of reaulta (1·2 daya), iadicate lte 

poteutial uaafuluaa both to autritionilta ad aaroa.OIIi.atl. 'l'be 

above adftsltages notwl.that&lldi.Da, tM .,.t blportant atttlkte ·of 

thia J.a VitJ'O teclmique la its cloae r•latlouhip to tba total 

dlpeti!.la tiDU'IY potential of a forqe u nteralaad Je! !i::!2· 



D. stJtMA!Y. 

Sectiou v. dult wlth the possibility of uaiq the previoully 

!# 
.deacriMd !Q vit.l'o nMD fer.utation eyet• to predict the Diatritive 

value of foraa••· In vitro eelluloae dia .. tlhility coeffieienta of 

foraa•• of kDown œtrltive value (aa detenained !!! !!!g,) vere 

deter.daed after varioua fera.ntation perioda. Aa a reault of auch 
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a atucty with 9 1apl .. of forqea whict,. had ben fed to ebeep :ln the 

ebopped fora, a h1ahly atsaificant (P-0.01) correlation vae eat&bliahed 

hetween early Ja rttro df.aution (12 houra) and the!!! vivo K.V.I. 

When !! vitro celluloae digeatibility waa determioed for a 

aroup of 4 of theae foraae aa.plea uaiaa iaoealua obtatned from a 

atur fed a "low-pr-oteba" alfalfa hay and COIIPfted to that obtatned 

ba the orlaiDal atucly where ''11i&h·noteln" alfalfa hay waa fed, a 

•lsDlficant depreaalon vaa obeened la diaeation alter 6 and 12 houra. 

Tbla dapraaalcm appeared to be caaaed by an ov.rall lover leval of 

celbalolytic activtty 1 vbieh UD.iformly affected all of the diffcant 

foras• aùetratea. It waa poatulated that 111ell "low actlvity" 

iaoculuamallt be u UMfulla pr .. lctbtglt.V.l.'a lf a feraentatlon 

period of loaaer tb.D 12 howre va. uaed. 

ln a conclvclt.._ teat, la !1!2 - J.a v1tro c~bons were -.de 

on a total of 42 fora,. t..,lea to confira lf poeaible the accuracy 

of the R.V.I. precU.ctloa equatiOil o'btalDed fr011 the orislnal 9 a...,arl­

eou. The fiul collection of foras• ....,1 .. included 26 which bad 

bea fed la the chopped fora arul 16 in t:ba arouad fol'lll. 'l'be ltatiltical 

reaulta of the 26 COIII!Pftiaou uentially dupU.cates the ort.alnal fu. 

..-.o.~ .... and correlation coefficient• (r • 0.91) obtained 

for tlle orislul cbopped forqe1. The rear•••lœ coefficients for botb 



the ground and chopped hay campariaons vere fouud to be hoaogenaoua 
#. 

(P-0.01) and justifiad calc.lation of a single weighted average b 

value. The resultnt precUction eqU4tions with Y • N.V.I. and 

X • 12-hour ia vitro cellulose .digeetion, were aa follows: 

Chopped forages: Y • -'·' + 1.23X 

Grouucl forages: Y • 7.4 + 1.2,X 
or 

_,.5 + 1.2,X + 10.9 

The laat prediction equation 1llustrates the difference in N.V.I. due 

to pbyaical form fed, as it affects the position of the regression 

Hnea. 

The resulta deacribed in thil section iodicate that early 
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in Vitro cellulose digeatibility can be used to accurately predict the 

N.V.I. of a forage fad in either the chopped or ground forœ. 
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VI. tMIEGRATIIG DISÇYSSION. 

The ulti.Mta object of thh r .. urch wu the develos--nt of 

an !Il vitro rUMn feran&ation ayatem which could be uaed to prediet 

the autrltlve value of a for&J&. To auccal8fully meet thil r~uire-

.. nt, an !n vitro procedure would nacaaearlly be aceurata, reprodueibla, 

rapid, and aoat importallt of all be hlahly correlatad to aa.a conc:l.aa 

..uura of foras• nutritive value u detarmiud !!! ili2 wlth aoae 

ruaiDADt speciee. 

'nlare were two MiD aapecta of the uperiaeutal work. The 

firat was the eatabllaha.nt of au !! vitro ayatem eharacterlzed by 

a hlsh leval of cellulolytlc actlvity, uaing well-defined and easily 

duplicated procedurea. Tbese studlea, u described ln Section IV, 

were •inly concamed vith the c~aition of the nutrient Mdlua, 

and the effact of different aoarcaa of rœ.n inoculum. Since the 

typa of !a vitro aystem uaecl in thil abldy vaa baaad on the one 

already daveloped by Bentley aud eo-workara at the Ohio Agrtcultural 

Expartment Station, thia aspect of the reaearch waa easeDtlally 

conflrEtory, and wcwered ouly a ... n ares of the potential queationa 

of technique that could arba. 'lbe ua of an !! vitrq system whoaa 

marit bad already been demouatrated in ruadnology atudies waa 

dallbarate iD that major ....,U1i1 eoald then be placed on the other 

aap&et of thia raaearch - the developmant of an !a vitro teat for 

predlctlng foraae autritiv. value. 

The prt.ary question in the firat part of this rasearch waa 

an aamination of the adequaey of the !a vitro nutrient •diua to 

aupport maxi.um cellulote dtaeatloa vith either purlfied or foras• 



celluloae aourcea. In a 418tiJiiuhlaed Hriea of J:a vitro atadiu, 

Beatley auc1 co-workera bad ~tratecl tut .aS.. cellulolytic 

acti'ri.ty could be aehieved if either valerie aeid or a coabioation 

of sw.ral a1no acida replacecl the heterogneous ruMn liquid in 
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t'ba nutrient -.di\D. In tb preant study it waa shawn that the 

reauep6Dded bacterial cell inoculwn cORtribute4 a mini.-.au amount of 

autrients to the Mdi\D u de.matrated by tbe law level of purified 

celluloae dipstion achieved oa a b.ual •dium l.&cking valerie actd, 

mino acids, or a aource of ~ liquid factora. In contraat, the 

addition of varyiQI levele of thaae aubataDcea to the a.diua reaulted 

in iac:re.aeea of lOO to 2~ in celhaloee diae•tiou. Of all the 

npplemanta added to the zwtrleD.t •di•, none could achieve the total 

cellulolytlc activity d8m0Darrated by an eazymatically prepared caaein 

hyctrolya.ate. Siuce the addition of thia •terial to tta. Ohio mediua 

(coataiuing valerie acid) sli&h.tly iDCreaaed the level of purified 

cellulose digeated in }O·houra, it waa included in the complete 

nutrient ~ium in subaequent foraae 1tadiea. 

Althouah the uae of iaoeulu. prepared froa fiatulated ateera 

fed different auppll .. of alfalfa bay bad no apparent effect on the 

is yitro digestion of purified cellulose, thia was not the case when 

digestion of n.ative forage eelluloae was ex.aained. Several of the 

forages were shawn to reapond favorably to eaaein hydrolyaate 

suppleMntation when inoeulum wu pnpued from an inocul\ID donor 

steer fed_a law protein alfalfa hay (13~1 dry Mtter buis). However, 

eelluloae digestion of all foraaea appeared aaxtmal - reaardleaa of 

aupplantation - whn. a hi~r protaln alfalfa hay (1~, dry Etter 

ba•ia) aerved u the inocul\D doaor"s feect. Sinc:e those forage• 



vhich responded to caaein hydrolyaate auppl..entation vere law la 

prote in eoat•t, tt waa ,.atalated tbat thia affect wu clue to lack 

of eoma nitroaeaou nltetaDCe(e) that vaa preant elther in the 

foraae aubetrat•, inoculum prepared fT011 the hip protein alfalfa 

eource, or caaein hyirolyaate. 

on .!!! vitto 

techatquea, the evabaatiOft of forap quality waa wadert&bn. Aa a 

renlt of theae preltalury atu•tu the Ja vttto ayat• wu modified 

for the foraae studles so that the atriat •d11111 coutaiMd casein 

bydrolysate, vith reauapeaH4 cell iDoc:ul- prepared from the rwMn 

contents of a eteer fed a htah-proteia alfalfa hay. The !!l vitro 

f~aa• atudies were depeodeRt upon the availability of sa.plea of 

forqu of know 1111tritlve value, aa dete1'111aed )1 Jl!2. ln thue 

ia !1!2 triala dtaeatibillty by ÜIMp of the prozt.ate priac:iplea 

12, 

and 8'DUIY, u well u '\'oluatary cocn~~Ption of the foraaea bad betm 

detend.nad. Theae obaervatloa for.ed tite baaia for the calClllatlon 

of N.V.I. 's for each of the forqea - thu criterlou of forage quality 

beiD& an aprueloa of the total cliaettible enerSY poteutial of a 

foraae. 

The initial study coacera.d tbe ia yitro rate of foras• 

celluloee diseattoa, aiace it had beau postulated tbat the Relative 

Intake and tltus N. V .1. of differat fkqea vaa largely a consequence 

of thelr !a :â!2 rate of cellaloee dearadat101l by naiul mf.cro­

orsanl.-. Thia atudy, iiiYolvi'al 14111plea of 9 forqes wh.ich had 

been fed in the chopped fora, rnulecl that tbere were characteriatic 

las periode precedimc the lDitiatioa of !Q vitro cellulose digestion. 

'nleae lag per1oda, wb.ich appearec! to be of sraater duration for 
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tiaotby aDd brcaearau hay tun for the leguaiDOUe spec:iea, vere 

reflec:ted ln the leval of cellulo1e dia .. ted after 12 boure of 

fer.antatiou. Coafirmatory atatistic:al aft&lyaes showed tbat of all 

the 1!! ~ - Ja vitro c,.,arlsou 1 tba hlgheet correlation vaa 

observed betwen tbe .&a !1!2 N. V. I. aDd the 12-hour .!2 vitro 

cellulose dlg .. tion, vith a biJhly aianificant (P • o.ol) 

coefficint of 0.91. Tbb relattoubip auuests that the .... 

prlnciple affeetifta Jia. !i!2 voluntary cona\GPtlon m:l.ght be operative 

in the Ja yltto ayat•. 'l'ba diffarautial lq perio4s obaarved 

betvea'ft foraa•• vera suga1tH aa 'beiDI related to some c:haaieal 

artld/or physieal eharKtarbtic of the forqa affactlng tbe 

"attac:bsMI!t" of the n.ml lNcteria to the aubstrata etructure. 

Another hlghly siJDifieant correlation (P • 0.01) of 

blpol'tauce vaa that ob1erved betwaen !!!. vivo cmel'l)' digastibility 

and 24-hoor in yltro celluloee digestion. Thil ralaticnwhip 

eonfirws that noted by other workera betveen the dlgeated anergy 

par unit of foraaa eoa.u.ed aDd !a viçro cellulose or dry matter 

diseatt.on (generally) aftar 18 hour•. Thil il of illportanc:e aUu:e 

tt d~tratee t~t b7 alterlos the leagth of far.eatatloa pertoda, 

different J:!!. vivo - !!l vitro relat1ouhips c:an be datfl'Dinad uaing 

the •- in vt.tro ay1tem. 

lata of c:allulo1e diaeation va. alao datei:1Riaed for 4 of the 

foJ;agas &bldied ill the previoua trial, but in thil inatance lnoeul\D 

prepared fra. the ~ contents of a steer fed the "low·protein" 

alfalfa bay was u1ed. Wbn the1e re1ult1 vere compared to thoaa 

previoualy obtaiaad for tbeae foraaae, a hiahly eigftific:ant (P • 0.01) 

dapresliO'ft in cellulose di& .. tion waa notad after 6-- and 12-hour 
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fer.entation periode, apparently due to lover protein inoculum &ource. 

This depreaslon wae interpreted aa being cauaed by a reduced levet of 

cel1ulo1ytic activity due to deflclenclea ln ~r and/or type of 

certain rumen bacterta. However the ranklng of the 4 foragea after 

the 12-hour dlgeation period waa similar resardleaa of inocu1um 

source. Since there are Jndicationa that !a vitro ayat ... uaed by 

other workers are characteri&ed by varying levela of eellulolytic 

activity1 it waa auasested that ataadard forage aaœplea, of pre­

deter.ined N.V.I. alght be exchanaed between different laboratories 

10 that the opti.ua pertod for predictlng the N.V.l. of teat forages 

could be determlned for eaeh ayat ... 

ln order to conflrm the orlgiaa1 quantitative relationahip 

observed between the N.V.I. aDd 12-hour celluloae digeation of a 

forage, a seriee of !a !!!2 - in vitro comparisona vere made between 

42 forage aamplea. Theae comparlaona lncluded a wlde variety of 

forage apeciea, barveated at different ataaea of aaturity, and fed 

to aheep in the chopped and/or ground form. A ,.fold increaae ln 

the number of forage samples fed in the chopped form dtd not 

appreclably alter the ortataal prediction equation - both the 

.regreaslon and correlation coefficients r..ained the seme. The 

increaae ln N.V.I. due to grlDdtns aa calculated by the~ vivo -

!!vitro compariaona waa equal to 10.9 units. When the N.V.l.'s 

for the ehopped or ground forages vere compared to the ~ vitro 

data the regresaion coefficients were fouad to be homogeneoua 

(P•O.Ol). ror this reason they were pooled to glve a single value 

(b - 1.2,). 
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The resulta of this reaearch lead to the coneluaion that the 

total diaestibla energy potentiel {N.V.I.) of a forage fed in etther 

the chopped or ground form can be predlcted from in vitro cellulose 

digeatibility data. If the !B vitro syatem used for forage evaluation 

is characterized by ea1ily dupltcated procedures with a controlled 

source of rumen microorgani.m inoculum, a high desree of precision 

and accuracy is obtatnable. 
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'· 

VII. CŒCLUSIOIS 

From the reavlta obtailaed ueing the i!! vitro ay1t- &ad 

procedurea ducrlhed in thh theaie, the followiq cODCluaiou 

have beee drawn: 

1. The Jlvppl~tat1oa of the matrlnt .Ni .. vith cueia 

hydro1ysate reaulted in a hiaber l..el of !B vitro diceatlOD 

(P • 0.01) of a purifled cellulo•• eabatrate tbaD waa 

achieved by the addition of eit1ler valerie acid or an aino 

acid mixture (leucine, iloleuclu, valine, ad PI'OliM). 

2. The aclditlOft of more thlul 15 ... of valerie acf.d per . 
fermentation tu~e dld not r..ult in &Q1 further incr ... e in 

the !! vltro dlaeatlOD of a ,.rified cellulose 1ubetrate. 
' 

IncrMslas the amount of auppl-.:atary a.lao acld .UtuTe 

from 12 to 14 111· per fu.atatloa tuM reaulted i• a htahly 

sianlflcant depreeaf.oe (P • 0.01) in celluloae diaeatlon. 

'· Witb a purifiee! celluloae 1\Jktrate, no differeacu in 

cellulo•• dl&eatioD due to lnocul• 1ource (inocul- ~...-red 

fra. donor atMT fed eitber "hip" or 11 low" protein alfalfa 

hay) wu• noted wba el thel' valerie ac id, caaein bydrolyl&t.1 

or &Il aaiuo a.cld mixture waa aclcled to tlM bual .ediua. 

4. Witl:a nativ. foraa• cellulose n'betratea, 1everal of tlle 

foraaes teated re1poaded stsDiflcaatly (P • 0.01) to caaein 

hydrolysate auppl-tation. 'l'hi1 obaerved iacruae in 

celluloae df.&estioa occurred wba "low" proteill alfalfa bay 
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waa fed to the inoculusa doDOI' 1teer. Wba iDoeul- vu olttaiMC! 



from a douor stHr fed ''hi&h" protein alfalfa hay 1 celhaloae 

digestion for all foras•• appeared 1111Uillal1 reaarctlua o, 

aupplemautation. 

' · 5. When eaaples of 9 forqes ('-1~; 4-1~7 harveat) whiah ha4 

'· 

heen fed in the ehopped fo~ were etudied, their ctts .. tible 

energy potentlal ( u ..uured .!! Dn by the N. V .1. ) wu found 

to be highly correlated (r • 0.91) with tbelr ~-boar !n vitro 

celluloae di&estibllity. 

6. The energy digetU.bUlty (aa detend.oed !!1 ~) of the .-. 

9 a.ngea vas foulld to be hiahly cornlated (r • 0.87) vith 

tbeir 24-hour !B vitJo cellulose dtse-tibility. 

7. When four 1957 forqea were tuted uaiq inocul• obtained fr• 
a st .. r bd a "low'' protein alfalfa hay, a elpificant depn11i01l 

(P • 0.01) wa1 observed in~ vitro cell•loee dia .. tion vbeu the 

resulta vere ccapared to those obtainad when a "htsh protein 
1 

source" inocuba wa• used. Thia ctapre .. t.aa, noted particularly 

after the 6- and 12-hour fe~tatlon perioda, appearM to be 

ca.ueed by an overall lowu levet of cellulolytic aetivity 1 vbieh 

uniformly affected all of the differeut foraae 1ubettates. At 

the l2·hour fei"'Mntation perio41 forq .. vere ranbc1 in tbe a-. 

relative order regardless of inoculum source. 

8. An inc:rease in the m.ber of camparbou betveen the !!! ~ 

N.V.I. aod 12-hour!! vitro cellulo1e dia .. tibility, to a total 

of 26 forages fed is the cbopped form, re1ulted 1• identical 

regreaaion (b • 1.3) aDd correlation (r • 0.91) coefficient• to 

thosa orlginally observed with 9 comparieona. 



\. 

9. When aamples of 16 foras•• whtch had been fecl in the arouad 

,form were studied, tbeir !a~ N.V.I. and 12-b~ ~vitro 

cellulose digeatibility were found to be hishly correlated 

(r • 0.87). The rearession coefficieuts obtained with forages 

fed either chopped or ground vere fouud to H h~eoos 

(P • 0.01), thua justlfyina the calculatiou of a aiuale 

weishted average coefficieut. 

10. :Sased on the homoseneity of these resreeaion coefficienta, tba 

following prediction equations, with Y • N.V.I. and X • 12-hour 

in vitro cellulose digestlbility, vere caleulate4: 

Chopped forages: Y • .,., + 1.23)[ 

Ground foraa••: Y • 7.4 + 1.2:51 

or 

y • _,_, + 1.23X + 10.9. 
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APPENDIX TABLE la. Individuel cellulose diaeatlbUity detend.Datioaa, Trial 1. 

Su pp leiiii!!G t8 : t added tation tvbe 
valerie acid (J18.) . 0 0 5 0 2.5 
casetA bydrolysate ~118.) 0 0 0 0 ~ 
a.d.no aeid aixture 118·) 0 0 12 12 
s rnataat 1. 0 0 

" 78 7 
Run 19 { 24 June, 1958) 79 a, 

Iooculma dOnot: ateer A, fecl ID1xecl T7 83 
1) 8o 

A 

ltun 20 ( 30 Juoe, 1958) 65 74 74 78 
Inocuha doa.or steer A, fed a1xed 68 71 75 76 

ha 1 66 

A ver 66 
79 79 1 

Run 21 ( ' Ju1y, 1958) ~ ~ 75 ~ 85 77 8o 81 
Inoculum dooor eteer B, fed aUed 35 .A2 74 81 84 78 8o 81 

ba 1 61 84 8o 82 

A ver 61 81 

·Trial averaae 27 '56 70 76 78 78 79 ·82 

.... 



APPEMDIX TABLE lb. 

For... fed 
i.DOCY lta dooor 
st-.r 

"low-proteia'' 

alfalfa bay 

(No.2) 

"higb-protéiu." 

a1falfa bay 

(No.3) 

Iadividual eallulO.. cll ... tibility ~t.œas, Trial 2. 

Suppl...ats: 
valerlc acid (qJ.) 
c::.ueiu hydrolyNte (,..) 

d 

A: 

.. 26 (29 .July, 1958) 
Stear A 

.. 

.. 
llp 71 ( 7 JU1y, 1959) 
St..- A 

A: 

A 

Trial .. 

0 
tiou. tube 

15 0 
0 50 
0 0 

... .. 
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A~IX TABLB le. ln41v1dual cellulo.e di&eattbt.U.ty detend.natt.ou, 
Trtal 3. 

S.,pl-.ntal 
valerie aet.d (1118.) 

88 

99 
00 

00 

97 

6 



AP'PENIIX TABLE ld. Iadt?i41Dal ~llulose dlpetQUlty cle,._..,•tla.., Trial 4. 

F«ap f~ 
f DOCal- clo&'lœ-

''1~·· 

altalfa M.y 

(2) 

"hlP,. prote iD" 

alfalfa bay-

(') 

~t 
...t's.-

Coattol 

+ 

Caeeill 
laydrol. 

Cœatrol 

+ 

CueiD 
hy4rol. 

Jlu'Mnt.at.iGil 
r.a 

ll (20 J.ua • .,l958) 
Sta.; A 

:52 {26 A.c., 1~) 
sa. • 

A: 

:• 
l! 

2Ê 

Ai 

l! lllS ._.,_., 19'59} 
su.. A 

A· 
1Q (2 July, tm> 
Stpr A 

A· 

51 

A· 

1Q 

. A· 

Alfalfa 
(1) 
55 

...n. 

.~ 
58 
• 
Il 

• 
~ 

" :i 
~ 

._57._ 
115.7 

1 
~ 
~ 
,a 

..:l]-
• 
• 
~ 
~ 
.'YI 
57 
llj 

IIi 
--; 

---- - c.llol ... .U...tu.ffi" 
... Ct.... •• TreloU k~ a. 'HMC:tlt 

1.21_ ( ~) C_ll.l ___ 151 
,-r " ~ ~ 
6o 6o ~ ~ 
.59 u • • u-u - 31 n - 2} -
-~- ... - -,- -- --~- J,r} 

lj5 . 55 _. ~ 51 

-50 55- -B • 

1f ! ii 
_:_ fi __ :1: 
,a 61 61 
61 _(Q____ - ' 
'56 ~ b: 

i fj 1 
63 ---~__6i__ _____ . ia 
6e . 6e -fe 
63 64 61 

~ 61 tt - ------~-::li~ ---
~ 
gr 
~ 
6.3_ 
~ 
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~ 
6o 
~ 
62 
tV_ 
63 
61. 

' e 
61 
1[ 
~ 
6t2 
62 
tl'! 

61 

1 
6o 
~1 

.. 
_51_ 
58 
63 
6e 
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60 
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~ 
~-
6IJ 
~ 
~ 
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'56 
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6o 

.59_ 
59 
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_6e 
61 

__6Q 

62 
_Qi 

~ 



APPDDIX TABLI le. lDdi.Yiclual celluloae ii& .. tibUity detemiutiou 
at vario.a fermentatiOQ tt.aa, Trial 5. 

r at bou ra 

6 12 24 
Su ba a te 

1~: 
(1) Alfalfa 8 28 ~ 

11 25 56 
~ 22. 57 

Avera 

(2) R.ed c1over 7 24 '' 61 
13 26 '1 63 

' 31 57 ~ 1 

(3) Birdsfoot 11 '' 6o 
trefoil 4 ,0 62 

4 49 6o 

(4) BrOMsraaa 0 15 56 67 
0 ' 58 67 
0 ~ 54 67 
0 

A 0 

( 5) Timothy 0 11 37 6o 63 
1 0 38 '' 66 
0 8 36 51 67 
0 

A ver 0 

v 
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APPamiX TABL! le ( ccmtlnued) • 

l'er.ntation tiae (hours) 

6 12 24 

1~7: 
( 6 led c lOYC" .1 18 49 51 '9 early bloc. 4 ~ 46 ~ 6o 

0 14 50 ,ci ,a 
1 

(7) Red claver 9 26 '9 
late bloom ' 31 61 

0 18 ~ 

~ g4 57 

(8) Timothy 5 ' 39 ~ 
early bloom 0 8 32 6' 

0 13 41 62 
0 

A ver • 1 

(9) Timothy 33 54 
lata bloom 30 ~ 

19 '' • 
Solka Ploc 0 3 lOO 

(purified 0 ' 100 
cellulose) 1 1 100 

0 4 100 
4 2 99 
0 3 99 
0 0 99 
0 l lOO 

Avera 1 2 100 

• 



APPENDIX TABLE 2a. Analysia of varla~~ea of purt.fied eelluloaa 
digestion, Trial 1. 

Source of variation 

All causes 

Batween subgroups: 

Treatmenta 
Fermentation runs 
T x F 

lemainder 

.** Highly significant (P-.01). 

d.f. 

~ 

23 

7 
2 

14 

72 

variance p 

4219 1172** 
393 109** 
121 34** 

3.6 

(S.D.L9) 

Coefficient of vartabi11ty • 

L.S.R. (0.01) a 2.1 to 2.3 (for p • 2 to 8, n • 12). 

vU 

' · '~ 



APPENDIX TABLE 2b. Analysis of variance of purifled cellulose 
digestion, Trial 2. 

Source of variation 

All cau••• 
Betweeu subgroups: 

Treat!lenta 
Fermentation runa 
Tx!' 

d.f. 

111 

27 

6 
3 

18 

variance 

11, 1~H 
585 
~9 

~.4 
(S.D.•1.9) 

F 

3,261** 
171** 
ll** 

viii 

** Highly sisntficant (P-0.01) Coefficient of variability • 2.~ 

L.s.a. (o.o1) • 1.7 to 1.9 (for p • 2 to ·r, n • 16). 

APPENDIX TABLE 2c. Aaalyeis of variance of purfied cellulose 
diaeation, Trial 3. 

Source of variation d.f. variance r 

A11 causes 23 

Between subgroupa: 11 

Treatmente 
Fermentation runa 
TXF 

3 12.7 7.9** 
2 169 106 *"* 6 2 1.3 

Remainder 12 1.6 
(S.D. • 1.3) 

**Highly significant (P-0.01) Coefficient of vartabi11ty • . 
L.S R. (0.01) • 2.2 to 2.4 (for p • 2 to 4, n ~ 6). 

1.4~ 



APPENDIX TABLE 2d. Analyda of var:f.aœe of utive foras• 
cellulose diseation, .Trial 4. 

Source of variation d.f. variance 

AU cauaes 79 

Between eubaroups: 39 

Forages 4 '' lbana ' 103 
Supple~~ent (caaein hydrol.) 1 97 

ID.teractioaa: 
Fxa 12 8.9 
' x s 4 20 
R x S 3 30 
F X R X S 12 6.1 

ltemainder 4o 6.7 
(S.D. • 2.6) 

r 

4.9** 
1,.4 ... 
14., ... 

1.3 
3.0* 
4., ... 

>1 

* Si,nificant (P-0.05) Coefficient of variability • 4.4~ 

** Hiah1y significant (P•0.01) 

L.S.R. (0.01) • ,,0 (for p • 2, D-4). 

ix 



APPE!fDU TABLE 2e. Arlalyeb of variaoce of aative foras• 
cellulose d1 ... tioa1 Trial 6. 

Sou~c• of variatiOD 

A11 causes 

Between aubsroupa 

l'ora1•• 
Tt. 
InoculYm 

Interactions: 
rxT 
'x 1 
T x 1 
FxTxl 

a ... tn4er 

d.f. 

126 

31 

9~ 

3 
3 
1 

9 
3 
3 
9 

164 
3.7 
~ 
14 

19.0 
(S.D • 4.4) 

' 

56** 
689** 

''** 
8.6** 

)1 
2.~ 

)1 

-H Ri1hly af.lnifieant (P-0.01) Coefficient of .. riab11ity • 11.4~ 

L.S . R. (O.Q5) • 6.2 (far p • 21 11 • 4) 

(0.01) • 8.1 (for p • 21 11 • 4). 



Al'Pm)IX TABLE ,.. ~ ct.dcal CODIItitueat• of faraaes fed to inoculum donor .-er. 

(e:xpresaed u perc.-t of dry -tter) 

Y ur Prote ln CellulON N.F.E. Ether .lù 
No. P«aae banested (N x 6.~) Ex tract 

(1) Hixecl bay 1957 1,.9 35-3 37-3 2.0 9.5 

(2) - Alfalfa hay 1958 13.4 3().1 
,. 

41.5 1.6 7.4 

(3) Alfalfa hay 19.}8 1 16.1 36.0 38-9 1.3 7-7 

(4) AUalfa bay 1~9 1 20.8 32.0 36-5 1.3 9.4 

Croa• 
EDe 
Cals 

1,..47 

4.~ 

4.41 

4.53 

M .... 

.... 
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APP!NDIX TABLZ ~b. Soma ehemcal eoutltunts of forage aubstratea. 

(expreaeed as percent of dry matter) 

Prote ln Cellvloae 
No. Matra te (N x 6.25) 

~: 

(1) Alfalfa 17.6 }6.0 4.~ 

(2) Rad Claver 15.9 29.7 4.41 . 
(3) Blrdsfoot trsfoil 14.7 35.4 4.62 

(4) Bromearass 9.0 34.0 4.51 

(5) Timothy 7.2 35.9 4.45 

!m: 

(6) Rad c lover, earl y 15.6 33.0 4.33 

(7) Il Il la te 17.2 33.9 4.41 , 
(8) TU.Othy, e.arly 8.0 34.7 4.37 

(f) Il la te 6.8 32.6 4.29 , 


