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Abstract:
The porcupine caecum appears to be similar to the rumen in that it provides a suitable environment for
the growth of large numbers of bacteria which rapidly ferment portions of the ingested food.

The principle fermentation products were identified as the short chain volatile fatty acids acetic,
propionic and butyric. The acids accumulating in the caecal ingesta consisted of 73 percent acetic, 12
percent propionic and 14 percent butyric. - The average rates at which the acids were produced in the
caecal ingesta were 0.110, 0.016 and 0.014 meg, per g,dry weight per hour for acetic, propionic and
butyric respectively. It was estimated that a 10 Kg porcupine could obtain from 6 to 22 percent of its
maintenance energy requirement from the absorption and utilization of the volatile acids.

Lactic' and. succinic acids appeared not to be important intermediate products in the caecal
fermentation.

Approximately twice as much carbon dioxide as methane was produced during in vitro incubation of
caecal content.

Naturally occurring nitrogen and carbon sources for the caecal bacteria were sought in the ingesta of
the caecum and from the distal end of the small intestine. Substrate amounts, of ammonia were found
in the ingesta from both organs. Several amino acids were detected but in less than substrate quantities.
Soluble sugars and sugar acids were not detected in the soluble fraction of the ingesta, but arabinose,
xylose, glucose and galactose were detected in an acid- hydrolysate of the particulate fraction from the
small intestine.

Three hundred twenty-eight strains of caecal bacteria were isolated by randomly picking discrete
colonies from 0.5 or 1.0 x 10-8 dilution roll tube cultures. The strains were placed into 43 groups based
on morphological and physiological characteristics. Some of the groups were similar to but most could
not be identified with the predominant bacterial groups in the bovine rumen.



THE BACTERIOLOGY OF THE PORCUPINE CAECUM

by
John L. Johnson

-

A thesis submitted to the Graduate Faculty in partial
fulflllment 'of the requirements for the degree

of
DOCTOR OF PHILOSOPHY
. j‘-n

‘Bagteriology

Approved::

Head, Magor Department

7P P o,

Chairman, Bxamining Committee

-

ean, Graduate Division '

MONTANA.STATE COLLEGE
- 'Bozeman, Montana

June, 1964




ELT]
ACKNOWLEDGMENT

The author takes this opportunity to express his gratitude te Dr. R. H;
McBee for his sgppprt and helpful advice throughout the-course gf this
investigation. The author is indebted to Dr. N. M. Nelson and Dr. I. K.
Mills for their he}pful-suggestions in the preparation of thé manu;gr;pt;
Technical assistance from Mrs.-LaMae'Henry, Mrs. Mary Lou Hood and - s
Mrs. Shirley Tonkin is appreciated. - |

The author'is indebted to‘the“National Institutes of ﬂga}th. Public
Health'service for financial support’ through the training program in o

microbiology 5T1-41 131501,02 and 03,




LIST OF TABLES © o o o 0 o o 'o o

LIST OF FIGURES. o & o o o o-o o

INTRODUCTION o o o o o o + o o o

MATERIALS AND METHODS. o o o o o

A.
B.
Co
D.
E.

F.

Animal Collectien. »

General Observations

iv

OF CONTENTS

°

Fermentation Products.

In Vitro Reactions of ' Caecal

[

o

Caecal Bacteriae s « o o o«

EXPERmENTALoo;ooooooooc’o

A.
B,
c.
D.

E.

DISCUSSION. .‘. e e e e e e ee e e e

General Observations o« o o

Férﬁentation Productss « »

o

o

iﬁ Viﬁro Reactions of Caecal

L

°

°

s

Content .

°

L

L]

°

Content

Nitrogen and Carbon Sources for Caeqal

*

*

Nltrogen and Carbon Sources for Caecal

Caecal Bacterla. > o o o o o

Bacteria.

e ©6 o a @

Bacteria.

] ° L] ° * o L) . - ®

L) . . L ° L

SUMMARY. Ll B.}D‘Q’o o L o L] o L o L] ° 0'0 ° » L L L3 . ° LJ . L)

APPENDIX ¢ « o o ¢ o o o «

6 & &6 ©6 ® 6 © o s & & & & e s & »

LITERATURE CITED o< o « = o o o o o o o s oo o o s o o o s

15
15
16
2
22
2l
28
28
33
e
s
49
67
76
79
86




Table
Table
Table

Table

Table
Table

Table

Table

Table
Table

Table

Table

Table
Table
Table
Table
Table

Table

Table

LIST OF TABLES

I. Field animals used in the investigations o « oo o &
IT. Ingesta passage rate in laboratory porcupines . . .
IIT. Weights and measurements of animals and organs . .

IV. Percent dry weight of the ingesta in different
digestive OIr'galSe o o o o o © 0o o 0o o o e o o & s &

V. pH values of porcupine caecal contente. . « ¢ o o o o
VI. B, values of caecal content + ¢ ¢« o o ¢ o o s & o &

VII. Percent of individual volatile fatty acids in the
Caecum_and large intestine « ¢ ¢ o « o o o » o o o

VIII. Individual volatile acids in porcupine ingesta. .

b

IX. Percent of caecal volatile fatty aeids during in vitro

fermentation rate studies « o o o » e 9 o 0o e o & s o

X. Volatile fatty acids in arterial and venous blood
from the porcupine caecule o« « o o o o o 5 o o o « &

XI. Lactie acid in porcupine ingestae « ¢ o s o o o o

XII. Lactic acid in- caecal content during in vitro
' ineubation ¢« o o « o ¢ 6 o ¢ o ¢ © 0 6 o o & & ¢ o

XIIT. Lactic acid dissimilgtion in caecal content . . »

XIV. Succinic acid dissimilation by porcupine caecal content.

XvV. Blood urea nitrogen o & @ oo & 5 0 o 6 0 & s e 0 0 s os o0

XVI. Ammonia nitrogen in caecal content « ¢ o o o ¢ o ¢ o &

XVII. Total microescopic counts of porcupine caecal contents

XVIII. Total numbers of culturable bacteria comparing

media and media enrichmentSe ¢« ¢« ¢ o ¢ o s w o o o o

XIX. Bffect of culture media eonﬁaining different
concentrations of percupine caecal fluid enrichment

on the numbers of culturable bacteria. « ¢ o« o o o o o«

29

30
31
33
34

3k

37
39

Lo

41
42

43

45

47
47

.49

e

51




I TR R | N S 4

Table
Table
Table
Table
Table
Table
Table

Table

Table
Table

Table

R s

XX. Changes in the viable bacteria count, moisture
content and pH of the caecal material in a
cannulated porcupine with respect to time of day. »

X{I. Viable bacteria counts at different times of day .

XXII. Viable bacteria counts on caecal content from
field anmalé -0 -] ’ (-] - L] -] L] L 3 o o L] ° > L ] . L] L] -]

XXIII. Source of inoculum, -time and date of inoculation
and the bacterial strains isolated « ¢« « « & o &

XXIV. Morphology and physiological characteristics of
‘ecaecal bacteria isolated from laboratory and
fieldanmalse_ooo’-oooaoooooeoo.o

XXV, Groups of the cocCle « s s- 2 o o a o s ¢ o o o o o

XXVI. Groups of straight rods s s s s ¢ o = s« o ¢« ¢ o @

XXVIIO GI'O'IJ.pS Of CIJ.I'Ved I‘OdSo e ¢ o & 6 ° ® o o o e o0 ¢

XXVIII. Distribution of strains in the groups of cocci
among the isolation seriese o o o« o o o o o o o

XXIX. Distributien of strains in the groups of straight
rods among.the isolation series o ¢ o o o o o o &

XXX. Distribution of strains in the groups of curved rods

among the isolation series « ¢ o ¢ o o o o o ¢ o o

52
53

53

54

56
59
60
62

63

64

66 -




Figure 1,

Figure 2.

Figure 3.

[

vii ‘
LIST OF FIGURES

Total volatile fatiy acids in the digestive

tract contents of 14 porcupines. o « « s o e o o o o o o o 35

Fermentation rates in the porcupine caecum, P23. e o 0 o o 38

Urease activity in caecal contente ¢« o ¢ o o o o o o o « o 46




v— YN T ) . Ll

viii
ABSTRACT

The porcupine caecum appears to be similar to the rumen in that it
provides a suitable enviromment for the growth of large numbers of bacteria
which rapldly ferment portlons of the 1ngested food,- : :

~ The principle fermentatlon products were 1dent1f1ed as the short chain
volatile fatty acids acetic, propionic and butyric. The acids accumulating
in the caecal ingesta consisted of 73 percent acetic, 12 percent propionic
and 14 percent butyric. - The average rates-at which the-acids were produced
in the caecal ingesta were 0.110, 0.016 and 0.014 meg per- g dry weight per
hour for acetic, propionic and butyrlc respectively. It was estimated that
a 10 Kg porcupine could obtain from 6 to 22 percent of its maintenance
energy requirement from the absorption and utilizatioh of the volatile
acids. - Co

Lactic and. succinic acids appeared not to be important 1ntermed1ate
products in the caecal fermentatlono

Approxnmately twice as much carbon dioxide as methane was produced
during in vitro. 1ncubat10n of- caecal content.

Naturally occurring nitrogen and carbon sources. for the caecal bacterla
were sought in the ingesta of the caecum and from the distal end of the
small intestine. Substrate -amounts, of ammonla were found in the ingesta
from boeth organs. Several amino aclds webe. detected but in less than
substrate quantities. Soluble- sugars and[gggar_acids were not detected in
the soluble fraction of the ingesta, but arabinose, xylose, glucoese and
galactose were -detected in an acld hydrolysate of the partlculate fractlon
from the small 1ntest1ne.-

Three hundred twentyuelght stralns of caecal bacterla were . 1solated

" by randomly picking discrete colonies frem 0.5 or 1. 0 x 10"8 dilution roll
tube cultures. The strains were placed into 43 groups based on morpho-
logical and physiological characteristics. Some of the groups were similar
to but most could not be identified with the predomlnant bacterlal groups in
the bov1ne rumen.




INTRODUGTION

Herbivorous animals are characterized by having an expanded porfion or
portions in their alimentary tract, which in carnivorous animals are
expanded to a lesser degree if at all. The herbivorous animals show Wide
variations in the anatomy of their digestive system. In ruminants,‘thé
distal end of the e;ophagus is expanded into three compartments: the rumen,
which is the largest, the reﬁiculum,“and the omasum. These are followed by
a relatively small trug stomach, the abomasum. Some rodents,-fOr example
the hamster and field vole, have a gastric diverticulum and a large caecum.
The elephant and the horse have a- large caecuﬁ_énd colon. The rabbit and
porcupine have only a large caeéﬁm. | |

The. expanded portions of the digestive'tracf providé suitable environ-
ments for the growth of-anaerqbic miéroérganisms which may'aid the hqét in
the digestion of food material. 'in ééﬁerai the'environments are semi-fluid,
60 to 9Q percent water, héve é-coﬁstant témpérature of 38 to 40 ¢, and have
low oxidation-reduction potentials. -In ad&itidn, jhe environmment within a
particular digestive organ may be influenced by élandular secretions such
as saliva, mucin and bile.

Food materials degraded by;microorganisms in the digestive tract
include mono-, di~ and polyéacchérides, sugar acids and organic niﬁrogen
compounds. The major products‘formed during .ruminal, caecal, or large
intestinal fermentations are tﬁe‘sho;t chain vqiatile fatty acids, agétic,
propionic and butyric, and the ‘gases carbon dioxide and methane. Two
common bacterial fermentation acids, lactic and succinic, normally do;not
accuﬁulate in the ingesta bui may bé]important intermediates in the fermen-

tation of the food material. In addition to the digestion, there is also




synthesis of such materials as vitamins, proteins, and ca;bohydrates.h,Some
of these are incorporated into the bodies gf the microorganisms and may
become available to the host only after digestion.

The role of the micrqflora has been recognized in the degradatiqn”of
plant material ever since Tappeiner'(1884)’observed that cellulose
disappeared in the rumen of cattle.- nger and Martin (1937a) also credited
the microflora of the caecum with the disintegration of pectic substances,
hemicelluloses and cellulose in the rabbit. In addition to these egriy,,
observations, there have been manj more on the decomposition Qf plant
material in the rumen, caecum and cq;on, but on;y a few of these will’be
mentioned. The in vitro fermentétioﬁ of cellulose by rumen bacteria was
studied by Woodman and Evans (f938)°5 According to Van der Wath (1948),.the
only diastases present in the éhéep rumen are those secreted by the rumen /
bacteria. Hale et al. (1940) found 85 percent of the digestible cellulose
ingested by a bovine to be digested in the rumen within 14 hours. Théy -
found that lignin and true fatEWefe not digested in the rumen. Elsdeh'(1945)
observed in vitro fermentation of cellulosen g}ucose and lactic acid by

-sheep rumen content. Gray (194%7b) -obtained data-indicating that 70 percent
of the digestible cellulose of foddef was degraded in the rumen, 17 pércenﬁ
in the caecum, and 13 percent in.the7co;l.or;° No cellulose digestién otcurred
in the abomasum or in the smali’inteétineo Baker et al. (1950) studiea.the
breakdown of structural starchéé in the digestive tracts of ruminant gnd.non-
;uminant animals, They demogstrated}the bacterial degradation qf starch in
the rumen, diverticulum, and caecﬁm.in ruminants, rodents and swine. SHeald;

(1952) obtained in vitro fermentation of pentoses and uronic acids with

N




suspensions of sheep rumen bacteria.. Doetsch et al. (1953) incubated
suspensions of bovine rumen bacteria with cellobiose, maltose, glucose,
xylose, pyruvate, lactate, oxalacetate, succinate, fumarate, malate, .
formate, acetate, propionate, butyraté and ﬁ =hydroxy-butyrate. Ail of
these were atfacked by rumen bacteria. McBee (1953) found that the addition
of cellulose to the hay diet of a sheep increased the rate of c;llulose and
hemicellulose digestion by the rumen 'fluid; however, the addition of hemi-
cellulose increased the fermentation rate of only the hemicellulose. .
Howard (1955) observed a rapidlfermentation of purified wheat flour
pentosan which consisted of chains of §L1£4-D=xylose units with single
Lnarabinose‘units attached along the chain.

Ihe conversion of organic hitrogen compounds in the digestive tréct
has also been studied but such studiés have primarily been limited to:the
rumen. The degradation of urea-has-received much atteqtion because o% its
economic importance as a substitute for protein nitrogén in livestock feed.
Pearson ?nd Smith (1943a) observed high levels of urease activity in bovine
rumen ingesta. Pearson and Smith-(1943b) and Smith and Baker (1944) .
obtained evidence which indicaﬁéd thét urea may be used as a nitrogen source
by rumen microorganisms; Sirotnak'et al. (1953) incubated 22 amino acids
with suspensions of bovine rumen bacteria. Aspértic aqid, glutamic a;id;: .
serine, arginine, eysteine, andiCystine were found to be dissimilated.
MacLeQd and Murray (1956) foqn&_thatéa combination of valine, leucine. and
isoleucine stimulated cellulose digestion. The major products formed;when
an acid hydrolyséte of casein was iﬁéubated with sheep rumen ingesta were

ammonia, carbon dioxide and volatile;fatty acids (El-Shazly, 1952). Feeding
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sheep on a diet in which zein contributed ol percent of the total nitrogen:
resulted in an incorporation of approximately 40 percent of the zein into
microorganism protein (McDonald, 1954). By in vitro experiments, Belasco .
(1954) compared urea with feed proteins and found urea to he a superior
nitrogen source in promoting cellulose digestion by rumen microorganisms.
Moore and King (1958) followed the changes in the concentrations of 7
different fractions of nitrogenous materials in the bov1ne rumen. The
max1mum changes in concentrations occurred within 1 hour after feeding,-
regardless of the ration tested, and returned to the prefeeding levels
within about 5 hours. Blackbnrn and ‘Hobson (1960a) studied the proteolytic
activity.of nhole and fractionated sheep rumen contents and found it.to be
independent of the animals diet. Both the protozoan and bacterial-fractions
showed proteolytic activity. They also found (1960b) that the proteolytic‘
activity of rumen microorganisms was;relatively gonstant and comparatinely
high at“ali times, even before feeding. The metabolic fates ofvthe-nitro-
genous compounds seem to be dependent upon the general properties of the
microorganisms and are not greatly influenced by the diet.

The pr1nc1pal products of carbohydrate fermentation in different,parts
of the diéestive'tract have been shown to be remarkably similar, not only
in the kinds of acids} but in their relative concentrations. Phillipson
(1947) credits Tappeiner (1884) for being the first to detect volatile fatty
acids as products of cellulose fermentation. Acetic, propionic and butyric
acids have been shown to be the main volatile fatty acids in the rumen of
sheep (Elsden, 1945). Acetic acid accounted for 55 to 75 percent of the
total, Elsden et ala (1946) determined the volatile fatty acids in the




digesta of the sheep, red deer, horse, rabbit, rat and pig. Mixtures of
acetic, propionic, and butyric acids were found to be the characteristic
fermentation products iﬁ the alimentar& tracts of all of these species and
their average compositions consisted of 67 percent acetic, 19 percent
propionic and 14 percent butyric.* The in vitro fermentation of ce}lulosg
and glucose by rumen contents yielded acetic, propionic and butyric acids
(Elsden, 1945). Propionic acid was the major fatty acid in both cases.
-Very little, if any, butyrig acid was formed during the fermentation of
cellulose. Gray and Pilgrim (1952) found that when cellulose or hemicellu-
lose was fermented, equal amounts of acetic and propionic acids were
‘produced, with only a'small amount of butyric acid. When cellulose was
fermented in the presence of caseiﬂ; =} high_level of butyric acid was
produced;1 Carroll and Hungate k1954) found that the volatile acids
produced during in vitro'fermentation'rate studies éonsisted of approximatef
ly 62 percent acetic, 22 percent{prbpidnic and 16 percent butyric regardless
of diet. Balch and Row;and.%1957)7stgdied the diurnal variations in the
concentrations of volatile fatty écids”in the bovine rumen and found that
the level of propionic acid was'direcﬁiy proportional to the amounts of
readily fermentable carbohydrateé{in tﬁe,ration and that the levels of
butyrig and higher acids were direétly'propgrtional to the levels of
prote;ne These results were confirmed by Busebio et al. (1959), who found
that increasing the availability€9f~reédily fermentable carbohydrafes
resulted in an increase of propidﬁic aéid at the expense of acetic acid.
When linseed-oil meal was inciudéd in the diet, the level of butyric acid

increased at the expense of the propionic7 The @etabolic fat¢~of uniformly




C14mlab§1ed glucose introduced into a bovine rumen has been investigated
(Otagaki et al., 1963). The specific activity of C1¥* reached a maximﬁm in
respired COZ at 45 minutes, in the b;ood volatile fatty aqids at 15 minutes
and in the plasma glucose at 2 hours. after adminiétration of the labeled
glucose, Their resu;ts indicate?that‘ﬁhere is little, if any, direct
absorption of glucose from the rumen; but that the p;asma glucose is
synthesized from the absorbed volatile-acids.

Pure cultqres of numerous rumen bécteria producé lactic and succinic
acids as fermentation products (Bryant; 1959). However, the concentrations
of these acids in rumen content are usually low. A tramsitory rise in
lactic acid concentration of sheep rumen content was observed when large
amounts of glucose or ground graih Weré placed inte the rumen of hay-fed
.sheep (Hungate et al., 1952), S&lub;e:starch, cellulose, pyruvic acid and
glucose were tested for lactic aéi@ prgduction by incubating them in vitro
with rumen content (Waldo and Schﬁltz,*1956), Thej found 1actic acid'to be
produced only from glucose. Jayasuriyé and Hungate (1959) did not consider
lactate to be an important_interﬁédiate in the rumen fermentation of hay~fed
.steers, but believed that iﬁ may?have Been-an intermgdiate for as much as
one-sixth of the total substrat¢3in'grain=f¢d steers., Lactic aeid accumula~
tion appeared to be depgnden& upon thefpresence of high levels of readily
fermentable carbohydrates7 In isbtoﬁe'experiments with lactate-2-014,-most
of the labeled carboﬁ was recovered in-acetic acid. Bruno and Moore (1962)
incubated commercial alfalfs meai}“heéﬁed and unheated alfalfa, glucose anq
heated starch in vitro with ruminal ingesta and observed that a transitory

. accumulation 6f lactic acid cecurred with glucose, heated alfalfa and heated




starch. Their resul#s also sqggest that the accumqlation of lactic acid is
dependent upon readily fermentable carbohydrates Whiqh either have to be
added or else made available by hea‘tir;g° The ;utﬁors suggested that the
lactic acid agcumulation might reflect the resistance of the lactic acid
fermentation to low pH valuese They did not believe that the experiment
indicated the importance of lactic,acid’as an intermediatg in the rumen
fermentation, since thée absence of lactic acid may have reflected eithgr a
rapid metabolism or a decreased rate of production.

Low concentrations of succinic acid have been found in sheep rumen -
content; only a slight increase in concertration occurred after feeding
(Sijpesteijn and Elsden, 1952)° Suspensiﬁﬂé of washed rumen bacteria
rapidly con%erted succinic acid tO'prdpiénic acid and carbon dioxide.
Blackburn and Hungate (1963) calcuiétéd velécity constants for the conver-
sion of succinic acid to propionic acid in bovine rumen content. By
determining the size of the succinic’acid'pqol in the rumen content and by
the use of the conversion veldcity’éoﬁsﬁgnta.they concluded that succinic
acid was the major precursor éf the propionic acid found in the rumen.

The principal fermentation gasésidefected'from the digestive tract
content are carbon dioxide and methane. “Pure cultures of carbohydrate-
fermenting rumen bacteria, however,,héve-been found to produce COZ or GO,
and H, (Bryant, 1959). Smith and Hungate (1958) cite Reiset (1863) for
first demonstrating methane formatiShiin%the rumen. Tappeiner (1884)
detected methane and carbon dioxidé*aé pfodqcts of cellulose ferment;fion
by rumen bacteria. Lugg (1938)"measuredjthe,combustible metabolic gases of

a sheep and found that about 18 liters of methane were produced per day.




Olson (1940) found C0,:CHy, ratios of 3.3-4:1 from cows feeding on different
kinds of pasturga Only trace amounts of hydrogen were detected. Marstron
(1948) obtained COzsCH4 ratios of 3.0-3.8:1 during cellﬁlose fermentation
with sugpgnsions‘of washed rumen bacteriao When COZ:CH4 ratios were '
measured with respect to time afteﬁéféedihg, they véried from 1:1 following
a period of fasting to 3:1 two hours after feeding (Kingwill et al., 1959).
McNeill and Jacobson (1955) presented evidence to suggest that their failure
to find more than trace amounts of hydrogen in rumen contents was due to
extremely active hydrogenase éystemso“ Tn vitro experiments with a hydrogen
gas atmosphere resulted in no carbon dioxide production. The authors
suggested that hydregen gas might be thellimiting factor for methane produc-
tion in a normal rumen. Their observatlons, however, are not supported by
the work of Kingwill et al. (1959) ‘who found that contlnuous sparging with
H, showed no effect on the COZ:CHﬁiratipéo Carroll and Hungate (1955)
incubated rumen content in vitro with o™ formic acid. The labeled carbon
was recovered primarily as CO, indicatiné hydrogenlyase activity. An
estimation of the max1mum rate at whlch formlc acid could be produced in the
rumen indicated that methanogenic substrates in addition to formic acid were
involved in the synthésis of methangi- BQ;Jer (1952) incubated various
substrates with rumen fluid. Formi@zééié was converted to methane quantita-
tively and succinic aeid gave a notﬁBle ;ise in methane production. Acetic,
propienic and butyric acids did notféppeér to be fermented. Oppermann et al.
(1957)_$tabilized-rumen fluid enriéﬂment?cultures whiéh produced methane from
formic and acetic acid. GCultures utilizing butyric acid could be established

only at 45 C, but cultures utilizing propienic acid were not obtained.




Nelson et al. (1958) obtained enrichment cultures of rumen bacteria which
fermented butyric and valeric acids. Butyric acid was completely degraded
but propionic accumulated when valeric was fermented.

Methane production was found to be‘lower in the caecum and large
intestine than in the rumen of seveéral African ruminants (Hungate et al.,
1959).

The diggstive organs, being highly‘vascularized, enable the fermenta—
tion products to become available to the..animal by being absorbea into the
blood. Barcroft et al. (1944) found the blood draining the rumen of sheep
to have higher concentrations of the volatile fatty acids than peripheral
blood. Increased levels of acids weré not detected in the blood draining
the abomasum or the small intestinég.but';ignifiéant amounts were found in
blood draining the caecum. Relatiééi§-ﬁigh cbnééntrations of wolatile
acids were found in the blood dralnlng the caecum and/or colon of the horse,
pig and rabb;t, The rates at which the sodium salts of acetic, proplonlc
and butyric acids were absorbed from.the sheep rumen, appeared in the
inverse order of their increasing ﬁéléeﬁlar weights. Danielli et al. (1945)
observed that the rate of fatty acfa*ébé%rption from thé rumen was dependent
upon pH. At pH 7.5 the salts were lost in the order acetate>propionate >
butyrate, whereas at pH 5.8 the ordgr of the absorption rates were butyric>
propionicracetic. It was concluded;that‘the free acids were absorbed at a
greater rate than the anions and that different mechanlsms were involved.
Gray (1947a) studied the rate of acetate and proplonate absorptlon from the
rumen of a sheep fitted with a rumen fistula° When alkaline solutions of

acetate and propionate were intfoduéed'into the rumen, the absorption rates
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of the two acids were constant and the ratios remained the same. When the
sheep ate during the experiment, propionate appeared to be absorbed at a
higher rate. Propionate was also absorbed faéfer when phosphate buffer, at
a concentration similar to that in the saliva, was included in the solution.
Lowering the pﬁ qf the ;olution to pH 6.5 caused the'pgopionic acid to be
absorbed faster than £he acetic. It Was“conéiﬁded that the ratios in which
the volatile fatty acids are found :in-the rumen may not depict the rates of
production.

The metabolism of the volatile: fatty acids in animal tissue has been
studied by many investigators. Phillipsdn (1947) and Elsden and Phillip-
gon (1948) have reviewed the older iiterétureo The later literatﬁre has
been reviewed by Barnett and Reid (1961). In general it can be said that
the volatile fatty acids are used for -both energy and biosynthesis. The
amount of energy made available through the'oxidation\of volatile fatty
acids may be calculated from their heats“of combustion. Armsby and Moulton
(1925) (cited by Carroll and Hupgafe, 1954) estimated the maintenance energy
requirement of a 1000 1lb. bovine td-be-??BOO Keal per day. Carroll and
Hungate (1954), assuming'that the éhérgy%requirement.of an animal is propor-
tional to the three-fourths power of itsiweighﬁ, as is the basal metaboliém
rate (Kleiber, 1947), calculated the maintenance requirement of a 500 Kg
bovine to be 7,850 Keal per day. ﬁéing‘a method of Zero time fermentation
rates, they approximated the amount*of‘vdlatile acids formed in the bovine
rumen. From their caléu.'l'.'ations9 for a’ 500 Kg cow containing 70 Kg.of rumen
content, they estimated that during~a 24 ‘hour périoq a hay-fed animal

obtained 7,Q70_Kcal, a grain=-fed aﬁimal 11,450 Keal and a grass-fed animal




11

4,810 Keal through the oxidation of the:volatile acids. The energy obtain-
able from the volatile acids accounted for 70 percent of the estlmated total
energy requirements. Emery et al° (1956) came to the conclusion that a cow
obtains 3 to 13 percent of 1ts energy from the short chaln volatlle fatty
acids. Stewart et al. (1958) detenmlned that 63 percent of the malntenance
energy requirements for steers were supplled by the volatlle fermentatlpn
aeidso Hungate et al. (1959} meaeured the fefmentation rates in the rumen,
caecumn, and }arge intestine df zebu,- gazelle, eland, suni and camels, The
highest fermentation rates occurred in ‘the rumen. Due to the differences
in the 51zes of the organs, the rumen accounted for 95 to 98 percent of the
total fermentetlon. Hungate et al (1961) determined the zero time fermen-
tetion rates of the individual volatile-fetty acids, acetic, propionic, and
butyric in bovine rumen content. The microorganisms were credited for

contributing 90 percent of the animéie carbon requirements. As much as

50 percent.of the malntenance energy of the deer may be prov1ded by the rumen

fermentation (Short, 1963)
Microorganisms impprtant in the fermentation of ingested food materials
have been studied both microscopicelly afid in pure culture. Baker (1933)
and Baker and Martin (1937b) studied_microseopically the disintegration of
vegetable remalns in the caecum. of the gulnea pig.. Numerous types ef
bacterla,‘thought to be of functlonal 1mportance, were classified on the
basis of their morpholpgyo Erotozoa Were observed in the caecal‘content
but were found in low numbers and were-considered not to be of fuﬁctienal
importance., The bacterial_population was divided into.the iodophilic and

aniodophilic bacteria. The iodophilic bacteria contained starch-like
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polysaccharides which stained with iodine. Baker and Martin (1937a) investi-
gated the microflora of the rabbit caecum with regard to the disintegration
of cell wall substances. Many of the same morphological types of bacteria

were found as in the studies on the guinea pig; however, protozoa were not

© observed in the animals studied. Baker and Martin (1939) studied the caecal

microbiology of the horse and found fﬁe protozoan population to be far more
conspicuous than in either the gqinea pig or thg rabbit.. nger (1943)
divided the rumen population of the ox into three major groups;’(1) lodo-
philic gicroorganisms;.(z) aniodophilic microorganisms; and (3) protozoa.

Few of the bacteria important for the degradation of plant materials
in'herbivo;ous digestipn were grown in pure qultufe until. Hungate (19&7)
deve}oped culturgl methods for growing cellulose-fermenting bacteria
isolated from the rumen. The succé%s of "the method can be attributed to
striet anaerobiosis and ﬁhe incorporatiqn,oi sterile rumen fluid as an
enrichment. Bryant and Burkey (1953) and Bryant and Robinson (1961b)
modified Hungate's medium so that it was less-selective. The so~called
"non-selgctive" media have been used in studies on the composition of
bacterial populations within thé rumen.

Since 1947 many of the importént rumen bacteria have been isolated
and studied in pure culture. The literature has recently been reviewed by
~ Bryant (1959, 1963).

~ The isolation and study of pure cultures of bacteria from the caeca.

of nonruminanf Herbivorous animals have been limited. Barker and Haas (1944)
isolated a straight to slightly curved éfam positive, anaerobic, rod shaped

bacterium from the intestine of a rat. The bacterium produced chiefly

N PR S




i

acetic and butyric acids from glucose. It was named Butyribacterium
rettgeri. Alexander et al. (1952) isolated cocci similar to Streptecoccus

bovis and Veillonella gagzogenes from the colon of a horse. Hall (1952)

isolated a cellulose fermenting coccus, .which resembled Ruminococcus

flavefaciens, from the caecum of a rabbit.

The ‘purpose of the present investigation Wés to obtain a better
understanding of the caecum and its functional importance to the porcupine

digestive system. The yellow haired, porcupine (Erethizon dorsatum epixan-

thum) was selected as the experiméntal animal because it is a relatively
largg rodent, thus provides large quantities of caecal matefial, is readily
available in this geographical area, can be collected without special
permits, is relatively easy to catch and;’after the quills are sheared, is
easy to handle. The porcupine is*also of interest because its diet consists
not only of succulent plants but may also include bark and the cambium
layer from conifers and deciduous treeé; The nutrition of the porcupine is
not complicated by coprophagy as it is in some rodents. The investigation
was divided into three major parté; (1) the identification of the major
fermentation products, the amounts of them ppoduced and the nutritional
value of those products utilized by.the-porcupine; (2) the identification
of carbon and nitrogen sources available to the bacteria of the caecum; and
(3) the study of populations of caecal bacteria and the major groups of |
bacteria in these populatiens. After some preliminany experiments early in
the investigation the assumption was made that the caecal environment is
similar to that of the rumen. The culture studies in this investigation

were based on that assumption which proved to be incorrect. Therefore, the -




14

studies on the carbon and nitrogen sources were commenced as a result of the

culture studies and not prior to them. -




MATERTALS AND METHODS
A. Animal Collection

The porcupines were caught by local ranchers, usually in gréin fields
or hay meadows. Those which have been designated as field animals were
used.for experiments within 24 hours after capture: Their ingesta consisted
of the porcupines natural food in this afeéo The laboratory porcupines were
kept in captivity for several weeks or months before being used in experi-
ments. They were fed commercial rabbit,feed cohtaining no antibiotics,
Purina Rabbit Chow, WO.

The majority of the experiments required sacrificing the animal., If
blood wés to be collected from the vessels of the caecal region, the
animal was anesthetized with ether, Openéd with a midline incision and
following blood céllection the animal was killed by inhalation of chloro-
form. If it was not necessary to havé the animal alive at the time of
opening the abdominal cavity, it was first killed by an intramuscular

"

injection of 2 ml of a 40 percent ﬁicbtiﬁe solution.

Bs General Obsérvations

The alimentary tract of each pofcupine was removed. The sf@mach and>
caecum were weighed, and the 1engtﬁs.éf.éhe small and large intestihés
measured. In some cases the caecum was also weighed after the contents had
been removed‘to determine the actuél we;éht,of-the fermenting content.

Ingesta were removéd from the“stomaéh, caecum, and 3 Sections of fhe
large intestine. The sections oflﬁﬁe'iéégé intestine were désiéﬁated LL4

(the first 25 cm of large intdstine distdl to the caecum), LI, (25 cm section
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of large inﬁestine distal to LI1),uand LI3 the remainder of the large
intestine containing the fecal pellets in varying states of dehydration.

The percent dry matter in the content of the dfffereht organs or parts
of an organ was determined by drying samples in an 80 C oven to constant
weight. ‘

A glass electrode was used to measure the pH of the caecal content.at
the ‘base apa at the apex of the caecum. -

The oxidation-reduction petentials of caecal content were determined
with a platinum electrode on samples removed from nonspecific locations in
the organ. They were determined at rooh:temperature, in an air atmosphere,
on content removed shortly after the animals death. The platinum electrode

required about 15 minutés to come ‘to e@ﬁilibrium.
C. Fermentation Products

The importance of the caecal fbrménﬁation to the porcupine can be
estimated if one knows what the féfmentation products are, the rate at
which they are produced, the total'amounts produced during a given length
of time, and the amounts of these produéés absorbed and utilized by the
animal.. The ingesta of the porcupine'we?e‘quantitatiVely analyzed for
acetic, propionic, butyric, lactiég and-suceinic acids. The arterial: and
the venous blood of the caecum wa§>gna1yzed for total volatile‘fatty acids.

Portions of the content from the—different organs or parts of an organ
to be analyzed were mixed 1:1 W/vlﬁith'OQZ N HyS0, to inactivate the
biological_proq&sses; These sampiés wefe allowed to stand for at least

24 hours for the equilibration of ‘the seluble components between the liquid
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and particulate fractions and after .equilibration, they were centrifuged
for 20 minutes at 4,000 X g. The particulate fraction was discarded.and
the supernatant was examined for volatile fatty acids, lactic acid, and
suc&inic acid.

Rates at which volatile fatty acids are produced in the caecumn were
determined in vitro by the zero time.method (Carroll and Hungate, 1954)-.
This procedure permits one to estimate the rate 6f production of the -
fermentation products in the animaILby plotting their concentrations
determined at several successive time.infervals of incubation after the
removal of the fermenting materialifromfthg animal. The slope of the
tangent to this curve at zero time approximates the rate of production of
the fermentation product in the living ghimal. Caecal contents were
removed.from each porcupine shortly aftér death and placed in a flask
gassed with carBon dioxide. A s}oﬁ strgém of CO, was run into the flask
through a capillary tube during tHe’éoufse of the experiment. The first
sample was inactivated at the time the content was placed into the flask
and the rest of the samples were removed at 1 hour intervals after the '
animal bs idesdh. The‘samples were preparéd for analysis as described in
the preceding paragraph.

Total vélatile fatty acids in;?hé:aiimentary tract contents were
determined'by steaﬁ'diqpillation iﬂ the ‘Markham still (Markham, 1942).s
Ong to five ml aliquots of the preparédfsamples,*o.z nl conc. H2804, and
one dfop of 0.1 percent thymol blué solﬁtian were plaéed into the still.
More H,S0; was added if the thymoldbiue*was‘not in the red range (pH 1.2

to 2.8). Condensation of steam inﬁo'the-sample was prevented by heating
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the sample prior to distillation by passing steam through the outer jacket
.of the still for 5 minutes. The aﬁbunt.of distillate collected equaled
15 times the volume of the sample., The distillate was titrated with
0,02 N NaOH to the brom thymol blue end point in the presence of CO, free
air° | ol

The individual volatile fatty acids' were identified and determined
quantitatively by -gas-liquid chromatography. The acids from 10-20 ml of
the acidified and centrifuged caecal content were collected by steam
distillation and neutralized with NaOH beyond ,the thymol blue end point
(pH 8.0-9.6) and evaporated to dryﬁesé on a steam bath. They were adjusted
to the high pH to prevent loss of the volatile acids during drying. Ihe
salts of the volatile acids were quantitatively transferred to a 20 ml
beaker by rinsing the evaporating diéh with 5-7 ml of distilled water
added in small portioﬁs, The salfs weré»again evaporated to dryness in a
near boiling water bath. They were ﬁediésolved in 0.2 ml of hot distilled
water. The acids were extracted froh the équeous phase with dichloromethane.
The beaker was placed into-an ice bath and 5 ml of dichloromethane were
added; the mixture was allowed to ‘@éool for 5 minutes. It was then stirred
rapidly with an electric stirrer ahd.coneo Hp50,, was added until the thymoi
blue turned red (pH 1.2-2.8), usuéily 2 or 3 drops. Two grams of anhydrous
Na2304 were added to take up the Wétér and the stirring was continued for
30 to 45 seconds longer. The stirring blade was then rinsed with 2 ml of
dichloromethane, the washing going;intoﬁthe béaker, The beaker was
removed from the ice bath and the'conteﬂts filtered through a medium

porosity sintered glass filter into a 10 ml volumetric flask. The beaker
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was rinsed several times with small amounts of solvent. The volﬁmetfic
flask was.filled to volume just prior. to removing a 30 /bi.sample for
analysis by gas chromatography. This method was found to extract the
volatile fatty acids quantitatively from the water solution. |

A Béékman GC 2A gas chromatograph was used with a stainless stéel
column 5 feet long and 1/4 inch in.diameter. The ‘column packing material
was a modification of that used by Erwin et al. (1961). One hundred ml of
Gas‘Chrom P (60-80 mesh) was first. coated with 0.74 g of H3P04 dissolved
in 65 ml of dichloremethane. The solvent was evaporated and the HBPq%
coated Gas Chrom P was coated with-7.4 g of Tween 80 dissolved in 65 ﬁl
of the solvent. The solvent was again evaporated. The packed column was
operated at 130 C, with a helium flow of 110 ml per minute. The thérmal
detector current was set at 300 milliamperes, and the output, attenuated
1, 2, or 5 times, was recorded on 'a.Texas Instruments Servo-Riter integrat-
ing recorder.

Standards of reagent grade aéetic,-propionic and butyric acids were
prepared in dichloromethane. The:unitsTBf area on the chromatographs were
linear between the concentrations .of 0,003 and 0.100 milliequivalents
of acid per millilitér when using a 30. /Al sample. An equation for the
standard curve of.each acid was calculated by the method of least squares.
/ Lactic acid was determined on:dilutéd digesta using the colorometric
Barker and Summerson method as deséribed by Umbreit et al. (1957).

Sucecinic acid was extracted fpomndigesta with ethyl ether for 16 hours

with a Kutscher=Steudel extractor and determined manohetrically with pig

heart succinic dehydrogenase (Umbreit et al., 1957).
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Fermentation gases were collected from caecal content which was
removed from a porcupine immediately after death and placed into a flask
connected by rubber tubing to a mercury filled gas burette. The flask was
incubated in a 39 C water bath and the caecal gases collected for 4 to 6
hours. The gases were separated and quantitatively measured by gas-solid
chromatography using a stainless steel column 4 féet'lqng and 1/4 inch in
diameter packed with 100-200 mesh silica gel. The column was operated at
40 ¢, the thermal detector at 150 milliamperes, and ﬁhe helium flow was
set at 55 ml per minu£eo Bach gas sample was introduced into an evacuated
1 cc gas sample loop of the chromatograph through the gas sampling valve.
The amount of sample under standard conditions was calculated from the
temperature and the pressure at which it was introduced into the gas loop;
usually about 100 mm mercury. '

Standard cur%es of carbon dioxide, ‘methane and air were obtained by
introducing known samples at various pressures. Cylinder grade GO2 was
used. Methane was obtained in a purified state by distilling condensed
natural gas from a vessel immersed in ffeezing isopropanoli The column
gave good separation of H,, CH4, air, éna 002. Nitrogen and oﬁygen were
not separated. The sensitivity of the instrument to Hé was low and to have
been able to have measuréd it quantitatively one would have‘had to measure
it by difference, but no evidence -of Hziwas obtained.

Absorption of volatile fatty ééidsifrom the caecum was demonstrated
by measuring the differences in their cShcentrations in blood removed

from a large caecal artery and veins Five ml blood samples were drawn

with a syringe and transferred to tubes containing potassium oxalate, \




— Y I 1 1)

21

These were refrigerated until analyged, usually 1 or 2 days.

Voiatile fafty acid analyses were made on blood deproteinized with )
ZnSO4 (McClendon, 1944). Seven ml of the deproteinized blood were placed
in a Markham steam still, together with 0.5 ml of 10 N HéSOn and 1 drop of
0.1 percent solution of thymol blue. Seventy ml of the distillate were
collected and titrated to the brom thymol blue end poiﬁt with 0.02 N NaCH
while being flushed with COZ free air.

. Blood samples were also aﬁaLyzed'for urea to determine whether urea
was excreted into the caecum. Protein free filtrates of the blood

(Folin and Wu, 1938) were incubated with urease and the resulting ammonia

determined colorimetrically with Nessler's reagent (Xarr, 1924).

D. In Vitro Reactions of Caecal Content

Urease activity in caecal content was determined by the production of
ammonia from added urea. Caecal content was mixed 1:1 w/v with a 1 percent
aqueous solution of urea. Immediately after mixing, a zero time sample was
removed and inactivated by.mixingvf:1 v/v with 0.2 N stou; The reaction
flask was flushed with 002, fitted with a bunsen valve and incubated in a
39 C water bath. Ten ml samples were removed at 10 to 20 minute intervals.
The inactivated samples were then‘Cenfrifuged at 4,000 X g for 20 minutes.
The supernatants were analyzed for ammonia. One to five @1 samples were
placed in a Markham still togethef with one drop of thymol blue and
sufficient 10 percent NaOH to turn the mixture alkaline. The distillate
was collected with the tip of the éondeﬂser immersed'in,5‘ml of water

containing 5 drops of methyl red-methylene blue indicator (MeKenzie and
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Wallace, 1§54), Forty ml of distillate were collected and titrated with
0,02 N HyS0,. '

Lactic acid dissimilation by caecal bacteri; was determined in vitro.
Fresh caecal content was placed in a flask and mineral salts dilution
solution (Bryant and Robinson, 1961,,19)ﬁ containing 1'percent lactic acid,
was added 1:1 w/v. The contents of the flask were mixed and a 10 ml zero
time sample removed and inactivated with an equal volume of 0.2 N HéSO4°
These were centrifuged at 4,000 X g for.20 minutes and the supernatants
were analyzed for residual lactic aecid. . o

Succinic acid dissimilation by-.caecal bactefia was determined in a
similar mamner; the mineral salts Solution contained 1 percent succinic
acid in place of lactic acid. The-inactivated and centrifuged samples

o

were analyzed for residual suceinieé acid.
E, Nitrogen and Carbon Sources for Caecal Bacteria

Compounds, which might be the' natural nitrogen and carben sources for
the caecal bacteria Wé}e searched for in centent from the caecum and from
the distal end of the small intestine. :The samples were inactivated by
mixing.them 1:1 w/v with 0.2 N H25049 éﬁa centrifuged at 4,000 X g for
10 minutes. ‘The supernatant froﬁ.éach sample was analyzed for soluble
organic compounds. The particulate fractien of the small intestine content
was_washed by suspending it in distillediwater gnd recentrifuging. It was
then dried in an 80 C oven, ground-in éiﬁortar and analyzed for poly-
saccharides. The particulate fraction of the caecal sgmples’was discarded.

The supernatant samples were'analyzed for ammonia and amino acids.
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Ammonia was determined by steam-distiliation and titration. Amino.acids
were removed from each 10 ml supernatant sample by passing it through a

16 x 30 mm column of Dowex 50 cation exchange resin charged with 4 percent
HCl. Amino acids were eluted with 10 ml of 6 N HCLl and dried at room
temperature under a stream of air..-The.residue was extracted several
times with 1-2 ml volumes of absolute ethanol. The ethanolic extract, a
total volume of 5-7 ml, was filtered through sintered glass and dried at
room temperature under a stream of air... This second residue was dissolved
in 1 ml of water and 2-3 drops of concojNHbOH were added to convert the
amino acids to the free acids. The samples were then évaporated,to
dryness on a steam bath. The residue was dissolved in 0.5 ml of distilled
water and 5 F*l amounts were spotted on thin layer chromatogram plates
prepared with a 250 M layer of plain silica gel H (Research Spééialties
Company, Richmond, Calif.). The chromatograms were developed in two
dimensions with n-butanol-acetic acid-water (2:1:2) for the first
direction and isopropanol-NH),O0H (67:33) for the second. The amino acids -
were detected with ninhydriﬁ. -

Supernatant samples from the -distali end of the small intestine and
from the caecum were analyzed for -soluble sugars and sugar acids.
Particﬁlate samples from the small-intestine were hydrolyzed and analyzed
for polysaccharide monomers. The neutral fraqtion, containing the sugars,
from each supernatant sample was oétainéd by passing the sample through a
16 x 30 mm column of Dowex 50 eafion ei?hangé résin and neutralizing the
eluate with Dowex 2 anion exchange resin charged with 8 percent NaHC_O3°

The neutral fraction was decanted from the resin, and the resin was washed
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several times with small amounts of distilled water. The washings were
added to the neutral fraction which was then dried at room temperature in
a stream of air. The residue was dissolved in 0.5 ml distilled water and
5-20 iAl amounts were spotted on Whatman No. 1 chromatography paper. The
anionic fraction, containing the sugar acids, was eluted from the anion
.exchange resin with 10 ml of 6 N formic acid. The eluate was evaporated
in a vacuum desiccator over NaOH and .CaSOy. The residue was dissolved in
0.5 ml of distilled water and 5-20 ‘u 1 amounts were spotted on Whatman
No. 1 paper chromatograums.

One gram amounts of the partigplate samples were treated with H,30y,
(Block et al., 1958) to hydrolyze cellulbse'and other polysaccharides.

The hydrolysate was neutralized with BaCO3° Excess BaCO3 and BaSOu were
removed by centrifuging at 4,000 Xmglfof 10 minutes. The supernatant
was concentrated to 5 ml at room témperature under a stream of air.

Five f&l amounts ﬁerelspotted on chromatogram paper.

The sugars and sugar acids were sépérated by descending paper chroma-
tography. Ethyl acetate-pyridine-water- (8:2:1) was used for the separation’
of sugars and the upper phase of n-butariol-acetic acid-water (4:1:5) was
used for the separation of the sugar acids. The spots were developed with

AgNO, solution (Trevelyan, 1950).

3

F. Gaeqal‘Bagteria

Studies on the populations oﬁLrumeﬁ.bacteria have shown that the
number of bacteria per gram of rumen content will vary with respecﬂ to

time after feeding and with location within the rumen (Bryant and'Robinson,
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1961b, Munch-Peterson and Boundy, 1963). The investigations of Masson
(1950), Bauman and Foster (1956), and Hungate gt al. {1252) have shown that
the eomposition~6f the bacterial pbpu1ation of the rumen may ﬁary with
changes in the diet; however, Hungate (1957) foﬁnd no correlation between
different rations and differences in. the microflora; Cultﬁre expefiments
on the caecal bacteria were desi_gned to determine the diurnal variations
in the total numbers and kinds of cqltﬁrablé bacteria,-and to compare -the
compositions of ihe bacterial populationé-frdm different animals.

In order to obtain more -than one sample of caecal content from an
animal, caecal cannulas Were_placed in a number of laboratory animals.
These were made of plexiglass or teflon and had an insidé diameter of
one half inch and were closed with a screw cap. They were held in the
caecum by a purse-string suture and were Erought out through the animals
left flank. | |

The anaerobic culture techniques developed by Hungate (1950) were
used for growing_caecal bacfceriao Anaerobic conditions were contihuously
maintained iﬁ the culture tubes and flésks;by displacing the air with
oxygen free carbon dioxide,-nitrqgep, or a mixture of 16 percent carbon
dioxide and 90 percénﬁ~nitrqgen, Traces of oxygen were-régoVed.from the
flushing géses by paésing them“th;ouép.a tube'of'hot reducéd éopper filings
maintained atlj?O Cin a combustion fﬁrnaee; The gaé or gas mixtﬁre was
passed into the vessels by5means of a-Pasteﬁr_pipette attached by rubber
tubing to the gas,soﬁrcea The reentrance of oxygen was prevented by
closing the vessels with rubber stqppefs.as thé pipette was removed. The

culture media, employed in the study were modifications of those used by
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Bryant and Robinsen (1961b). The compoéitions of the various solutions used
in the.media and the media are given in the Appendix.

Caecal material to be cultured was. serially diluted in anaerobiec
dilution medium and inoculated into-roll tubes containing a nonselective
medium, which were incubated for one week at 39 C. The colonies were
counted under a dissection microscope. isolated colonies were randomly

picked from roll tubes of 0.5 or 1 x 10'—"8

dilution and inoculated into
slants of the same medium. Growth from:these cultures was used to inocu-
late differential media designed t6 detéct: (1) fermentation of the
carbohydrates glucc;se9 xylose, celi‘obioseD starch; xylan, and cellulose;
‘(2) gas production from glucose; (3) hydrogen sulfide production;
(4) oxygen relationships; (5) gelatin Kydrolysis; (6) growth in the absence
of rumen fluid; and (7) growth in the absence of carbon dioxide. A
weakly buffered glucose medium (pH ‘glucése) was used for determining the
terminal pH of fermentation. The results obtained from these media along
with cell morphology, gram reactiéh,:aﬁd motility were used to group the
cultures isolated. _ - o

Visible characteristies were’recorded for each medium at 1, 3 and 7
. days after inoculation, and'chemicgé-tests were madé at 7 days. Acid
production was detected with the ﬁge offbrom thymol blue, cellulose .
utilization.was detected by visual'obséfvation,“xylan'utilization was
quantitatively measured by the oréinol'ﬁethod (Umbreit et al, 1957) and
gelatin hydrolysis was determinedLEf'li&uefactiono Motility was substan’
tiated by diffuse growth in the séﬁiésolid HZSnAnaerobiosis-Motility

medium and by microscopic obéervation of a wet mount. The HyS~Anaserobiosis-
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Motility medium was not gassed when:.stab inoculated, which resulted in the
oxidation of the upper 8 to 10 mm of mefdiwp., The facuitatively anaerobic

bacteria grew in the oxidigzed gone as well as in the bottom of the tube.
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EXPERIMENTAL

A. General Observations

Since the purpose of the pfesent investigation was to determine the
importance of the caecal fermentation to the nutrition of the porcupine, it
was important to study normal porcupines, caught in their habitat and eating
théir natural food. Catching animals not influenced by man and his agri-
cultural crops proved to be difficult. More than half of the pércupines
studied were caught while feeding in alfalfa, wheat or barley fields.
Porcupines, being nocturnal animals, were easies£ and therefore usually
caught while feeding between the hours of 7 and 10 P.M. Few collectérs
were sufficiently interested to deliver the animals within an hour or so
of capture at that time of night. Since the time of year, diet and
interval between capture and examination w;re factors which could affect
the results, they are recorded in Table I. In some instances data are
insufficient to be of any value in interpreting the results.

The determination of the rate at which ingesta leave the caecum was
necessary for estimating the amounts of fermentation products absorbed
from the ingesta in both the caecum and large intestine. It was assumed
that the dry weight loss from the content while passing through the large
intestine would be insignificant. The rate of content passage from the
caecum through the large intestine was measured by weighing the excreted
feces. The feces from 4 laboratory animals were collected twice daily for
3 days and dried to constant weights The results (Table II) indicate that
the amount of ingesta passing through an animal is proportional to it;
size, being about 10 g per kilogram of body weight per day under those

laboratory conditions.
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Table I, Field animals used in the investigation.

Date of

29

Hours
Time .Between

Time of Capture and
Animal  Collection __Collection . Experiment
Py 2/14/61 12300 AM 9
P, 2/15/61 8:00 PM 1h
P 2/16/64 4330 PM L
PL, 2/16/61 8:00 PM 2
Py 2/17/61 10:30 AM 3
Py 2/17/61 4:00- PM 4
Plo 2/18/61 6330 PM .2
Piy 2/19/61 - -
Pys 2/19/61 - -
Pi% 2/19/61 - -
Pyn 2/19/61 - -
Pig 2/19/61 - -
Pig  2/19/61 - -
Pag 2/19/61 - -
Py 7/26/62 10300 PM 1
Po3 7/27/62 9:30 PM 1
Pal, 10/ 4/62 8:30 PM 1
Pps 10/ 4/62 8330 PM 12
Pog 10/ 8/62 9:30 PM 2
Poo 10/ 8/62 9:30 PM 12
Prg 11/15/62 7130 PM 15
P2g 12/10/62 11:00 PM 10
P30 10/15/63 8:30 PM 2
P34 10/16/63 7:00 PM 1
P3p 10/16/63 7200 PM 5
P33 10/22/63 7330 PM 2
P3l, 10/22/63 8330 PM 5
P35 1/22/64 - -
P34 1/24/ 64 - ca 24
P37 1/24/64 - ca 24

Ha@;iat

stubble field
alfalfa field
grass and willows
alfalfa field
hawthorne bushes

alfalfa field
pine trees

pine trees

pine trees

pine trees
alfalfa and grass
alfalfa and grass
grass

wheat field
wheat field

wheat field

alfalfa field*
alfalfa field,
alfalfa field*
alfalfa field,
alfalfa field
alfalfa field

¥ the animals were caught in the same field

Table IIT lists the weight of each field animal, the total weights of ’

the stomgch and caecum and the lengths of the small and large intestines.

The weight of the caecal content was determined for animéls P30 through Py

by weighing the empty caecum and subtraciting its weight from the total.
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Table II. Ingesta passage rate in laboratory porcupines.

Kilograms Grams of Feces Grams Feces/Kilogram
Porcupine _Live Weight Per Day Animal/Day
A 5.9 45 706
B 6.1 6 | 10
c 5¢3 55 10

D 5.1 53 | 10

Since the caecum is located distal to the small intestine, one might
expect to find the amount of ingesta in-the caecum to be comparatively more
constant Withlrespect to time than the amount of ingesta in the rumen of a
ruminant, the stomach acting as a reservoir and passing a rather constant
supply of ingesta on to the caecum. In. the case of a ruminant, fresh
ingestauenter the rumen only during the time that the animal is eating.
The data in Table III, however, do not gllow one to assume that the
amount of content in the caecum is constant since the total welghts of the
caeca flucuate between 2.8 and 10 ‘percent of the total aniﬁal weights,

The percent of body weight consisting of caecum does not appear to
correlate with the size of the animal. “Probably the best estimate for
the amount of caecal content present in a porcupine can be obtained by
subtracting the average percent empty caecél weight from the average
percent full caecal weight which would be 4.4 percent. Elsden et al.
(1§46) measured the amount of ingesta in the digestive organs of severa1
animals. The ratio of the porcupine caecal content weight to the body
. weight was greater than what was found for the horse but less than the

rabbit and rat. The relative amounts of ingesta in the rumen of the




Table III. Weights and measurements of animsls an.d ergans .

- Animal Stomach Full Caecum Empty Caecum Caecal Content Small Large

_ Weight Weight Percent Weight Percent Weight Percent Content Percent Intestine Intestine
Animal Xg g Wedght g Weight g Weight Weight Weight cm length cm length -

Pp  11.b . 239 2.1 P6 3.5 250 251
P, 10.5 27k 2.6 609 5.8 200 275
P3 7.7 183 2.k 357 k.6 195 260
P, 12.3 436 3.5 M1 3.3 280 280
Ps 9.5 itk 1.8 278 2.9 160 230
Py 8.2 38 k.7 W1 5.9 265 235
Plo T.7T 628 8.2 18 5.4 210 230
Py, 11.h kOB 3.6 709 6.2
Py5 8.2 T 5,0 612 7.5
Flg 10.0 ko9 L 570 5.7
Py 109 b3k Lo ko k.o
Plg 11.8 L2 3.6 330 2.8
Flg 10.0 LT k. 559 5.6
Ppo 8.6 216 2.5 360 Lh.k
Pop .13.6 - - - -
Fo3 10,0 321 3.1 T2 7.1
Po, 5.5 298 5.4 2kl Lk -
Pog k.3 17 2.7 Lyk  10.0
Fog 3.0 1o b 300 10.0
Ppy 6.k 1k5 2.3 322 5.0
Prg  10.9 230 2.1 k2 4.3
Pog 5.5 290 5.3 k30 7.8 :
Pyp 3.4 etk 84 29T 8.7 50 1.5 2kt 7.3
Py 9.1 320 3.5 &2 6.6 120 1.3 W82 5.3
P2 3. 112 5.1 323 9.5 62 1.8 261 7.7
P3 L5 370 8.2 298 6.6 66 1.5 232 5.2
P3ﬁ 5.0 198 k.0 356 . T.1 88 1.8 268 5.4
Average 6.0 1.6 6.2

N A B




Jnd Ll e L - Ll Ll Ll

32

sheep ana ox and in the caecum plus the colon of the horse were greater
than the amount in the porcupine caecum. Hungate et al. (1959) found the
weight of the fermenting ingesta in several African ruminants ana elephants
to vary from 8 to‘17 percent of the animals' total weight.

It may also be noted from Table II that the large intestine of the
porcupine is about the same length as the small. The long length of the
large intestine suggests that it may be-‘an important organ for the
absorption of bacterial fermentation products formed in the caecum.

The percent dry weight of content in different organs or parts of an
organ are shown in Table IV. The 'data show that on an average, about 22
percent of the water present in the caecal content is absorbed from the
ingesta as it passes through the large intestine. - Since this leaves a
very'dry pellet, it appears that the animal conserves as much of the
fermentation products as ppssibleo L

The pH values of the caecal contehﬁ are shown in Table V. The small
differences between the pH values of the base and the apex of the caecum
indicate that the alkaline ingestd entering the caecum from the ileum are
rapidly mixed with the ingeéta already ﬁresento .

The rate of mixing in the porcupine caecum was also indicated by
placing BaSQy inlthe caecum of a cannulated animal and observing under a
fluoroscope its rate of'dispersion'o The BaS0y, was di;per;ed throughout
the caecum in about 20 minutes. The~miiing of the caecal content may be

- greater in a normal animal since the . cannula would restrict the movement

of the caecum. In a similar experiment BaSO4 added into the stomach of a

rabbit with a étomach cannula was intimately mixed throughout the caecun
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Table IV. Percent dry weight of thé,ingesta in different digestive organs.

Large Intestine

Animal Stomach Caecum LI4 LI, Li;
P1 12 14 19 18 35
P 16 12 11 16 27
Pq 6 14 .16 20 39
Pi, o 21 19 17 20 31
P5 18 19 17 22 40
Py 17 15 17 19 37
P10 16 16 S 16 21 38
Pyl 21 18 17 18 30
P15 20 20 21 26 46
P1g 25 18 18 20 40
P17 18 18 .16 27 L
P48 17 18 15 18 43
P19 14 18 19 22 33
Pog 7 15 - 17 20 35
Poo - 19 22 25 36
P23 12 10 12 16 35
Poy, 13 13 - 16 23
P25 26 13 16 21 . 29
Pog 18 8 9 15 28
P27 -6 15 17 23 32
Pog ‘5 12 14 18 28
P29 19 18 19 24 34
PBO 11 10 10 13 29
P31 12 15 15 18 32
P33 15 12 12 15 29
P, .23 11 13 16 7
Average 15 15 16 19 34

i

in less than a minute after entering from the small ihtestine.'

'

'The caecal content provides an adequately reducing environment for the

growth of the anaerobic caecal bacteria’as indicated by the low Eh'values/

(Table VI).

Fermentation Products

,The 1eVeIs of total volatile fatty.acids were determined on the:

ingesta of‘the-field animals. The concentrations of total volatile acids
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Table V. pH values of porcupine caecal content.

Location in Caecum

Homogenate

Animal Base Apex

P1 720 7.05 -
P, 7.00 6,80 -

P3 6.85 6,80 -
PLL 6.63 6.20 -

P5 6.70 6.16 -
P9 6.70 640 -
Plo . 6.05 5.70 -
Py 6.25 5475 -
P15 6050 6085 =
P16 . . 5495 6.00 -
P17 " 6,50 6,60 -
P18 7.00 6,80 -
P19 6.15 6.75 -
Pso 6.80 7.25 -
P25 - - 6.70
P27 - - 7.10
Psg - - 7.20
P29 - - 6450
P30 - - 6.70
P31 - - 6.10
P32 - - 2025
P33 005

Table Vi. Eh values of éaecal content.

—fnimal pH . _E
Py, ' 6.10 325
Pap 6.75 450
Pss 6.65 ks
P34 . C e min ~40

are recorded for 14 animals and the average values are plotted for each

organ (Figure 1). The data show that most of the volatile fatty acids

present in the ingesta of the porcupine are produced in the caecum. The
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levels of acids found in the stomach, caecum, and LI3 are similar to the
amounts found by’ Elsden et al. (1946) in the stomach, caecum and rectum of
the rabbit but a little lower than the levels which they observed in the
rat. Subtracting the averagg concentratlon of volatile acids in LIB from
the conceéntration in the caecum shows that about 54 percent of the acids
present in the caecum are ‘abgorbed from the ingesta as it passes through
the large-intestine. Since LIB comprises more than half of the large o
intestine, the 54 percent absorption may be a low figure. This couid only
be determined by examining freshly excreted fecal pellets. The data.show
that the volatile fattj acidstareiabsorbed preferentially to water.

The percentages‘cfnacetic, propionic and butyric acids in the total
acids in the caecum and large intestine are shown in Table VII° !The’
volatile acias in the caecal content con31st of approximately 73 percent
acetic, 12 percent propionic and 14 percent butyric and the acids in LI3
ingesta consist of approx1mately 68 percent acetiec, .15 percent propionic
and 16. percent butyric9 ‘The results indicate that acetic acid is- absorbed
at a faster relative rate than propionic and butyric; however, the '
differences are small and may not be significant.

The rate at Which the volatile fatty acids were produced in caecal
content~of'sixwporcnpines nere determined in vitro by the zero time~nethod
(Carroll and Hungate,.1954)v Samples were removed from the fermentation
vessel at one hour 1ntervals after the time of the animals death. The "
concentrations of the aclds were plotted against time, as shown for anlmal
P23 in Figure 2, and curves were drawn to fit the points. The derivative

of each curve was estumated at zero time by drawing a line tangent to the

curve.,
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Table VII. Percent®of individual volatile fatty acids in the caecum and
large intestine, '

Animals

Organ Acid Poo P23 P24 P25 P26 P27 Average
Caecum agetic 73.4 ?4;4 65.7 72,8 80.4 71.1 73.0
propionic 1561 9.1 16.9 10.8 8.5 11.6.. 12,0
bu’ty’.ti‘ic 1105 1605 17-“’ 16e2+ 1‘102 1703 130“’
LI, acetic 73e7 - 7265 7045 81.6 7406
propionic 12.2 11.1 133 9.0 1.4
butyric 1401 «- '1604 1601 903 1“4’0;0
LI, acetic 68.2 . 75.0 71.3 71.5
: propionic 16.4  11.4 13.1 13.6
butyric 1504 1306 1504 1“4%8
LI, acetic 67.2  75.6 61.6 68.1
propionic 15.3 11.1 19.9 15.4
b‘ll'tyric 1?05 13.3 1805 1604

grpercentagés are calculatéd on the équivalents of acid found

The rates at which the individual golatile fatty écids afe‘pfoduced
in the cascum and the concentrations of the acids in the ingesta of the
caecﬁm, LIy and LI3 at the time of death of these six animals are shown in
Table VIII. The rate at which acetic .acid was produced depended upon the
length of time between the eapture of the animal and the experiment.
Experiments were run on animals Pég and .Pog 12 hours after capture, as
shown in Table 1; however, the rates.at.which propionic and butyric acids
were produced were affected littie; if at all, by the time lag. The
concentrations of the volatile acids.in” the caecal ingesta, but not in
‘LIB contents, were affected ?y the:raté of acid production. The rates of

absorption from the caeca were not-as rapid as the rates of production,

but in the large intestine the rates of production were decreased and the
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Figure 2. Fermentation rates in the porcupine caecum, P23.



Table VIITI. Individual volatile acids in.porcupine, ingesta.

Production Rate

Per Hour C ' Concentration at Time of Déath
_In Caecum .__Caecun ‘ LIy . o .. LIg
Propionic - Proviunie Propicnic . Propionic
Animal Acetic Butyric. Acetic 7 Butyric . Acetic Butyric = Acetic Butyric
P, 0,075* 0,015 0.015 " 0.360 -0.075 _0—0055, 0.310 0.051 O-,OS9 0.155 0,035 0,040

P23‘ 0,100 0,015 0.016 - 0.475 0.055 0.101 0.375 ©0.057 0.085 0.085 0.013 0,015

Pp ~ 0.210 0.015 0.015 0,375 0.110 0.110 - - - 0.156 0.050 0.0kT
By 0.030 0.020-0.010 0,320 0,045 0.070 - - - - - .
Pog ~ 0.225 0.010 0,025 . 1.0h 0.101 0.10k  0.720 0.080 0.083 - - -
Ppy  0.045 0,020 0.005 0.270° 0.0k 0.065 - - - - - - -

Average 0.11 0,016 0.014

w recorded as meg per gram dry weight of ,inge'sta‘

6€

T b1




270

volatile fatlty acids were absorbed to consistently low levels. The ratios
of the volatile fatiy acids appeared to remain relatively constant during
the in vitro-zero time fermentation rate studies (Table IX) indicating that
the volatile acids had been absorbed from the caecum in approximately the
same ratios as they were produced.

Table IX. Percent of caecal volatile fatty acids during in vitro
fermentation rate studies. -

Incubation Animal

Time Acid P22 ‘P23 qu P25 P26 P27
£1/2 hr acetic 734  ThA 65,7 72,8  80.4 . 71.1
propionic 15.1 9.1 16,9 10.8 8.5 1.6
butyTiC 1105 1605 1704 1604 11.2 1703
1 hr acetic 73.7 74::8 ?1 3 70.0 80.0 71 ob
propionic 15.4 8.6 13.3 13.6 8.5 12.9
butyric 10,9 .- 16.6 15.4 16.4 1.1 1545
2 hr acetic ?304 : 7201 ’ 71 o}"’ 7000 7906 ?2°2l
~ propionic 1“’05 “11.2 1“’05 1207 ) 805 12.8
butyric 1261 16.7 1441 17.3 11.7 14,9
3 hr scetic 70s7 69,0 68,0  69.8  75.0 7241
propionic 15.7 12.6 16.9 134 115 1303
butyric 13.6 18.4 15.2 16.8 13.7 4.6

4 hr acetic 70,6 70,9 713 77.0

propionic 15.4 10.5 12.7 8.4

18.6 16.0 14.2

butyric 14.0

To compare the rate of absorption from the caecum with the rate from
the rumen the concentrations ef volatil% fatty acids were determined in the
arterial and the venous blood of the caécum of 13 porcupines. The acid
concentrations and the différéneeé in céncentration between the venous and

arterial bleood (V-A) are showm in Table X. The average of the (V-A) values
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Table X. Volatile fatty acids in arterial and venous blood from the
porcupine caecum. .

Meg per-~liter .. -

Animal . Arterial Venous (V=-4)
P1 . 2,02 4,27 2025
P, 377 _ 4,08 0031
P3 2.83 : ‘ 5006 2,23
P4 3.62 7.83 4o21
P5 ’ 5084 60“’1 ' '0057
P9 4038 6056 201‘8
P10 5017 e o 11038 6021
P14 Lob5 _ 5.97 1.52
P16 4612 2018 ""1 091'!'
Pin 1059 | S 371 2.12
P18 ! 5906 7063 2057
P19 5.25 6.7 1.49
Pod 3.92 6.37 2,45
Average 4.00 6.01 2001

from the‘ﬁorcupines was about 20 percent lower than the maximum differences
between the portal and carotid blood (P~C) of sheep (Schambye and Phillip-
son, 1949; and Schamﬁye, 1951). The maximum (V-A) values obtained from

the porcupines, however, were greater than -the maximum (P-C) values
determined from sheep. The data show that ther; is active absorption of
volatile fatty acids from the caecum and the quantity per volume of blood
may be at least as great as that found in the rumen fermentation.

The amounts of lactic acid found ir the ingesta of 16 field animals
are shown in Table XI. In generaiithe stemach content contained the
greatest amounts, but even they were low. The average milliequivalent
amounts of 1actic acid were about ﬁélf ﬁhe average of the volatile fatty
acids in the stomach content, and.in thg caecal content about one twenty-

fifth. The generally lower concentrations of lactic acid in the caecal
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Table XI, Lactic acid in porcupine ingesta.

Large Intestine

Animal Stomach Caecun LI1 LI2 LI3
P, 0.016™ 0,042 0,034 0.026 0,023
Py 0.046 0.027  0.058 0,038 0,029
Py 0,101 " 0,019 ! 0.040 0.050 0.022

PR 0,022 0.015 0,028 0,024 0.031
Ps 0.052 0,021 0,043 0.026 0,023
Py 0,082 0,010 0,032 . 0,054 0.025
P10 0.012 0,002 . 0,030 0,055 0.002
Piy 0,060 0,009 0,017 0,021 0,007
P15 0.031 0,006 0,018 0,019 0.006
P2 0,017 0,006 . 0,020 0,020 0.010
Pio 0,075 0,012 0.017 0.017 0.012
P4g 0.147 0,006 0,013 0.018 0,008
Pyg 0,017 0.006 0.021 - 0.021 0.017
Pry 0.048 0,010 0,025 0.036 -
Poo - - 0,008 0,005 0.004 0.005
Pos 0,020 0,003 0:014 0.012 0.006
Average 0.050 0,013 05026 0,028 0,015

®Meq per gram dry weight

content could reflect ingestion and absorption of lactic acid with little
in vivo production, or ingestion plus in vivo production of lactic acid
coupled with a rapid conversion of: it to other compounds. The often
higher concentrations of lactic acid in the large intestine indicate that
lactic acid is produced more rapidly than it is%converted to other
compounds, or, if lactic acid is rot converted to other compounds,
production is greaﬁer than absorption.. ‘There is no evidence that lactic
acid absorption is a significant source of energy to the animal. This was
confirmed in two experiments in wﬁich 46id was determined during in vitro
incubation,(Tablg XIi). The data iﬁdiéa%e that if lactie acid is produced,

it is converted to other éompounds as fast as it is formed.
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Table XII. Lactic acid in caecal content during in vitro incubation.

Incubation, Time

- Animal <1/z b 1hr 2 nr__ 3 hr T hr
* . .

Py 0.008 0.007 - 0.005 0.004 0.005

| Py 0.003 0.003 ~ 0.003 10.002 0.002

*Hmeq per gram dry weight

Thé amount of succinic acid was determined on the stomach content of
~one animal and on the caecal content éf two. The stomach content of‘P26
contained 0.0054 meq of succinic acid per gram dry weight of ingesta. The
~ caecal ingesté of P25 and P26 containedi0.0036 and 0,0032 meq per gram dry
weight respectively. During in vitro incubation of caecal ingesta from
animal Pp¢, the concentration of Succinic dropped from 0.0032 to 0.0021
meq per gram dry Weight in one hour; however, after 4 hours incubation the
suceinie acid had risen to 0.0095 meq pér gram dry weight of ingesta. This
preliminary investigation indicates that the concentration of suceinic acid
is very low in fﬁe ingesta. The amounts of acid found with in vitro
incubation of caecal Qpntent is not indicative as to whether it is convert-
ed to other compounds or absorbed during in vivo conditions. Rumen
studies have shown that succinic acid produced by the bacteria is copverted
to:propionic acid. This also may ‘be the situation in the caecum.
Fermentation gases, produced;duriné the in vitro fermentation of
caecal confent, were collected from 3 field animgls, Carbon dioxide and
methane were the only fermentatioh.gaséé detected by gas-solid chroma-
tography. Methane was found in tﬁé'gasés from P35 oﬁly in trace amounts;

however, in animsls P36 and P37 the COzacﬂa ratios were 2.2:1 and 1.5:1
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respectively. The porcupines used in the experiments were in céptivity
approximately 24 hours prior to the experiment and, as a result, the rate
of fermentation was probably low. - The substrates for methanogenesis were

not determined.

C. In Vitro Reactions Q£ Caecal Content

The importance of lactic and suceinic acids as intermediates in the
metabolism of the caecal microflora waSHdetermined by incubating them in
vitro with caecal content.

The rates ét which lactic acid is éonverted were détermined in the
caecal ingesta from 2 laboratory and 4 field animals. The amounts of
acid remaining after intervals of in vitro incubétion are shown in
Table XIIT. The data indicate that thefe is dissimilation but do not.

allow one to estimate the rafe when limited-by the concentration of

substrate.

Table XIIT. Léctic acid dissimilation in caecal content.

Incubation Time ‘
Animal 0 1/2 hr 1 _hr 1 1/2 hr

2/8
10/15

P 1
p30 1
1
1

[
L]

L]

31
£33
3

i mg lactic acid per ml reaction mixture

OO OoONVOoON
N ONONE

[

1
1
q
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The dissimilation rates for succinic acid were determined in the
caecal content of 2 field animals. The results are shown in Table XIV.
The data indicate that there is some dissimilation; however, the results
are not consistent and it may be that there is not an active succinate-

fermenting flora in the caecum.

1

Table XIV. Succinic acid dissimilation by porcupine caecal content.

Incubatlon Time

Animal o 12 br T hr TN
4 * '
P30 0079 00?9 0068 ‘00?1
Pgq 1.10 0.75 | 0.85 0.78

g . L] 3 3 - - 3 -‘
mg succinic acid per ml of reaction mixture
| ,

Ds " Nitrogen and Carbon Sources for Caecal Bacteria

A preliminary study was conducted to determine what nitrogen and
carbon sources are available for bacteria growing in the caecum.
Unfortunately this was done after most of the culture work was completed
and the knowledge gained could not be applied to this investigatien.

The caecal content has a higﬁrureaee activity asvevidenced by
Figure 3; however, the blood urea nitregen does not decrease when the
blood passes through the capillary bed of the caecum,(Table XV). The
appareﬁt increase of urea nitrogen in the venous blood of the caecum
indicates that urea is being absoreed'from the caecum, a phenomenon which
cannot be explained with the present datao |

Materlal from the caecum and the dlstal end of the small intestine

was analyzed for ammonia. The average level of ammonia nitrogen in the
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Figure 3. Urease activity in caecal content.
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Table XV. Blood urea nitrogen.

‘ Animal Arterjal Venous
Py 11.7% 12.5
P4 7.6 8.0
P5 5.1 10.9
P9 10.5 10.8
Plo 2.9 3.0
Pyy 5.8 7.3
P16 '=~303:~— 206
P17 608 708
P4g 13.8 14,2
P19 8.5 8.2
on 7°9 9‘°8

*'mg per 100 ml blood

Table XVI. Ammoﬁia nitrogen in caecal content.

Animal

P
Pg?,’
PBZ
P33
- P
P2
P3§
3
P37

Average

‘the gmount of ammonia nitrogen added to culture media used in growing the

caecal bacteria and many of the predominant rumen bacteria.

Ammonia Nitrogen

caecal content of 8 porcupines (Table XVI) was as great as or greater than

0,092%
0,004
0022‘
0.15
0.16 |
0.072
0.17
0,25

0.14

?'mg NH3 nitrogen per gram content,. wet ﬁeight.

Ammonia concentrations in the ingesta of the distal end of the small
intestine and caecum were compared to determine whether it was formed

prior to or after the ingesta entered the caecum. The ingesta of the
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small intestine of P35 contained 0.083 mg ammonia nitrogen per gram wet
welght and the caecal ingesta 0.072 mg. Animal P36 contained 0.10 and
0.17 ﬁg ammonia nitrogen per gram wet weight ingesté in the small intestine
and caecum respectively. The results show that there is free ammonia in
the small intestinal ingesta but demonstration of the production of it'in
the caecal ingesta was inconclusive.

An estimation of the importance that free amino acids may have in
the nutrition of the caecal bacteria was made by analyzing the supernatant
samples of the ingesta from the distal end of the small intestine and the
caccum of animals P35 and P36° Using two dimensiomal thin layer chroma-
tography amino acid spots were detected ‘which appeared to be tyrosine,
valine, lysine, phenylalanine, alanine,fserine,'glycine, and asparagine
when compared with known amino aciqs;' fhe amounts of the amino acids in
the small intestinal and caecal inéesta were not determined quantitatively;
however, the spots obtained fromv5 ;Li'df sample (equivalent to a 10 fold
concentration of the amounts found‘in-the ingesta) were lighter than those
obtained from 5 s 1 amounts of 16 s M/ul standards. It ié probable that
amino acids do not exist in the iﬁéesta in.substrate amounts, but they may
be important as bacterial growth-factoféo

Soluble sugars and sugar acids were qualitatively sought in the
supernatant fraction of the small intesfinél and caecal content. No
sugars or sugar acids were detectéd when 20 g2 1 amounts of samples,
concentrated 10 fold, were placedidn“tﬁerchromatograms. Well defined
spots were obtained when 50 M-8 amounts ‘of the sugar standards were plaéed

on the paper chromatograms. Sugars detected following the acid hydrolysis
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of the particulate fraction of the small intestinal content included

arabinose, xylose, glucose and galactose,
E., Caecal Bacteria

Microscopic counts of the bacteria <in the porcupine caecal content
show that it supports large populations-of bacteria,(Table XVII). The
purposes of the culturing experiments were to: (1) detenmine fluctuations
in the total numbers of viable bacteria between animals and in the same
animal; (2) identify some of the predominant groups of bacteria present
in the bacterial populations of the caecum; and (3) determine changes in
the composition of pred&minant groups of caecal bacteria with respect to

time of day and animal.

Table XVII. Total microscopic. counts of porcupine caecal contents.

Animal . Bacteria pgr gram
: X 10
P1 130
P2 - : 100
Pa‘ ) 169
P4 . - . 134
P5 ' 158
P9 R : 120
Plo - h 299
P14 142
P15 ’ 172
P17 - - 127
P18 ) : 217
54 - 71

Roll tube media containing porcupine caecal fluid, bovine rumen fluid

or elk rumen fluid as enrichment sources (Bryant and Robinson, 1961b) and
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a semi-synthetic medium (Bryant and Robinson, 1961a) were compared for
their ability te grow caecal bacteria. -The total numbers of culturable
bacteria per gram of fresh caecal content, obtained in two experiments
(Table XVIII), show-‘that the caecal and rumen enrichments are of about
"eqhal quality for growing the caecal bacteria, but that the semi-synthetic
medium does not appear to grow as many of the bacteria. On the basis of
these experiments, and because it was the most readily available, bovine
rumen fluid was used in the media for most of the culture studies.

Table XViII° Total numbers of culturable bacteria comparing media and
media enrichments. ‘

Experiment 1 Experiment 2
Enrichment Bacteria per Gram’ Bacteria per Grggf
Porcupine : 10
caecal fluid 6.1 x 107 1.5 x 10
Bovine ' A 10
rumen fluid 7.4 x 107 1.4 x 10
Elk oo -'9 . o
rumen fluid 6.4 x 10 0.96 x 101
Synthetic 9 10
medium 1.4 x 10 0.74 x 10
. .

average of 5 roll tubes

The effects of different concentra£ions of a medium enrichment were
determined for porcupine caeecal fluid.- Media were prepared containing
10, 20, 30 and 40 peréént caecal.fluid and inoculated with diluted caecal
coﬁ.tent° The results,(Table XIX) show that there was little difference in
the numbers of bacteria grown at the different levels of eaecal fluid,

although the 10 percent level was found to be slightly inferior to the
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Table XIX. Bffect of culture media containing different concentrations
of porcupine caecal fluid -enrichment on the numbers of
culturable bacteria.

Percent Caecal BacteriajPer

Fluid Gram Contents
10 - 1.1 x 107
' 20 S 15 % 109
30 S 1.4 x 109
40 S 1olt x 107

others. A microscopic count of the inoculum showéd it to contain 11 x 107
bacteria per gram. The viable bacteria count of 1.4 x 107 bacteria per
gram indicates that about 13 peréent of the bacteria present in the caecum
grew.

Diurnal changes in the numbers of bacteria in the caecal ingesta and
in the rate of caecal fermentation would influence the nutritional
importance of the caecum. An experiment was designed to measure‘fluctu-
ations in the number of culturable bacteria, the moisture content of the
ingesta and the pH of the caecal ﬁateriél at approximately 4-~hour intervals
during a 24-hour period. A cannulated laboeratory animal, having free
access to feed and water. at all tihes, was used in the experiment. The
moisture content of the ingesta was relatively constant during the experi-
ment, (Table XX) indicating that there wére ne large additions of only
liquids or solids to. the caecum, There Were no abrupt changeS'in the
caecal fermentation rate as indicated by the gradual pH changes. The

numbers of culturable bacteria fluctuated by a factor of 2 or 3 and did not
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correlate with the pH or the moisture content of the ingesta. It should

be mentioned that removing samples from the caecum every 4 hours resulted
in a very frightened porcupine. This may have affected its food consump-
tion or caused other effects during the course of the experiment.

Table XX. Changes in the viable bacteria count, moisture content and pH

of the caecal material in a cannulated porcupine with respect
to time of day.

Bacteria¥ Percent
Time Per Gram _ Moisture pH
1:30 AM " 7.8 x 107 - 85,4 -
6:00 AM 3.6 x 107 83.6 6.49
10500 AM 11 x 10 840 6.2
2:00 PM . 13 x 107 , 86.7 . 6465
7300 P b6 x 109 89.6 6.61
10:00 PM 11 x 109 8l.6 6,72

¥ average counts using 10 roll Tubes for each

Therefore another experiment which involved removing only one sample
from the animal per day and designed for measuring fluctuations in the
bacterial populations of the caecal content was performed. Samples of
: ingesta were collected at different times of day, en different days, and

the order of sample collection was randoﬁi?ed, The results show only
about a 30 percent fluctuation in the numbers of culturable bacteria,'
(Table XXI). The two 8:00 A.M. samples, taken on different days, show a
23 percent variation in the number-.of culturable bacteria. The results
indiecate no diﬁrnal patterns in the numbers of anaeroﬁic bacteria in the’

caecun, at leést under laboratory conditions.
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Table XXI. Viable bacteria counts at different times of day.

, Bacteria*
Time ' Per Gram
4300 AM o 1.9 x 1010
8:00 AM | 1.7 x 101°
S 10™
2.2 x 10
12300 PM B 1.5 x 1019
. KK
1.6 x 1019
4300 PM - 1.9 x 1019
8:00 PM 2.1 x 1010
10:00 PM ' 1.7 x 1010
12:00 AM 1.9 x 1010

¥ oounts obtained from avérage of 5 roll tubes

duplicate experiments run on different days
Total viable bacteria qounts were made on the ingesta of 5 field
porcupines. The results show that the total number of culturable bacteria
per gram of caecal content are about the same in the field as in the

laboratory animals (Table XXII).

Table XXII. Viable bacteria counts on caecal content from field animals.

_ Bacteria™
Animal L ) ' Per Gram .
P.. - 8.2 x 107
Pg? 1.4 x 1018
Pap " 1.3 x 10
P35 7.8 x 109O
P3 1.2 x 101

¥ counts obtained from average of 10 roll tubes
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The kinds of bacteria found in the porcupine caecum and an estimation
of their relative numbers were determined by examining cultures derived
from 600 colonies picked from cultures made on 10 different caecal samples.
Isolated colonies from the 0.5 and 1.0 x 10‘8 dilution roll tubes were
picked into slants of the same medium. Each slant culture was designated
a strain and given a strain code number. The slant cultures were used to
inoculate the 12 differential media used to determine physiological
characteristics. The source of the inoculum and the time and date on
which it was collected is listed for each groub of bacterial strains
isolated from laboratory and field animals (Table XXIII).

Table XXIIT. Source of inoeulum, time and date of 1noculat10n and the
’ bacterial strains isolated.

Sample o Inoculum )

Code Animal Date ___Time . __Strains Isolated
A laboratory 2/12/63 - , - Pygpq through Pigeq
B laboratory 2/25/63 - Pygsp through Pyqgy
c laboratory 6/ 8/63 12:00 PM . Pyppo through Pyoo
D laboratory 6/11/63 .. . 8:00 PM P4272 through P4341
E ‘laboratory 6/13/63  ,- L:00 AM Py3yp through P4421
F field Pg, 10/15/63 - P5001 through Pspos
G field P31 10/16/63 - Pgooq through Ps050
H field Pgy 10/16/63 - Pogo1 through Poosq
I field Pag 10/29/63 - P3001 ‘through Pg050
J field Py 10/29/63 - Pgggq through P

9050 -
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Inocula from many of the colonies did not érow when picked into the
slant tubes and some cultures'wgre contaminated as shown by microscopic
examination. As a result a total of 328 strgins (217 from the laboratory
animals and 111 from the field porcupines) were used in the étﬁdy. The
bacteria were grouped on the bésis of céil shape and size,'motility, gram
" reaction and physiological: characteristics. The physioloegical character-
istics were at times difficult to determine. The results obtained in the
xylan, pH glucose and gelatin media weré valid as far as positive reactions;
however, thére mayhhave been false negative reactions. The utilization
of xylose, cellobiose and starch was recorded as positive if there was
growth in the carbohydrate containing medium and not in the fermentation
blank ﬁedium. Acid production was determined by adding a drop of brom
thymol blue indicator at the end of a 1aweek'incubation period. The tubes
sﬁowing growth gave only a weak reaction if'any at all, Cellulose
digestion was measured on a 4+ visual scale, 4+ being complete utilization
with 14 resulting only in discoloring and élumping of the ecellulese
' suspension. A survey of the numbers of bacterial straims found in the
ma jor morphological and physiological groups is'given in Table XXIV. A
- considerably higher percentage of cocci was isolated from the field than
from the laboratory animals, and the percentage of straight and curved rods
was lower in the field animals. The cellulose-digesting strains were
rated only 1+ and 2+, and because of this there may have been a cqnsider-
able number of strains recorded falsely'as being pbsitivee The numbgr of
cellulose-~utilizing bacteria was bérticularly low in the field animals

which indicates that cellulose digestion may not be of major importance
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Table XXIV. Morphology and physiblogical characteristics of caecal
bacteria isolated from laboratory and field animals.

Morphology or , Laboratory Animals Field Animals
Characteristic , Number _ Percent™ Number __ Percent
cocel 58 27 i 40
curved rods 75 N 35 32
straight rods 84 39 32 29

cellulose digesters i+ 36 . 2
2+ 14 5
Total 50 23 7 6.3
xylan digesters. 10 5 13 | 12
starch utilizers 15 6.9 11 10
gelatin liquefiers L1 19 . 6 5.4
gas producing ' 50 23 L 3.6

ﬁié total of 217 laboratory animal strains and 111 field animal strains

in the caecum or that the medium was capable of growing only a small

number of the predominant cellulose digesting bacteria. Xylan utilizing
bacteria constituted 5 and 12 pgfcent.of the strains isolated from the
laboratory and field animals, respectively. The percentages of starch
utilizing strains in the léboratory and field animals were 6.9 and 10
percent, respectively. These two observations may indicate that starch and
xylan are of more importance to the wild than to the laboratory animals.
The high percentage of gelatin-liquefying strains isolated from the
laboratory animals may have been due to the leakage of body fluids into
tﬁe_caecum around the cannula since this zone was filled with fibrin and

leucocytes, This possibility is Eupported by the fact that 21 of the
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gelatin-hydrolyzing strains were in.the,P4001 to Pyps6 series obtained froﬁ
a single caecal sample° fhe same-21 strains account for about half of the
gas-producing cultures isolated from the laborétory animals. The low
number of gas-producing strains isolated from the field animals indicate
that the normal caecal flora of the porgupine may p;oduce little fermen-
taﬁion gaso. |

' Placing the isolated cultures into groups was difficult because of
their extreme heterogeneity. The 328 strains used in the sﬁudy were
separated into 43 groups, many of which were quite heterogeneous. Part
of the heterogeneity may ha%e been due ﬁo the generally poor growth'on.all
of the differential media, ﬁhich nay have resulted in many false negative |
results. The groups were formed on the basis of cell shape and si;e and
on the basis of the physiological reactions. A

The cocel were placed into 11 groups (Table XXV). The diameters of
the cells were recorded as small 0+2-0.3.cc, medium 0.4-0.6 4« and large
50,6 < o '

The straight rod-shaped bacteria Weré the most heterogeneous, being
separated into 24 groups (Table XXVI). ‘The width of the cells were
recorded as narrOW'<Q,§Ax,, medium 005-0,8/4¢ or wide ;»O.@Az,. The
lengths were recorded as short < %/z., medium 4-6 .. and long ;>§/a¢.‘

The curved rod-shaped bacteria were placed into 9 groups (Table XXVII).
The size relations were the same as thoée used for the straight rod-shaped .
bacteria.

The cultures in each group were generally isolated from several

caecal samples (Tables XXVIITI, XXIX andEXXX). Occasionally, however, the
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strains in a group were isolated predqminantiy from a single sampie of
pcaecal content, for example, groups 3 and 7 of the cocci and'group 3 from
the curved rods. Such results probably reflect an undefined abnormal
situation in the animal.

The groups of caecal bacteria were difficult to identify with the
predominant groups of rumen bacteria. (Bryant, 1959, 1963). Group 2 of

the cocci appeared to be similar to Peptostreptococcus elsdenii. The

majority of the straight rod-shaped bacteria were morphologically similar
to Bacteroides sp., but could not be physiologically identified with
described species found in the rumen. Group 3 of the curved rods was

similar to Butyrivibrio fibrisolvens.




Table XXV. Groups of the coceci.

Group No. ) pH Glucose No No
Code Strains Morphology M GR G PH Gas X C S X' C' R COpo HoS OR Gel
1 5 Large, 8 and pr ‘ - + T 59-6.2° = =~ = ~ - - T & _ 5 .
2 5 Large, pr - 546,33 b+ - - - - - o . o g .
3 L8 Average, pr and ch - = T 6,06k - - - - - F - -« - a =
b 11 Average, s pr and ch - T 37 6.6 = = e = e = - ¥ - g
5 6 Average, pr and ch - Y @ 4060 - - % % _ 3 i..f - fa -
5 s _Awérage, $ to ch . - - T k.3-5.0 3% oo - 4 .- s .
T il Small, mostly s, pr and ch "~ - T b,9-5.2 « « « =« - - 4+ 4+ - g -
8 6 Small, s pr and ch ‘ - F - - - = F = = = - - = a =
9 1 Small, s pr and ch - + T Lo - = + 4+ = 4+ + 4+ - fa
10 1 = Very small, pr and ch - - T L6 L T T -
11 1 - Very small, s pr and gr - - T 6.k - 4 = = - = o+ + = g %
s, pr, ch, gr = singieé, pairs, chains,'groups X, C" kyién, celiulose
M, GR = motility, gram reaction No R = medium containing no rumen fluid
G pH = type of growth, final pH of glucese medium No C0p = medium. containing no COp
) gas gas production from glucose (scale to h+) - HpS = hydrogen sulfide
X, C, S = xylose, cellobiose, starch ) OR = oxygen relationships
Gel = gelatin hydrolysis +, = = positive reaction or growth, negative
=,"$ = more positive, more negative reaction or ne growth

a, fa = anaerobic, facultatively anaercbic

69
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Table XXVI. Groups of straight rods.

Group No. © ' pH Glucose : No No

Code. _Strains_ Mqrpholq@r- M GR .G pH Gas -X’ C , X' 'G* R COn HoS OR .Gel
1 26  *Coccoid to. iong, wide, s -3 T L.7-5.2 -T? + + T IO+ o+ a +
2 1 Cocceid to iong, wide; ch + o+ - - - - - - -+ 4 a -
3 1 Short to lomg; wide, s pr c¢h - - T 6.2 - - * - -a~ + a -
L 2  Short to medium, wide, s ch - - T 556 - - - - - - . a -
5 2 Short to medium, wide, s, oval =~ - T 5,8-6.3 - - b3 - - 4+ o+ a. -

or elliptical shaped ' '
6 8  Short to medium, wide, s ch - = . - = - 3 F - - - %3 a 3
T 4 Medium to long, wide, s ch - - - = . - .- - e = a a -
8 23  Short to meci:pnn, medivm, s ch .o - ¥ 3 - - + % a -
9 11 Short- to medium, medium, s = = = - - = - ¥ a -
' pr ch

10 2 Short, medium, s + - T 5,3 W oo 4 a - ¥
11 ° 1 Coccoid teo short, medium, s - T L.k - - - - =+ o+ a -
12 2° éhor_‘g to medium, medium, s oo . - - - - . f a -
13 1 Short to medium, medium, ch -t - - - - - oo oo a -
1k 2 .Coccoid o shq‘r.t," mediﬁme - - T 6.4 - w4 : - - - a +
o s pr ch ' o ‘

15 1 - - F 5.3 -+ -+ - - a -

Medium, medium, ch

09
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Teble XXVI. Cont.

Group No.

‘T Glucose No No

Code Strains Morphology - M GR G p . G X C AS ‘X' Qf R €O, HpS OR Gel
16 3 Medium, medium, s So- w5357 - - T L2 S-S
17 4 Medium, medium, s -+ T3.8L0 - - - - - - - o . gL
18 1 ‘Medium; medium, s + - T5.k - -+ - = - - = - a -
19 b Long, medium, s I - . - a -
20 5 Long, meédium, s ch - = T 6.0-6.6 - CO S +. a +
21 5  Iong, medium, s e - S
22 2 iong; medium, s - 4+ T_6y0-6,4 - # ol R S oy a -
23 5  Long, medium, ch ... e

s, pr, ch = singles, pairs, éhains‘
M, GR = motility, gram reaction

G, pH
T, F = turbid growth, flecculent growth

gas = gas production from glucese (scale to U+)

X, G, S = xylose, cellobiose, starch
X' C’ xylan, cellulose

Gel = gelatin hydrolysis

No R = medium containing no rumen fluid
No COp = medium containing no €Op

HES = hydrogen sulflde\productlon

OR = oxygen relationships

iengﬁh and width (e g. group 1 = coccoid

- to long length and wide width, and group

type of growth, final pH of glucose medium

O HEH 1 f

15 = medium length and medium w1dth)
positive reaction or growth
negative reaction or no growth
more positive than negative

more negative than positive
anaerobic

9
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Table XXVII. Groups of curved rods.

X', C' xylan, cellulose

Gel gelatin hydrolysis

No R = medium containing no rumen fluid
No CO, = medium containing no COp
HoS = hydrogen sulfide- productlon

OR = oxygen relationships

4

anaercbic

Group No,. pH Glucose No No
. Code - Stralns Morphology M GR G . pH - Gas X C S8 X' C' R CO, H~S OR Gel
1 7  Smell, s ' - - . e L
2 20 ¥Medium, medium, s, few ch ¥ - T 6.2-6.6 - F ¥ - I - L I _ 4
i R ' + +
3 ‘25  Medium, medium, s, few pr + -~ T %4.9-5.3 W « = - - - + + . g
L 11 Medium, medium, s + - T 5662 - F P o3I of, oo g
5 2  long, medium, s pr I - m 5355 - - + T o Foa 0
6 3 Medium, medium, s - .. - F F F - - 4+ 4+ - g
7 © 13 Medium to long, medium, ch + - - = - F 5% .. T o a
8 22  Medium to long, medium, ¥ o- e - = = = = = - - - - g
s ch
9 7  long, medium, s ch T. om k552 - - IR o4 - 4+ - g
5, pr, ch = singles, pairs, chains * = length and width
M, GR = motility, gram reaction ° + = positive reaction or growth
" G, pH = type .of growth, flnal o'z} of glucose medium - = negative reaction or growth
T = turbid growth f = more positive than negative
gas = gas production from glucose (scale to h+) + = more negative than positive
X, C, 8 = xylose, cellobiose, starch ’ a=

29
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Table XXVIII. Distribution of strains in the groups of coccl among,thé
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isolation series.

Group No.

Code  Strains A B. ¢ D B ] H J -
1 5 1 1
2 5 2 1 -
3 48 8 2 1 2 2
4 11 1 5 2
5 6 3 1 1
6 4 1 1 1 1
7 14 12
8 6 2
9 1 1

10 (| 1
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Table XXIX., Distribution of strains in thevgroups of straight rods among
the isolation series. '

Group No. ) (

Code Strains -~ A B C__ D E F g H I - J
1 26 B 8 4 3 2 1 1 2 1
2 1 - 1
3 1 1
4 2 2
5 2 1 1
6 8 6 1 1
7 b i T T

23 2 7 3 15 113
9 11 1 2 3 2 1 1 1

10 2 1 1
11 1 1
12 2 1 1
13 1 : 1
14 2 1 1
15 1 1
16 3 1 1 1
17 4 3 1
18 1 .' 1

19

21
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Table XXIX. Cont.

Group No. 7
Code Strains A B c_..D E F G H I d

22 2 1 1

23 5 3 (R
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Table XXX, Distribution of strains in the groups of curved rods among
: the iselation series.

Group No,
Code  Strains A B C_ D _ EB__F G H I J
1 7 | | 6 1
2 20 ' 3 2 - 2 4 5. 1 2 1
3. 25. 21 1 - 3
I 11 1 .- . 5 1 2 2
5 2 2
6 3 1 2
7 13 T3 b 1 4
8, 22 2 9. 2 5 1 ‘ 1 2
9 ? o1 3 ’
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DISCUSSION

Although the enatomy of the digestive tract is variable in different
herbivorous animals, the princ@palufermentation products produced by the
ruminal, eaeeal and colonal fermentations are similar in kiﬁds and ratiqs
(E&sden eé‘eie, 1946°‘and Hungate et al., 1959), The nutritional importance
of the rumen fermentatlon has been established for the bovine (Carroll and
thgate, 1954 Hungate et al., 1961; and Stewart, 1958) and the deer
(Short, 1963) One of the primary objectives of this investigation was to
detenmlne the contrlbutlon of the caecal fermentation to the nutrltlon of

£,

the porcuplneo It was found that ‘the volatile fatty acids in the caecal
1ngee£a';on51sted.of 73 percent acetic, 12 percent propionic and 13 percent
butyric, These ratios are similar to those found in the bovine rumen when
the animal is on a hiéh.roqghage diet; This is not surprising when one?
coﬁsiders that the substrates available to the caecal bacteria have been:
predigested.by the animai,‘leaving only the equivalent of roughage. Th#s
most of the readily digestible carbohydrates and proteins have been
removed from the food'prior to fermentation by the caecal flora. Rumen
studies have shown bthat high levels of proteins in the feed increase the
butyric acid ratio to those of propionic and aecetic, whereas high levels
of readily fermentable carbohydrates increase the concentrations of
propionic acid (Balch and Rowland; 1957; and Eusebio et al., 1959). The
generally low levels of propionic-and butyric acids in the caecal ingesta
indicate that the amounts ofﬂprotein and carbohydrates readily fermentaﬁle
in the caecum are low. The removal of free sugars and sugar acids from
the ingesta prior to their entering the caecum has beeh substantiated in

the present investigation by the use of paper chromatography. Soluble
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sugars and sugar acids were not detectéble in the ingesta from tﬁe caecum
and from the distal end of the small intestine.

The rates of fermentation were determined in-:the caecal éontent.ffom
6 field animals. The data show that keeping an animal without feed for
12 hours before-experimentation results-in a lower fermentation rate.

This means that if a maximum fermentation rate is to be maintained in the
caecum, the porcupine will have to -eat - at less than 12 hour intervals.
Porcupines, being nocturnal, probably -edt during much of the night; this
could not be determined because few animals were caught later than .
10:00 P.M. It would have been ipteresting to‘have measured tﬁe fermenta-
tion rates in the caecal ingesta df'éﬁiﬁals.caught during the day, but
the difficulty of finding animals“during daylight made it infeasible.

The average productioﬁ rates of the volatile fatty acids in the caecal
ingesta of the six animals were acetic 0.110, propionic 0.016 and butyric
0.014 meq per gram dry weight of ingesta per hour (Table VIII). It may be
argued fhat the rates are high because ‘the experrmenfs on 4 of the.animals
were run within an hour er two of'capture and the experiments run on only
2 animals 12 hours after capture. If ofie assumes that the porcupine is
going to eat'during most of the night, a low fermentation rate may exist
for only about 8 hours out of the:24 and the above fermentaﬁion'rate
averages would then be in line. After'knowing the fermentation rate per
unit amount of caecal content, one can éalculate the total production per
unit time if the tetal amount of ingés#é in the caecum is known. The
total caecum wéight»was determined:on 20 porcupines and the empty caecal

weight on 6 (Table III). The. average percent total animal weight consisting

3
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of caecal ingesta was 4.4 percent. Therefore, on an average a 10 Kg
porcupine would contain about 440 g of éaecal content. The same animal
would comtain about 66 g of ingesta by .dry weight since the caecal content
contains an averége of 15 percent dry matter (Table IV).

The average am&unts of volatile fatty acids produced in the caecal
ingesta during a 24 hour period would be 175 meq aecetic, 25.3 meq propionic
and 22.2 meq butyric. One hundred and forty-nine meq of acetic, 21.0 meq
of propiomnic and 17.4 meq of butyric acids would be absorbed from the
caecum per day because for a 10 Kg animal approximately 100 g of ingesta
leaves the caecum during this period of time, taking with it approximately
55°9 meé of volatile fatty acids consisting of 26 meg of acetic, 4.3 meq
of propionic and 4.8 meq of butyric (Figure 1, Table VIi); Of the total
. aeids leaving the caecum approximately 54 percent of them are abserbed

(Figure 1) and from the perceﬁtagés‘of fhe individual acids present in the
ingesta of LI3 (Table VII), it was calculated that 1E‘meq acetic, 1.8 meq
propionic and 2.2 meq butyric were. absorbed from the large intestine per |
24 hours. The total amounts of acids aﬁsorbed by the animal consisted of
164 meq acetic, 22,8 meq propioniéjénd{{996 meq butyric. |
From the heats of combustion, it was calculated that the absorbed

acids would be eguivalent to 53 Keal of”‘energy° If one makes the same
assumption as Carroll and Hunga'.be:'(195"-l;)l’s that the maintenance energy
requirement is proportional to the three-fourths power of the body weight,
.as Kleiber (1947) has shown for the metébolic rﬁﬁe of animals from the
~size of the mouse t; that of an elephant and by using Carroll and

Hungate's maintenance energy requirement estimation of 7,850 Kecal for a
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.500 Kg bovine, the maintenance energy requirement of a 10 Kg porcupine
would be 435 Keal per day. The products utilized from the caecal fermen-
tation would thus provide about 12 percent of the maintenance energy
requirenent. fhe same type of calculation using the maximum fermentation
rates and acid concentrations in the caecal content, animal P26 (Table
VIII), and the average values for absorptlon from the large intestine
(Table VII), the animal would obtain 96 Kecal of energy from the caecal
fermemtation. This would equal about 22 percent of the porcupinels
mainténaﬁée energy requirement. Calculations using the minimum fermen-
tation rate values, P25, show that about 5.5 percent of the maintenance
energy reqﬁirement is provided by the caecal fermentation products. The
maintenance energy requirement per unit of body weight is high for the
porcupine because of its small size. - Tﬁe maintenance energy requirements
per Kg body weight per day for a 10 Kg-ﬁorcupine would be 43.5 Keal, énd‘
for a 5 Kg porcupine 52.5 Kcal as'compaﬁed to 15.7 Keal for a 500 Kg
‘bovine.

The caecal fermentation products appear to be functiomally impertant
only in large porcupines and then;ohly'éhen the fermentation is proceeding
at an average or greater than aveqége réte, The caecal fermentation may
be of considerablé functional.importénce under starvation conditions
during periods of poorest diet. Reiatiﬁe to other rodents, survival
pressures appear to be limitéd'on,the porcupine since they are able to
maintain their populations by havifig oﬁiy one young per year. There '
probably has not been a very great é§olutionafy selection ﬁor animals

having large caeca.
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Hungate et al. (1957) have suggested that small mminant animals may
obtain higher fermentation rates in the rumen by increased food consumption.
This would cause an increased turnover rate and the rumen flora would be
maintained in a continuogs logarithmic growth phase, thus producing
greater amounts of fermentation products. ’

Studies on the individual volatile acids of the rumen have indicated
that the absorption rates of different acids are not the same and that the
concentrations of the individual acids may not depict the rates at which
they are produced (Barcroft ef al., 194&;-Danielli et al., 1945; and
Gray, 1947)0' If the rates of absorption are.dependent not only upen
concentration but also upon acid species, one would expect the ratios of
the acids to change durlng the course of an in V1tro fermentatlon.
Measurements of the ratlos of the individual acids at dlfferent times
during in vitro fermentation rate experiments show little change in the
‘ ratios, indicating that the absorption rates of the acids are dependent
primarily upon the.concentratioh of theuacids in the ingesta. This was
also substanﬁiated by measuring the ratiqs of the acids in the ingesta in
the 3 segments‘of the large iritesiineo The absorption again appears to be
@ependent only upon concentrationé,howe@er, in this case a comparatively
constant pH would mask any dependeﬁce of rate on pH.

About 84 percent of the volatile fatty acids produced in the caecum
are absorbed into the blood dlrectly from the caecum. Fifty-four percent
of the volatile acids present in the 1ngesta which entered the large
intestine were absorbed as the content passed along the intestine (Figure

1). Therefore, of the volatile acids absorbed by the animal, about 90
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percent were absorbed from the caecum and 10 percent from the large
intestine. The levels of the volatile acids in the venous and the arterial
blood of the caecum also indicated a high rate of absorption from the
caecume.

In summary, the nutritional value of the caecal fermentation apfears
to be of less importance to the porcupine than the rumen fermentation is
to the ruminant. However, the caecum must be important to the rodent
because presumably it would not carry around an organ consisting of as
much as 10 percent of the amimals' total weight if it were not.

Low levels of lactic and succinic deid were found.in the caecal
ingesta of all of the porcupines; this is also characteristic of rumen
ingesta. In vitro incubation of caecal ingesta show little change in the
congentrations of these acids eliﬁinéting absorption as their fate if they
were produced; In vitro incubatién of'éaecal content with substrate
amounts of either lactic or succinic acid showed some acid conversion to
other compounds. The rates df diésimilation were iow with high levels of
substrate so when the amount of substrate is limiting, the rate of conver-
sion may be tdp low to account foffﬁuchgof the volatile acid production in
the caecum. 'The amount of data was too .limited to allow any definite
statements as to the importance of lactic and succinic acids as inter-
mediates in the bacterial degradation of the caecal ingesta.

The ratios of the fermentatidﬁ'gasés produced during the caecal
fermentation are similar to the rétios obtained during in vitro fermen-

tation of caecal ingesta from sevéral African ruminants (Hungate et al.,

1959) .
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Ammonia appears to be the most important source of nitrogen for the
caecal bacteria (Table XVI). Several amino acids were also detected in the
material entering the caecum, but an estimation of their concentrations
suggested that their amounts were inadequate to serve as importan£
nitrogen sourcés° Although there was high urease activity in the caecal
content (Figure 3), the levels of blood urea nitrogen failed to drop when
the blood passed through the cépillary bed of the caecum; On the contrary,
the levels of blood urea nitrogen were consistently higher in the venous
blood of the caecum, indicating absorption of urea from the caecum. This
is difficult to explain because of the presence of the high urease
activity in the caecal ingesta. Contradictory results were obtained from
the experiments to determine whethér the ammonia found in the caecal
content was produced only during the tryptic digestion in the small
vdntestine or also by bacteria in the caecal ingesta.,

Free sugars and sugar aeids are noﬁ natural substrates of the caecal
bacteria since these compounds could not be detected in the material
entering the caecum or in the caecal céntentse The sugars arabinose,
xyioseg galactose, and glucose were detected in the acid'hydrolysafe of
the particulate fraction of the sméll igtestine contents. Gluconic,
galacturonic, glucuronic aéids and gluconic lactone Weré not detected in
the acid hydrolysate. The results show that the free sugars, sugar acids
and starches are removed from the ingesta by the time they reach the
caecum, leaving only polysaccharides, polyuronides, étée, not digestible
by the animal as substrates for the caecal bacteria. This was in part

substantiated by the fact that 12 percent of the bacterial strains
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isolated from field}animals were capable of utilizing xylan.

Total numbers of culturable bacteria in the caecal ingesta remained
at a comparatively constant level at different times of day indicating that
the fermentation was proceeding at a relatively constant rate throughout
the day.

The experiments comparing media amd media enrichments showed that
media containing rumen fluid could grow as great a number of caecal
bacteria as media containing caecal fluid enrichment. As a consequence,
it was assumed that the éﬁvironments of the rumen and caecum were similar.
The assumption was found to be incofrect when bacteria from only 328
colonies out of nearly 600vwhich were picked from roll tubes iﬁto the
slants grew, a fatality of approximately 40 percent. The marginal growth
of a large number of the strains probably resulted in many false negative
results in the differential media. In some cases false positive results
may have been reported,.particularly in regard to cellulose utilization
where a large number of cultures were recorded as 1+. The gfowth reactions
in xylose, cellobiose and starch media were recorded as positive if growth
appeared in the test medium and not in the carbohydrate blank medium. In
some cases actual fermentation of the carbohydrate may not -have occurred.

Studies of the morphology anmd physiology of 328 strains have shown
that there are many kinds of bacteria present in the caecum. Over 90
percent of the isolates gave a negative%gram reaction. Thifty—one percent
of the isolates were cocci, 34 percent curved rods and 35 percent straight
rods. The normal caecal flora apﬁeérS‘to be composed of primarily non-gas

producing bacteria, as evideneed by the fact that only 3.6 percent of the
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strains isolated from 5 field animals produced gas. This may be advan-

tageous to a rodent since gas escape would be a -greater problem from the -
caécum than from a rumen. “Onlylé;B”pércentiof'theicultures.isolated from
: field animals were cellulolytic. Whether this small percentage is real or
Just the reflection of inadequate culture media is not known. Morphologig
cally many of the strains appeared similar to the bacteria found in the

bovine rumen, Out of the 11 groups of cocci isolated from caecal content,
only group 2 appeared physiologicglly similar to a common rumen bacteriunm,

Peptostreptococcus elsdenii. Many of the straight-rod-shaped bacteria were

morphologically similar to species, of Bacteriodes, but none of the 23 groups
could be identified with described species. Group 3 of the curved rods

appears to be similar to Butzr1V1brlo f£ibrisolvens (Bryant and Small,

1956) the other 8 groups were not identified. The results of the present
1nvest1gat10n show that the bacterlal populations of the caecum are very
heterogeneous and in general the 1solated stralns do not fit into the

taxonomlc groups most commonly isolated from the rumen.




SUMMARY

1. The amounts of short chain ?olatile fatty acids acetic, propionic
and butyric were measured in the ingesta from the caecum, stomach and
three sections of the large intestine of the porcupine. The rates at
which the acids were produced were determined in vitro on the caecal
content from six field porcupines. The-caloric values of the absorbed
fatty acids were estimated to supply from 6 to 22 percent of the total
maintenance energy requirement of the animal.

2. Lactic and succinic acids were found in low concentrations in
the porcupine's ingesta. In vitro incubation of caecal content did not
result in an increase of the acids, discounting absorption as a fate of
either of these acids which may be produced. Incubation of'fresh caecal
content with substrate amounts of the acids resulted in dissimilation of
both acids but at low rates. Lactic and succinic acids were believed not
to be important'intermediate products iﬁ thé‘bacterial fermentation.

3. The fermentation gases were measured by gas-solid chromatography.
Carbon dioxide and methane were detected in about 2:1 ratios during
in vitro incubation of caecal content. ° ‘

4. Naturally occurring carbon and’nitroéen sources for the growth
of caecal bacteria were sought in the ingesta from the caecum and the
distal end of the small intestine: Soluble sugars and sugar acids were
not detected in the soluble fraction of the ingesta from either organ.
Acid hydrolysis of the particulate fraction of the ingesta from the small
intestine yielded arabinose, x;y‘lo:'se9 gaiactése and glucose. The caecal
content showedlhigh urease activity, but the levels of ﬁrea in thé arterial

and the venous blood of the caecum indicated that there was no absorption
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of urea into the caecum. The levels of ammonia in the caecal ingesta were
high engugh to account for ammonia as a nitrogen source for the bacteria°
Several amino acids were detected in the ingesta from the distal end of
the small intestine and the ecaecum but the amounts appeared to make them
unimportant as sources of nitrogen; however, they may function as growth
factors. ~

5. The caecal and ruminal environments are similar in many respects:
both have low oxidation-reduction potentials suitable for the growth of
anaerobic bacteria; both have a constant temperature of 38 to 40 C; and
thg ingesta from both organs gontain about the same amount of moisture.
The major secretions entering the caecum are those froﬁ the stomach,2:.}
small intestine, liver and pancreas, whéreas only large quantities of
§a1iva'enter the rumen. The caecal bac%eria have access to the ingesta
only after the porcupine has remofed the readily digestible maferialso All
of the bacteria growing.in the caecum must have been able to survive the
acid conditions of the stomach énd escaﬁed the digestive engymes of the
stomach and small intestine, :
_ 6. Total numbers of culturable céecal bacteria were determined by
the roll tube method. There did not appear to be any diurnal variations |
in the numbgrs of culturable bactérié'iﬁ the caecal content of a cannu-~
lated laboratbry porcupine. The ﬁnmber; randonly fluctuafed about 30
percent when samples were removed  from the animal at different times of
day on different days. Three hundred twenty~eight .strains of caecal
bacteria were isolated from cannulated iaboratory porcupines and 5 field

poreupines. The strains were placed into 43 groups based on morphological
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and physiological characteristics. Many of the groups were heterogeneous
.and when homogenéous groups were obtained, the strains were uswally
isolated from the same inoculum sample. The groups appeared to be
morphologically similar to those fggnd in the rumen but showed many
physiological differences. PR

7o It was concluded that the environment of the porcupine cggcum'is
superficially similar to that of the rumen. ' The differences are not well
charactgrized but they aré reflected in the fact that the caecal flora is
quite different from the rumen flora. - The contribution of the caecal
fermentation to the nutrition of the porcupine is limited because of the

poréupine's high energy requirement per unit weight of apimal.
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Preparation of Solutions and Culture Media

The solutions used for the preparation of various media were prepared
in the following ways. Mineral salts solution 1 contained 0.6 percent
K5HPO, . Mineral salts solution 2 contained the following percentaggs:
KHoPOy, 0.63 (NH4)2804, 1.2; NaCl, 1.2; MgSOy, 0.12 and CaCl,, 0.12. The
sﬁodk;resazurin solution was 0.1 percent. A 0.1 M phosphate buffer was.

prepared at pH 6.8. Glucose, Na2603 and L-cysteine-HCl were prepared in

10, 8 and 2.5 percent solutions respectively. The boiling flask containing

each solution was heated in a boiling water bath and the air displaced by
flushing the flask with COp. . The flask was stoppered and autoclaved for
20 minutes at 18 1bs pressure. The solutions were dispensed into sterile
rubber stoppered culture tubes under an atmosphere of COp. A 505 percent
solution of L-cysteine<HCl was neutralized to pH 11 with NaOH, followed by
the addition of 2.5 percent NapS<9Hp0. The solution was sterilized in the
manner just_described exceﬁﬁ that Ny was used in place of COy. A three
sugar (35) solution containing 2.5 .percent of each %ylose, glucose and
cellobiosé was filter steriligzed with a Seitz filter, and tubed under a
nitrogen aﬁmqsphere° Five percent solutiens of xylose and cellobiese were
prepared in the same mannér as the 3S solution. A 2 percent cellulose
suspension was prepared by grinding Whatman No. 1 filter paper with
distilled ?éter in é ball mill for 72 hours.

Bovine rumen fluid was';ollected from abattoir animals. Porcupine
caecal content, collected from field animals, was diluted 1:1 w/v with
distilled water. The ruminal and caeéal fluids were clarified by centri-

fuging under an atmosphere of COZ'in capped centrifuge tubes at 30,000 X'g
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for 20 minutes in a Serval refrigerated centrifuge.

The clarified ruminal

and caecal fluids were refrigerated under an atmosphere of €O, in rubber

stoppered bottles until used.

Dry materials weighed out and added to media before autoclaving

included glucose, soluble starch, xylan, gelatin, ferric ammonium citrate,

agar (BBL), trypticase (BBL), yeast extract (BBL) and L-cysteine-HCl.

Following are the compositions of the media used in the cultufing

experiments.

Dilution Medium

Component Percent
Salt sol. i 7.5
Salt sol. 2 7.5
Resazurin sol. 0.1
Distilled water 79.0
Autoclave

Na,S-cysteine sol. 1.0
Na2003 sol. 5.0
Gas atmosphere

COy 100

Roll Tube Medium
Slant Medium®

Component Percent
Salt sol. 1 - 3.75
Salt sol. 2 3.75
Resagzurin sol. 0.1
Distilled water 45,5
Soluble starch 0.05
Agar 2.0
Humen fluid 40,0
Autoclave

. NaoS-cysteine sol, 1.0
N@zCOB sol, 500
33 sugars 1.0
Gas atmosphere

CO2 100

¥ contained 7.5 percent of each

salt sol. 1 and 2 and 36 percent

distilled water
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Carbohydrate Medium

Component Percent Component Percent
Salt sol. 1 7+5 Salt sol. 1 745
Salt sol, 2 7.5 Salt sol. 2 7.5
Trypticase 0.5 Trypticase 0.5
Soluble starch 0.1 Resazurin sol. 0o 1
Resazurin sol. 0.1 Distilled water 60.0
Distilled water 62.0 Rumen fluid ' 20.0
Rumen fluid 20.0 :
- Autoclave
Autoclave
Cysteine-HCl sol, 2.0

Cysteine+HCL sol. 250  "NayC04 sol. 0.75
Na2003 sol. 0.75 Sugar sol. 2,0
Gas atmosphere Gas atmosphere

CO, 10 COy 10

"Ny 90 - Ny ‘ 20"

b The carbohydrate blank medium was
prepared, as above with the omission
of the sugar solution.

Gelatin Medium Xylan Medium

Component Percent Component ’ Percent
Salt sol. 1 7.5 Salt sol. 1 75
Salt sol. 2 75 Salt sols 2 7e5
Trypticase 0.5 Resazurin sol, 0o
Resazurin sol. 0.1 Xylan ~0.1
Soluble starch 0.05 Distilled water 58.0
Distilled water 56.0 Rumen fluid 20.0
Gelatin 5.0 s
Rumen fluid 20.0 Autoclave
Autoclave Cysteine<HCl sol. . . 2.0

: Na,CO0, sol. : 5.0
Cysteine-HCl secl. 2.0 Xylose sol. 0.5
NaZCO sol. 5.0-
35 sufgar sol. 2.0 Gas atmosphere

COp 100
Gas atmosphere '
COZ
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Cellulose Medium

No Rumen Fluid Medium

Component Percent.” Component Percent
Salt sol. 1 ' 75 Salt sol. 1 705
Salt sol. 2 7.5 Salt sol. 2 705
Resazurin sol. 041 . Yeast extract 1.0
Cellulose susp. 2.5 Trypticase . 1.0
Distilled water 5405 Soluble starch 0.05
Rumen fluid 20,0 Resagzurin sol. 0.1
Distilled water 75.0
Autoclave -
Autoclave
Cysteine-HCl sol. 2.0 '
NayC0q sol. 5.0 Cysteine<HCL sol. 2.0
Cellobiose sol. 140 NaZCO sol. 5.0
33 so 2.0

Gas atmosphere
COo 100

HZS-Anaeroblo31s-Mot111ty

Medium

Component Percent
Salt sol. 1 ‘ 7.5

Salt sol. 2 7.5

Resazurin sol. 0.1

Ferric ammonium citrate 0,05
Trypticase 0.5

Distilled water 57,0

Rumen fluid 20,0

Agar 0.5

Autoclave

Cysteine-HCl sol. 2.0

NayC045 sol. 5.0

38 soz 2.0

Gas atmosphere
002 100

Gas atmosphere
€Oy 100

Ng ‘Carbonate, Medium

Component Percent
Salt sol. 1 75
Salt sol. 2 7.5
Resazurin sol. 0.1
Trypticase 0.5
0.0:
0.0
0.0

Soluble starch
Buffer 5
Rumen fluid 3

Autoclave

Cysteine<HCL sol. 2.0
38 sol. - 2.0

Gas atmosphere




pH Glucose Medium

8k

Component Percent
Salt sol. 1 7s5
Salt sol. 2 745
Trypticase 0.5
Resazurin sol. 0.1
Distilled water 53.0
Rumen fluid 20,0
Autoclave
Glucose sol. 10.0
Cysteine-HCL 2.0
Na2603 sol, 0,75
Gas atmosphere

€Oy 10

N, 90

Gas From Glucose

Medium

Component

Percent

Salt sol. 1
Salt sol. 2
Resazurin sol.
Trypticase
Glucose
Cysteine-HCL
Distilled water
Rumen fluid
Agar

Gas atmosphere-air

e o o o °

°
wt

£

N N
NOWN O =t O~I~]
OO OO0 O—=2\n\n

°

°©

Kdjust to pH 6.8 before
melt agar, tube in 8 ml
autoclave 20 minutes.

adding agar,
amounts and

The nonsterile components of each medium were placed into a boiling

. flask and heated in a boiling water %éthe The gas or gas mixture for the

particular medium was passed into the flask, and when the medium was near

boiling, the flask was stoppered and autoclaved at 18 lbs pressure for

20 minutes.

The previously sterilized components of each medium were

added after autoclaving. Anaerobic methods were noé used for preparing

the gas from glucose medium.

exception of the pH glucose medium which was 6.6.

The pH of -each medium was 6.8 with the

The dilution fluid and the roll tube media were dispensed in 9 ml

amounts, under a COp atmosphere, into 16 x 150 and 18 x 150 mm tubes

respectively. The differential and slant media were dispenséd‘in 6 ml

amounts into 16 x 150 mm tubes undér thé. gas or gas mixture used: for the

particular medium. The gas from glucose medium was dispensed in 8 ml

amounts into 16 x 150 mm culture tubes prior to sterilizing. They were
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cotton plugged, inoculated as shake tubes, and overlaid with 2 ml of

sterile 2 percent agar.
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