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(ABSTRACT) 

Treponema hyodysenteriae is the causative agent of swine dysentery, a mucohemorrhagic 

disease of the intestines. T. hyodysenteriae requires phospholipids and cholesterol (or cholestanol) 

for growth, and it produces a a-hemolysin (TH) which is induced (300 fold) by the addition of RNA 

core to cultures. TH is bound to the RNA core which acts as a carrier or stabilizer. I\lyobjectives 

were to (i) obtain successful continuous growth of T. hyodysenteriae; (ii) study the production of 

the hemolysin produced by T. hyodysenteriae; (Ui) study the effects of different oligonucleotide 

carriers on the induction of hemolysin, (iv) examine various purification procedures for nipid, effi

cient partial purification of the hemolysin, (v) separate the hemolysin from the RNA core carrier, 

and (vi) to detennme whether T. hyodysenteriae can use coprostanol, the most common intestinal 

sterol, to satisfy its sterol requirement. I found that optimal growth of T. hyodysenteriae could be 

achieved by using BHI- glucose broth supplemented with calf serum (I O~/o). serum replacement 

(100/0), or phosphatidylcholine liposomes which contained cholesterol or cholestanol. Optimal 

growth required 1 % 02 and stirring of the culture. l\laximal hemolytic titers were obtained during 

late-log to early-stationary phase by cultures grown in the presence of RNA core. Hemolysin 

production was induced as soon as 5 minutes after addition of RNA core to cultures. This pro

duction was inhibited by chloramphenicol. Polyguanylic acid and RNase treated RNA core did 

not significantly increase hemolytic titers of cultures grown in their presence. Partial purification 

of hemolysin was achieved by acetic acid clarification followed by ammonium sulfate precipitation 

(65 % saturation). With these procedures > 90 % of the hemolytic activity was recovered. Al

though, hydroxylapatite adsorption and polyethyleneimine precipitation completely adsorbed or 

precipitated hemolytic activity I I was unable to efficiently recover the activity. Partially purified 



hemolysin was c}10toxic to CHO cells, and caused lysis rather than the rounding effect caused by 

many cytotoxins. 



Preface 

The following thesis deals with the growth of Treponema hyodysenteriae, the causative 

agent of swine dysentery, its production of hemolysin, and studies on that hemolysin. The appen

dices following the thesis contain a draft of a paper accepted by ~Iutation Research, an ASi\1 ab

stract (1987) pertaining to the Fecapentaene project on which I fltst began work in the summer of 

1985 and other work which I contributed to the Fecapentaene project. In the winter of 1987, the 

Fecapentaene project was proving to be a difficult project with which to work and did not seem to 

lend itself to a Ph.D. dissertation. Therefore, Dr. T. D. Wilkins and I decided to begin a new project 

and I began studying T. hyodysenteriae. I subsequently decided to use this work for a master's 

thesis. 
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1.0 INTRODUCTION 

Swine dysentery, a mucohemorrhagic disease of the intestines, was frrst recognized in 1921 

(122), yet the causative agent, Treponema hyodysenteriae, was not identified until 1971 (113). T. 

hyodysentenae is a large (8-10 .urn), gram negative, motile spirochete which has been reported to 

be anaerobic, yet oxygen tolerant (Figures 1 and 2). Swine dysentery is characterized by severe 

inflammation of the intestine, excess mucus production, and necrosis of the large intestine. Lesions 

in diseased intestines contain large numbers of viable T. hyodysenteriae and host erythrocytes (3). 

Thus, diarrhea associated with swine dysentery characteristically contains large amounts of mucus 

and is often bright red with blood. 

Swine dysentery is a problem encountered by all pork producing countries. Economic 

losses to the U.S. pork producers due to swine dysentery have been estimated to be at least $34 

million annually (83); during outbreaks, morbidity rates often reach 900/0 and mortality rates may 

range as high as 30-500/0 (67). Since 1971, emphasis has been on diagnosis; i.e., identifying and 

distinguishing T. hyodysenteriae from other porcine spirochetes. T. hyodysenteriae is one of the few 

pathogenic spirochetes which is cultivatable in broth. T. hyodysenteriae produces a {J -hemmolysin, 

whereas a similar but non-pathogenic pig spirochete, T. innocens, produces a similar but much 

weaker hemolysin. 

The production of hemolysin may increase T. hyodysenteriae's ability to compete for nu

trients in the host's intestines. T. hyodysenteriae requires cholesterol and phospholipids for pro

duction of cell membranes, hut cannot synthesize these itself and must acquire them from its host 

or environment. Cholestanol or sitosterol can satisfy the requirement for cholesteroL The sterols 

are metabolized to cholestanol by T. hyodysenteriae and used in membrane synthesis. It has been 

shown that erythrocytes provide a good source of lipids and satisfy T. hyodysenteriae's lipid re

quirements (101). The ability of T. hyodysenteriae to acquire growth factors from the host cells, 

erythrocytes or epithelial celis, may be of great importance in colonizing the host. 
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Figure 1. Scanning electron micrograph of three Treponema hyodysenteriae (B234) twisted around 

each other. T. hyodysenteriae divides longitudinally. 
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Figure 2. Scanning electron micrograph of Treponema hyodysenteriae (B234). 
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Swine dysentery is a potential problem for any area where swine populations exist, espe

cially where the populations are concentrated. Vaccines developed against swine dysentery are 

primarily bacterin vaccines t which consist of whole cells treated with formalin (inactivator), 

merthiolate (preservative), and adjuvant. These vaccines are approximately 750/0 effective but do 

not confer their maximum protection to swine infected with heterologous strains of T. 

hyodysenteriae. 

In 1979, Picard, Massicotte and Saheb (77) showed that addition of Na-RNA (and later 

RNA core) increased hemolytic activity in culture supernatants of T. hyodysenteriae. The addition 

of yeast RNA core to cultures of T. hyodysenteriae gave a 300-400 fold increase in hemolytic ac

tivity. RNA core is the RNase resistant portion of RNA which is comprised mostly of the G-C 

rich hairpin structures of tRNAs. It is difficult to assign a molecular weight to RNA core since it 

consists of the nuclease treated yeast RNA. However, on an agarose gel most of the RNA core 

migrated much faster than 123 base pairs of DNA (see Results). The molar ratio of the bases 

present in RNA core and the molar ratio of the active fraction of RNA core are listed in Table 1 

(39, 108). The active fraction of RNA core is the oligonucleotide fraction of RNA core which is 

rich in guanylic acid. The mechanisms by which RNA core induces production of hemolysin or 

enhances hemolytic activity are unknown. To date, studies have dealt with hemolysin isolated from 

cultures grown in the presence of RNA core and have shown the hemolysin to be a protein asso

ciated with the RNA core and with lipids. The hemolysin protein (or peptide) has not been 

dissociated from the nucleic acids and lipids and characterized by itself. 

The knowledge that addition of RNA to bacterial cultures may increase hemolytic activity 

is not new; in 1940, Okamoto (73) discovered that yeast RNA induced, or stabilized, the formation 

of streptolysin S (SLS), the p-hemolysin produced by group A streptococci. Without RNA core 

(or some other carrier or stabilizer), SLS has a half life of approximately 7 minutes at 37°C; the 

half life of SLS in the presence of RNA core is about five times longer (61). Because of this, most 

research on the SLS peptide has been done using the SLS-RNA core complex. Last year (1986), 

the SLS peptide was fmally separated from the RNA core carrier by isoelectric focusing and par

tially characterized (61). More recently, the SLS peptide was separated from R~A core by alkaline 
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Table 1. Nucleotide compositions of Yeast RNA fractionsa . 

Base ratio (mol) 
Sample 

Adenine Guanine Uracil Cytosine 

Yeast RNA 25.6 27.5 26.4 20.5 

Yeast RNA core 32.0 44.9 12.2 10.9 

Active Fraction 20.4 67.3 6.8 5.5 

aReferences 39,108. 

INTRODUCTION 7 



treatment (lOS). In both instances the hemolytic activity associated with the free SLS peptide was 

extremely labile, but could be stabilized or recovered by addition of RNA core. Attempts at amino 

acid sequencing have consistently failed suggesting the amino terminal is blocked and/or the peptide 

is cyclic. This unique basic peptide (28-32 amino acids) is one of the most potent hemolysins 

known. 

In 1985 :YI art in , Lachance, and Niven discovered another heat labile, RNA core-dependent 

hemolysin produced by the swine pathogen, lfaemoplzilus pleuropneumoniae (65). This hemolysin's 

vulnerability to trypsin and pronase suggests that it also may be a protein. This organism also 

produces a heat stable, hemolysin which is not induced by RNA core (54). 

As mentioned earlier, the discovery that RNA increased the hemolytic titers of group A 

streptococci occurred more than 30 years before the same phenomenon was noted with the 

hemolysins of T. hyodysenteriae and H. pleuropneumoniae. Consequently, a great deal more is 

known about SLS and its relationship to RNA core. The following literature review will deal in 

depth with the streptolysin S hemolysin (SLS), thus setting the stage for similar studies which have 

been done with the hemolysin produced by T. hyodysenteriae. 
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2.0 LITERATURE REVIE\V 

2.1 Background 

In 1917, an outbreak of swine dysentery in Indiana motivated the scientific and swine

raising communities to recognize swine dysentery as a specific disease. Swine dysentery was fIrst 

described in the literature in 1921 (122). The causative agent, Treponema hyodysenteriae, was not 

discovered until 1971 (113). T. hyodysenteriae is a large (8-10 J-Lm), gram negative, and motile 

spirochete (Figures 1 and 2, Introduction). It is anaerobic, yet oxygen tolerant. Since the early 

1970's, researchers have focused their attention on diagnosis of swine dysentery, understanding the 

pathogenesis of the disease, and the treatment and prevention of the disease. The similarities be

tween the hemolysin produced by T. hyodysenteriae and SLS (produced primarily by group A 

streptococci) have also been studied. 

2.2 Swine Dysentery 

Swine dysentery (SD) occurs typically in swine 6-14 weeks of age, but can occur in swine 

of all ages, especially during outbreaks. The fIrst signs of dysentery are usually diarrhea, dehy

dration, and weight loss. The severity and types of symptoms can vary dramatically among indi

vidual swine. Diarrhea may consist of gray, red, or brown semisolid feces, and may be accompanied 

with discharges of sloughed mucosa, blood, and/or mucus. In most cases, the affected swine 

maintain normal body temperatures but show signs of anorexia and depression (67). Chronic cases, 

or asymptomatic carriers, may remain active yet unable to gain weight. During outbreaks, 

morbidity rates often reach 900/0, and mortality ranges between 30-500/0 in untreated animals (67); 
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economic losses to the U. S. pork producers due to swine dysentery have been estimated to be at 

least $34 million annually (83). Although mortality varies, the major economic losses incurred are 

due to weight loss, poor feed conversion, and medical costs (67). 
L 

2.3 Etiology of Swine Dysentery 

After \Vhiting's original report on swine dysentery, several bacteria were suspected of being 

the cause. Among these were Salmonella spp., other spirochaetes, Vibrio coli (Campylabacter) , 

Fusobacterium necrophorum, Clostridium spp., protozoa and viruses (67, 29). The most popular 

of these suspected agents was Campylobacter which was shown to cause a dysenteric-type infection 

in swine fed Campylobacter cultures (13). However, several attempts by other investigators to re

produce the disease using Campylobacter cultures failed (12, 97). All the bacterial species in ques

tion could often be isolated from diseased swine. However, these species did not consistently 

produce the disease in swine, and occasionally could be isolated from healthy swine. In the 1940's 

several researchers discovered that swine dysentery could be controlled by arsenicals, leading them 

to believe that the spirochaetes, being arsenic-sensitive, may have been responsible for the disease 

(67). However, successful isolation of the treponemes and reproduction of experimental swine 

dysentery did not occur until the 1970's (113,31). Through all the confusion, the spirochaetes, frrst 

observed in 1921, remained obscure until 1971. 

Requirement for other anaerobes. Although consistent reproduction of swine dysentery has been 

accomplished by feeding pure cultures of Treponema hyodysenteriae to normal, healthy swine, the 

disease is not reproduced in germfree swine. However, co-infection with another anaerobe has 

frequently proved successful in reproducing the disease in the germfree animals. These other 

anaerobes include Bacteroides vulgatus (30, 121), Bacteroides melaninogenicus (67), Bacteroides 

fragilis (67), Fusobacterium necrophorum (67, 30, 121), Fusobacterium nucleatum (67), Listeria 

denitrificans (121), and a Clostridium species (121). Thus it appears that swine dysentery is the 
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result of a synergistic infection involving at least one other anaerobic bacterial speCles and T. 

hyodysenteriae. 

Other bacteria which have been studied to determine if coinfection with T. hyodysenteriae 

can facilitate dysentery infections in gennfree pigs include Peptostreptococcus (anaerobe) (6), 

Campylobacter (microaerophile) (69, 28, 68), and the following facultative organisms: E. coli (69), 

Lactobacillus (69), Bacillus (2), Corynebacterium (2), and Staphylococcus (2). None of these 

organisms were shown to facilitate the occurrence of swine dysentery. Several discrepancies have 

been reported as to whether an organism facilitates SD or not; some researchers showed Clostridia 

and Fusobacteria to facilitate dysentery, while others showed they do not (69, 2, 30). Some of these 

discrepancies were blamed on diet (30), which appears to playa role in the occurrence of SD as 

discussed later. Thus, it is still uncertain which bacteria may be able to facilitate the infection of 

germfree pigs with T. hyodysenteriae, and what role diet plays in the onset of infection. 

The obligate anaerobe Acetivibrio ethanolgignens was described as a new species in 1981 

(81). A. ethanolgignens was found to account for 200/0 of the intestinal microbial flora of pigs ex

perimentally infected with T. hyodysenleriae, yet it was not found in the intestinal flora of nonnal 

pigs. A. ethanolgignens was shown to colonize the intestines of germfree pigs, and to facilitate the 

colonization of T. hyodysenteriae in gennfree pigs, however, clinical symptoms of swine dysentery 

did not occur. \Vhat role, if any, A. ethanolgignens plays in the development of swine dysentery is 

uncertain. It has been speculated, and seems possible, that the variable severity of swine dysentery 

may be related to the other anaerobes involved in the disease (67). 

Role of diet and other factors. The occurrence of swine dysentery may follow yearly trends affecting 

only the fattening stock, occasionally causing mass disease, or it may occur sporadically in epi

demics. In cases where the disease is a common problem, medications are often a regular part of 

the diet. The occurrence of SD may depend on the virulence of the T. hyodysenteriae strain, the 

intestinal microflora of the swine, or the resistance of the swine herd, including environmental and 

dietary stresses (80). Feeds containing aflatoxms were shown to aggravate SD (43); feeds containing 

optimal amounts of selenium and vitamin E were shown to reduce its incidence and severity (114). 
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l\tlore recently, volatile fatty acids (VF A) have been reported to have an antibacterial effect in vivo 

(79, 80, 78). The antibacterial effects of VFA on Enterobacteriaceae have been demonstrated in 

swine (79) and may prove useful in the prevention of SD. Prohaszka and Lukacs suggest that the 

antibacterial effect of VF A may be due to their ability to lower the intestinal pH (pH~6.0) which 

can subsequently cause loss of motility for T. hyodysenteriae (80). 

Animal models. Infection of guinea pigs and mice with T.hyodysenteriae has been reported with 

limited success (44, 40); the size of the dose required for infection of guinea pigs was large, while 

two doses of inoculum were needed for infection of mice. In both cases, no blood was evident in 

the diarrhea and a few other deviations from the typical disease were noted. The use of guinea pigs 

or mice may prove to be cost effective if infection can be accomplished consistently. Since guinea 

pigs and mice do not exhibit typical swine dysentery, their usefulness may be limited to studying 

the colonization of the intestines by T. hyodysenteriae, the relationships of nutrients and diet to 

colonization, and the efficacy of antibiotics to thwart colonization. 

Enteropathogenicity. For some time the treponemes isolated from swine caused confusion among 

researchers due to variations in hemolytic activity and pathogenicity (113, 48, 35). Pathogenicity 

of T. hyodysenteriae isolates could be detennined by the response of rabbit or swine ligated ileal 

loops (49, 120) to the organisms. The pathogenic isolates showed strong p-hemolysis on blood agar 

plates and fluid accumulation in ligated ileal loops; non-pathogenic isolates ~howed weak 

p-hemolysis on blood agar plates and negligible fluid accumulation in ligated ileal loops. \Vhereas 

ileal loops were a reliable method for determining pathogenicity, hemolytic reactions were subjec

tive and could vary due to methods. Also, several of the diagnostic techniques used for SD showed 

cross-reactivity between pathogenic and non-pathogenic isolates, thus adding to the confusion. In 

1979, Kinyon and Harris (47) emended the original description of T. hyodysenteriae and reported 

the new species Treponema innocens, previously known as non-pathogenic T. hyodysenteriae. T. 

innocens is different from T. hyodysenleriae in that it is found in normal, healthy swine and it is 

weakly p-hemolytic, indole negative, and ferments fructose. T. innocens has also been isolated from 
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dogs (98, 47). Both T. hyodysenteriae and T. innocens have lower guanine-plus-c)10sine contcnts 

(25.7 to 25.9 mol %) than other treponemes. The DNA sequence homology between T. innocens 

and T. hyodysenteriae is 21 % (47). 

Diagnosis. After the discovery of T. hyodysenteriae, several methods to distinguish the non

pathogenic treponemes (T. innocens) from T. hyodysenteriae were devcloped and compared. Flu

orescent antibody staining was used for several years, but cannot reliably distinguish between T. 

hyodysenteriae and T. innocens (29, 35). Other methods for diagnosis include serum agglutination 

(of a T. hyodysenteriae antigen prep) (37) and the microtitration agglutination test (:YIAT) (41). 

An enzyme-linked immunosorbent assay (ELISA) for detection of antibodies to T. hyodysenteriae 

was developed in 1981 and shown to be superior to the serum agglutination and ~IAT (42). \Vhi1e 

the lVIAT, the most common test, was able to diagnose SD in a swine herd, the ELISA proved able 

to diagnose individual swine. Other tests that were developed to distinguish between T. 

hyodysenteriae and T. innocens included the slide agglutination (SA) test (7) and the disc growth

inhibition (GI) test (58). These tests were useful as rapid screening methods, however, like most 

other methods, false results were possible. The API ZYIVI system was also evaluated for its effec

tiveness in distinguishing between T. hyodysenteriae and T. innocens and proved valuable only for 

screening purposes (38). The ELISA remains the most useful and sensitive of the tests developed 

to identify T. hyodysenteriae. 

Treatment. Swine dysentery has been treated with a number of antibiotics: carbadox, 

dimetriodazile, ipronidazole, lincomycin, bacitracin-ivlD, virginiamycin, tiamulin, arsenicals, and 

tylosin. Of these drugs, carbadox, dimetriodazile, and ipronidazole are the only ones which are ef

fective in eliminating T. hyodysenteriae from infected swine. The type of drug used, and the dose 

and duration of the drug, depends on whether it is being used to eliminate or control T. 

hyodysenteriae in an infected animal. Resistance to all these drugs has been observed (25). A new 

antibacterial drug, treponemycin, which appears to be very active towards T. hyodysenteriae, was 

also reported in 1985 (91). 

LITERATURE REVIE\V 13 



Vaccines. In 1985, Haver (BA )'VET Division l'vliles Laboratories, Inc.) introduced a bacterin 

(Haver, hy-guard; 76). At best, this vaccine offers 750/0 irrununity, when protecting against 

homologous sera types of T. hyodysenteriae. 

2.4 Gro\vth and cultivation of Treponema hvodvsenteriae 

Treponema Izyodysenteriae is an oxygen tolerant anaerobe, traditionally grown and culti

vated on blood agar plates or in semisolid media in an anaerobic environment (113). Attempts at 

growing the treponemes in a liquid medium failed unless low amounts of agar were added or agar 

slants with a broth overlay were used (94,36,99,46). These methods were not very successful and 

often interfered with biochemical studies. In 1974, Kinyon and Harris (46) reported growth of T. 

hyodysenteriae in liquid medium for the fIrst time. Trypticase soy broth (prepared aerobically or 

pre-reduced) supplemented with 10% fetal calf serum, or 5'Yo bovine blood, supported growth of 

the treponemes when inoculated and incubated anaerobically (Cal H2 atmosphere). Stanton and 

Cornell (101) later reported that optimal gro-wth of T. hyodysenteriae could be achieved using 

brain-heart infusion (BHI) broth supplemented with glucose and serum and incubating the cultures 

in the presence of 1 (% O2 with stirring of the culture. 

Lemcke et aI. (57) showed that cholesterol, cholestanol (a reduced form of cholesterol), or 

sitosterol (a plant sterol) along with delipified bovine serum albumin (BSA) could replace T. 

hyodysenteriae's serum requirements (59) (The trypticase soy broth used in these experiments was 

not delipified). Cholestenone, 7-ketocholesterol, pregnenalone, and stigmasterol did not satisfy the 

sterol requirement. In 1986, autoclavable liquid medium which included any two of the following 

three supplements--cholesterot serum, or fecal extract, was reported to satisfy T. hyodysenteriae's 

nutritional requirements (55). In 1987 Stanton and Cornell (101) confmned the results of Lemcke 

and Burrows (59) when they reported on sterols which could and could not support T. 

hyodysenteriae gro-wth (Table 2, Figure 3). They concluded that T. hyodysenteriae does not possess 

a cholesterol ester hydrolase since it cannot use cholesterol esters (101). In another report Stanton 
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Table 2. Sterol requirements of T. hyodysenteriaea . 

Neither supported nor inhibited growth 

Cholesteryl chloride 
Cholesteryl hemisuccinateb 
Cholesteryl laurate 
Cholesteryl oleate 
Cholesteryl palmitate 
Cholesteryl propionate 
Cholesteryl sulfate 
Ergosterol 
Stigmasterol 

Inhibited growth 

Cholestenone (4-cholesten-3-one) 
7-ketocholesterol (5-cholesten-3a-ol-7-one) 

Supported growth 

Cholesterol (5-cholesten-3a-ol) 
Cholestanol (dihydrocholesterol, 5a-cholestan-3a-ol) 
Sitosterol (S-cholesten-24a-ethyl-3a-ol) 

aReferences 101,59 
bsupported limited growth (did not support growth 
past two subcultures) 
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Figure 3. Structures of sterols which can and cannot be used by Treponema hyodysenleriae. 
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( 100) demonstrated that T. hyodysenteriae metabolized cholesterol to cholestanol which was used 

for membrane synthesis, and that cholestanol is a major component of the treponeme's cell lipids. 

Stanton also showed that cholesterol (cholestanol or sitosterol) and a phospholipid 

(phosphatidylcholine or phosphatidylglycerol) were needed for growth of T. hyodysenteriae, and 

that vesicles of cholesterol and phospholipid supported better gro'Wth than did supplements of free 

cholesteroL Both trypticase soy broth and brain-heart infusion broth contain lipids, thus addition 

of only cholesterol supports gro'Wth of T. hyodysenteriae in these media. However, delipified BIll 

supplemented only with cholesterol or only with phospholipids (phosphatidylcholine vesicles) did 

not support gro'Wth. Mammalian erythrocytes could serve as a source of both the phospholipids 

and sterols (101). It is interesting to note that T. hyodysenteriae's ability to use coprostanol (also 

known as 5fJ-cholesten-3fJ-ol or coprosterol), the most common form of reduced cholesterol in the 

colon, has never been studied. However, Stanton did detennine that T. hyodysenteriae reduces 

cholesterol to only cholestanol, and cholestanol is used in membrane synthesis. 

The requirement for sterols is unusual for prokaryotes. lHycoplasma and a Eubacterium 

spp. (16, 84), which require cholesterol, are the only other prokaryotes known to have this specific 

requirement. 

Treponemes appear to be deficient in the ability to produce various long chain fatty acids; 

those treponemes which can be cultivated in vitro must be supplemented with fatty acids or lipids. 

Serum or ascitic fluid have been shown to satisfy the fatty acid requirements of the oral treponemes 

T. denticola, T. vincentii, T. scoliodontum, and the genital treponemes T. phagedenis (45), T. 

refringens, and T. minutum (82,92,93). In 1983, Van Hom and Smibert (118) narrowed the gro\V1h 

requirements of T. denticola and T. vincentii to albumin, oleic acid, and thiamine pyrophosphate, 

thus detennining the specific fatty acid requirement of these two oral treponemes. The fatty acid 

and sterol requirements of pathogenic treponemes, such as T. pallidum, are more difficult to deter

mine since they cannot be successfully cultivated in vitro. T. hyodysenteriae is the only treponeme 

known to require phospholipids. 

There are two possibilities as to why T. hyodysenteriae requires phospholipids. First, T. 

hyodysenteriae may not be able to synthesize the fatty acids required for production of the 
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phospholipids necessary for maintainence of the triple-layered membrane in the outer envelope. 

Second, phospholipids can form micelles with cholesterol, thus solubilizing cholesterol and perhaps 

making it more accessible to T. hyodYJenteriae. Studies determining the phospholipid and sterol 

requirements of T. innocens have not been done, but T. innocens is cultivated in broth containing 

5-100/0 serum. 

2.5 RNA-dependent hemolysins 

As mentioned in the introduction, the discovery that RNA increased the hemolytic titers 

of group A streptococci occurred more than 30 years before the same phenomenon was noted with 

the hemolysins produced by Treponema hyodYJenteriae and H aemophiluJ pleuropneumoniae. Con

sequently, a great deal more is known about the streptolysin S hemolysin and its relationship to 

RNA core. The following section gives an in depth background of SLS, thus setting the stage for 

similar studies which have been done with the hemolysin produced by T. hyodYJenteriae. 

2.5.1 Streptolysin S (S LS) production by G roup A Streptococci 

2.5.1.1 Introduction 

The observation that certain streptococcal cultures produced a hemoly1ic factor that was 

detectable in culture f.tItrate was first made by Mannorek in 1895 (64). In 1938, Todd (116) ac

counted for the hemolytic activity of culture flltrates by demonstrating the presence of two separate 

hemolysins: streptolysin 0 (SLO), oxygen labile, and streptolysin S (SLS), oxygen stable. In these 

early studies, it was noted that SLS could be found only in cultures grown in the presence of serum. 

Since its discovery, the study of SLS has provided researchers with as many questions as answers 

about its structure, biochemistry, and mechanism of action. 
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2.5.1.2 Growth conditions and production of SLS 

SLS is a p-hemolysin produced by group A streptococci. It is heat labile, oxygen stable, 

and nonimmunogenic. The SLS peptide (28-32 amino acids) is very labile and has not been found 

free in extracellular medium; it appears to exist either intracellularly (102), cell-bound (20) or 

carrier-bound (extracellularly). 

The production of SLS occurs during late-log to early-stationary phase of gro\v1h and is 

dependent on the types of sugars being fermented. Bernheimer and Rodbart (5) showed that certain 

concentrations of maltose and glucose were necessary for optimum hemolysin production. \Vith 

too little, or too much maltose, hemolysin yields were poor. Streptococci grown with glucose as 

their sole carbohydrate source did not produce hemolysin, and high concentrations of glucose (with 

optimum maltose concentrations) also inhibited hemolysin production (75). Fermentation of 

glucose or maltose lowers the pH in a culture, yet resting (stationary phase) cells grown in the 

presence of high concentrations of maltose can still produce hemolysin. Thus, the decreased yields 

of hemolysin due to high concentrations of glucose have been attributed to the glucose effect 

(catabolite repression), rather than to a drop in pH due to sugar fennentation. 

Production of SLS by washed, resting cells. In 1949, Bernhcimer (4) showed that washed, resting 

streptococci could produce hemolysin when incubated in a basal medium. This incubation mix

ture, which became known as "Bcmheimer's basal medium" (BBlVl), consisted of :\tg2"- , maltose, 

RNA core, and thioglycolate in a potassium phosphate buffer (pH 7.0). Several modifications have 

been made to Bemheimer's basal medium by various researchers, however the essential elements--a 

carrier (or inducer), an energy source, a sulfhydryl compound, and :\Jg2+ , are always encludcd. The 

ability of streptococci to produce SLS in this basal medium made the study of SLS production and 

its purification much easier. 

De novo synthesis. In 1980, Akao et aI. (1) showed that SLS was synthesized de novo upon addition 

of oligonucleotides. Resting cells were collected and resuspended in an incubation medium (5 m~1 
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MgS04 and 5 mM maltose in 50 mM potassium phosphate butTer, pH 6.8) which included 3H

labeled amino acids. Incorporation of the radio labeled amino acids into SLS was observed upon 

addition of oligonucleotide to the cell suspension, and paralleled SLS production. The amino acids 

which were incorporated into SLS corresponded with amino acid analyses of SLS reported by other 

researchers. Production of SLS was not observed when chloramphenicol was added to the incu

bation medium. 

Carrier bound hemolysin. There are a number of possible carriers for SLS: serum, R~A (RNA 

core) and other oligonucleotides, nonionic detergents, various phospholipids, llpoteichoic acid, and . 

trypan blue (119, 116, 33, 20, 24, 22, 72, 5, 110, 108, lIS, 18). Several researchers (22, 103) have 

shown that SLS (and hemolytic activity) can be transferred from one carrier to another, depending 

on the affmity of SLS for the carriers: 

Tween, Triton > RNA ~ Albumin 

higher affmity lower affmity 

Several other Lancefie1d groups of streptococci produce oxygen-stable, p-hemolytic 

hemolysins similar to SLS. Like SLS, some of these hemolysins are produced only in the presence 

of a carrier, such as RNA core or Tween (20, 96, 74, 63, 117, 123). However, most of these oxygen 

stable, nonimmunogenic hemolysins previously reported as SLS, have since been proven to be 

similar, yet distinct, from the SLS produced by group A streptococci. 

A few of the carriers or inducers, such as trypan blue, congo red (and other aniline dyes) 

and polyguanylic acid (poly-G), inhibit hemolytic activity. At low concentrations, trypan blue acts 

as a carrier for SLS, while at higher concentrations, it acts as an inhibitor (19,23, 109). 1\1iyaji (70) 

and other researchers (19, 23, 109) have suggested that these dyes cause inhibition of the hemolysin 

by competing with target cells rather than by inactivation of the hemolysin itself. Po1y-G and 

oligonucleotides rich in guanylic acid are excellent inducers of SLS (112, Ill, 110, 39, 108), however 

they also inhibit hemolytic activity (108). 
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Intracellular Hemolysin (ICH). In 1956, Schwab (89, 90) demonstrated that streptococcal cells re

leased an intracellular hemolysin (ICH) upon sonication. Treatment with acid activated the 

hemolysin suggesting it was associated with some other cellular structure that inhibited or masked 

the hemolytic activity. Schwab showed the ICH was distinct from streptolysin 0 (SLO). The 

distinction between ICH and RNA-induced SLS proved more difficult; Schwab's intracellular 

hemolysin showed many similarities to SLS, yet some minor differences were also noted. In 1964, 

Taketo & Taketo (102) demonstrated that sonication of streptococcal cells released an intracellular 

form of SLO (ICH-O) and an intracellular form of SLS (ICII-S). In cell free extracts, the ICII-S 

showed little hemolytic activity unless it was incubated with R~A core. This indicated the 

hemolytic factor was pro bably transferred from some intracellular structure, which masked its ac

tivity, to the RNA core. Addition of chloramphenicol to the cell free extract that was incubated 

with RNA core, had no effect on the subsequent increase of hemolytic titer, also indicating that the 

hemolytic factor was being transferred, or unmasked, rather than formed de novo. Several re

searchers (102, 103, 104, 10, 11) have suggested that ICH-S is an intracellular form of SLS which 

is bound to intracellular components and may later be transferred to other extracellular carriers. 

Cell Bound Hemolysin (CBH). The occurrence of cell bound hemolysin was observed as early as 

the 1930's, prior to the discovery of intracellular hemolysin (119, 95). \Vhen resting cells were 

washed and then incubated with various types of red blood cells, hemolysis occurred, yet no 

extracellular hemolysins could be detected (20, 23). Similarly, washed streptococci possessing cell 

bound hemolysin (CBH) caused cytopathic effects on mammalian cells (17, 21, 106). Both the 

hemolytic effects and the cytopathic effects could be inhibited by inhibitors of RNA-SLS (i.e., 

trypan blue, phospholipids, etc.) and by metabolic inhibitors (i.e., chloramphenicol, puromycin, 

etc.). Furthermore, streptococcal strains which did not produce SLS, did not possess the cell bound 

hemolysin. 

In 1975, Calandra et aI. reported on cellular hemolysins which were related to SLS and later 

suggested they were SLS precursors, "cellular potential hemolysins" (CPH) (10, 11). CPH were 

found to be both intracellular and membrane bound. Calandra (8) demonstrated that detergents 
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were necessary to release cellular potential hemolysin from the streptococcal cell membrane; unlike 

the intracellular fonn, the membrane bound CPH was not activated by RNA-core unless detergents 

were also present. Neither intracellular potential hemolysin nor membrane bound potential 

hemolysin are found extracellularly. Calandra's work with cellular potential hemolysins attempted 

to further elucidate the intracellular (lCH-S) and cell bound (CBH) fonns of SLS reported by ear

lier researchers. 

From these studies, a hypothesis for the release of SLS from cells can be fonned (9, 18, 

109): As SLS is fonned in the cytoplasm, it likely is transported to the cell surface attached to an 

unknown intracellular carrier. At the cell surface it becomes membrane-bound and may be released 

from the intracellular carrier. Once at the cell membrane, SLS may accumulate until an 

extracellular carrier (RNA core, serum, etc.) is present to remove it from the membrane, releasing 

it into the extracellular medium. It is also possible that membrane-bound SLS is released into the 

extracellular medium, but is extremely labile and rapidly destroyed unless complexed to an 

extracellular carrier. As membrane-bound hemolysin is removed, the cell may synthesize more SLS 

to maintain a membrane pool, thus explaining the de novo synthesis observed upon addition of 

RNA core. 

2.5.1.3 Purification of SLS 

Classical methods. Attempts to purify SLS started in the 1940's (33) and for several years purifica

tion methods were designed primarily towards the carrier to which SLS was bound. As gel ftltration 

and ion-exchange became available and more popular, the purification of carrier-SLS improved. 

The most common purification scheme for RNA-SLS included incubating resting streptococcal 

cells in Bemheimer's basal medium, collecting the supernatant and applying it to a gel ftltration 

column and/or an ion-exchange column. In 1978, Lai et al. (56) showed that 0.1 iVt ammonium 

acetate added to the buffers used during purification substantially increased yields by providing 

thennal stability to the carrier-SLS complex. 
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Hydroxylapatite adsorption. In 1986, Loridan and Alouf (61) described a new method of purifying 

the SLS-RNA core complex using hydroxylapatite, a form of calcium phosphate used for 

cluomatography. It is most conunonly used to separate double-stranded from single-stranded 

nucleic acids. Thus, at appropriate salt concentrations, the SLS-RNA core complex binds to a 

hydroxylapatite column and can subsequently be eluted. Loridan and Alouf showed that 100% 

recovery of SLS-RNA core, with a purification factor of 17.6, was achieved by passing crude culture 

filtrate tluough a hydroxylapatite column (at 4°C). This purification step was followed by gel 

filtration which then yielded a homogeneous preparation of SLS-RNA core complex. 

1.5.1.4 Separation from RNA-core carrier 

Isoclectric focusing. Loridan and Alouf (61) showed that SLS can be separated from RNA core by 

isoelectric focusing in the presence of urea. SLS released from RNA core was designated BHF 

(basic hemolytic fraction) in their studies. Characteristics for the SLS-RNA core complex and BHF 

are given in the Table 3. Lytic activity of SLS-RNA core complex and BHF were similar. 

Alkaline treatment. In 1987, Taketo & Taketo (105) showed that alkaline treatment (pH 12.5) of 

the SLS-RNA core complex caused hydrolysis of the complex, thus freeing the SLS peptide from 

the oligonucleotide. These two components were then separated by gel filtration. Reactivation of 

the hemolytic moiety could only be achieved by acidification of the sample followed by addition 

of oligonucleotide carrier and dehydration; without the dehydration step (drying in vacuo; storage 

in dessicator, if necessary) reactivation did not occur. Taketo & Taketo suggested that separation 

of the hemolytic moiety from its carrier may distort hydrogen bonds present in the hemolytic 

moiety. Thus, the hemolytic moiety must be dehydrated in the presence of the carrier for activity 

to be restored. 

Although the SLS peptide isolated by Loridan and Alouf was extremely labile, it still had 

hemolytic activity. The SLS peptide isolated by Taketo and Taketo showed no hemolytic activity 
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Table 3. Comparison of SLS-RNA core and BHFa • 

SLS-RNA core complex 

pI 3.6 

half life @ 37°C 25 min. 

MW 4000c 

aReference 61 

SLS Peptide 
"BHFIt 

9.2 

7 min. b 

1,800d 

~alf life is increased 5 fold when RNA core is present 
Cestimated by SDS-PAGE; Loridan and Alouf suggest that the 
higher MW estimates reported by other researchers are due 
to aggregates 

destimated by gel filtration 
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unless it was dehydrated and resuspended in the presence of oligonucleotide. One possibility for 

the discrepancy between these two reports may be the different methods used to separate and isolate 

the SLS peptide from its oligonucleotide carrier. Taketo and Taketo's method may indeed have 

distorted the hydrogen bonds present in the S LS peptide, whereas Laridan and AIouf's method did 

not. 

1.5.1.5 Characterization of SLS 

Biochemical analysis. The effects of various enzymes and compounds on SLS are listed in Table 4 

(56, 102, 52, 15). Inhibition of hemolytic activity by proteases varied. lYlost phospholipids and 

aniline dyes were shown to inhibit hemolytic activity of SLS-RNA core, yet nucleases had no effect. 

Cytotoxicity. SLS, both carrier-bound and cell-bound, has been shown by several researchers to 

be cytotoxic to Ehrlich ascites tumor cells (51, 71, 32, 17,21, 106, 107). The cytotoxic activity was 

inhibited by known inhibitors of SLS (i.e., trypan blue). Group A streptococci which do not 

produce SLS or possess CBH did not show cytotoxicity. 

Amino acid analysis. The amino acid compositions ofSLS reported by Koyama (53), Lai et al. (56), 

Laridan and Alouf (61), and Akao et ai. (I) differ slightly. Reported amino acid compositions 

should be. expected to vary due to the differences in carrier molecules (oligonucleotides) and their 

contaminating proteins; thus, the carrier molecule and its purity should be considered when inter

preting and comparing amino acid compositions. All the reported amino acid compositions for 

SLS include high amounts of glycine and serine, with no cysteine or tryptophan. Attempts to se

quence SLS have failed consistently suggesting the amino- and carboxy-terminal amino acids are 

blocked or the peptide is cyclic (56, 61). 
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Table 4. Effects of various enzymes and com
pounds on SLS-RNA corea. 

Compound 

Aminopeptidase M 
Carboxypeptidase Y 
Chymotrypsin 
Leucine aminopeptidase 
Lipase 
Muramidase 
Papain 
Pepsin 
Pronase 
Subtilisin 
Trypsin 
Cholesterol 

Inhibition 

+ 

+ 

+ 
+ 

Lecithin + 
Phosphatidylethanolamine + 
Phosphatidylcholine + 
Phosphatidylserine + 
Alkaline phosphatase 
Ca2+ + 
RNase, DNase, Micrococcal nuclease 
Trypan blue + 
Congo red + 

aReferences 56, 102, 52, 15 

denotes no effect on hemolytic activity of 
SLS-RNA core 

+ denotes decrease of hemolytic activity of 
SLS-RNA core 
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2.5.2 RNA-dependent hemolysin produced by Haemophilus pleuroJJneumoniae 

An RNA-dependent hemolysin produced by H. pleuropneumoniae (serotype 1) was dis

covered in 1985 (65). This hemolysin was heat labile, and inactivated or inhibited by pronase, 

trypsin, chymotrypsin, and trypan blue like SLS and TH. Hemolysin was produced by washed cells 

in an incubation medium similar to Bernheimer' s basal medium and the production was inhibited 

by chloramphenicol. Serotype 3 Ii. pleuropneumoniae also was shown to produce a heat labile 

hemolysin that was inactivated by trypsin and pronase (66). This hemolysin can be produced in a 

chemically defmed medium which includes Tween 80. It is unclear whether this hemolysin is re

lated to any of the other carrier-induced hemolysins. 

2.5.3 RNA-dependent hemolysin produced by Treponema hyodysenteriae 

Production. After the discovery that the hemolytic treponeme T. hyodysenteriae caused swine 

dysentery, several researchers turned their attention to the RNA-dependent hemolysin. The 

hemolysin is produced during the late-log to early-stationary phase of gro\V1h, and was reported by 

Picard et aI. (77) to be induced by addition of Na-R~A to the medium. This phenomenon, also 

observed with streptolysin S (SLS), was confrrmed by other researchers who showed that hemolytic 

activity was increased 300 to 400 fold upon addition of RNA core (50, 60). 

Like the group A streptococci, washed T. hyodysenleriae cells were shown to produce 

hemolysin in an incubation medium similar to Bemheimer's basaI medium (60). Studies by 

Lemcke and Burrows (60) have failed to demonstrate an intracellular or cell-bound hemolysin as

sociated with T. hyodysenteriae. 

Purification. The hemolysin (TH) produced by T. hyodysenteriae was rust purified by Saheb et aI. 

(88). The purification scheme included acetic acid and ammonium sulfate precipitations, ion ex

change chromatography, and gel ftitration .. Their purification scheme has been modified slightly 
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by other researchers, but the major steps in purification of TH remain the same. It should be 

emphasized that the purified TH is still associated with its carrier, RNA core, and that lipids are 

often present. 

Characterization. TH is oxygen-stable, heat labile, and stable in the pH range 2 to 10 (88, 50). The 

molecular weight has been reported to be 68,000 to 74,000 with nucleic acids and lipids associated 

with the peptide. The effects of various enzymes and compounds on TH, SLS, and T. innocens 

hemolysin are compared in Table 5 (88, 85, 86, 56, 102, 52, 15). 

Cytotoxicity. Saheb et al. reported that TH-RNA core has no lytic activity on bacterial protoplasts 

or eukaryotic cells (Chinese hamster ovary and spleen cells) (87). In July 1987, Kent et al. (K. A. 

Kent, R. Sellwood, and R. M. Lemcke, Program Abstr. 5th Anaerobe Disc. Gp. Symp., abstr. no. 

6, 1987) reported that partially purified hemolysin showed cytotoxic activity which was diminished 

upon further purification. 

2.6 Specific Aims 

The specific aims of my research were to (i) obtain successful, continuous growth of T. 

hyodysenteriae, (ii) study the production of the hemolysin produced by T. Ityodysenteriae, (Ui) study 

the effects of different oligonucleotide carriers on the induction of hemolysin, (iv) examine various 

purification procedures for rapid, efficient partial purification of the hemolysin, (v) separate the 

hemolysin from the RNA core carrier, and (vi) detennine whether T. hyodysenteriae can use 

coprostanol, the most common intestinal sterol, to satisfy its sterol requirement. 
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Table 5. Comparison of effects of various enzymes and compounds 
on streptolysin S (SLS), Treponema hyodysenteriae hemolysin (TH), and 
Treponema innocens hemolysina . 

Inhibitors SLS 

Chymotrypsin + 
Lipase 
Pronase + 
Trypsin 
Cardiolipin NO 
Cholesterol 
Phosphatidylcholine + 
Phosphatidylethanolamine + 
Phosphatidylserine NO 
Sphingomyelin NO 
Ca2+ + 
Mg2+ -/R 
Trypan blue + 
Congo red + 

TH 

+/
+ 

-/NR 
-/NR 
+ 
+ 

aReferences 88, 85, 86, 56, 102, 52, 15 

+ hemolytic activity inhibited >50% 
hemolytic activity not inhibited 

+/- hemolytic activity inhibited ~50% 
NR not required for hemolytic activity 
R required for hemolytic activity 
ND no data 
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!. innocens 
hemolysin 

NO 
+/
+ 
NO 
+ 

+/-
+/-

NO 
NO 
+ 
NO 
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3.0 lVlATERIALS AND lVlETHODS 

Organisms. Two virulent strains of Treponema hyodysenteriae, B204 (ATCC 31212) and B234 

(ATCC 31287), were purchased from the American Type Culture Collection. Both strains were 

originally isolated from swine dysentery infections. Stock cultures were maintained on trypticase 

blood agar plates incubated at 37° C in anaerobe jars and transferred every 7 to 9 days. Cultures 

were stored frozen with one drop of glycerol per ml of culture in liquid nitrogen, or at -80°C. 

Media. Brain heart infusion (Duco; Detroit, lVlich.) broth supplemented with 0.8% glucose 

(BHI-G) was prepared pre-reduced and anaerobically sterilized (PRAS) according to the Anaerobe 

Laboratory rvlanual (35). Resazurin (0.000 I 0/0, wt/vol) was used as a redox indicator. Before in

oculation the medium was supplemented with (i) sterile, heat inactivated bovine calf serum or 

rabbit serum (Hazelton) (5 to 100/0); (li) cholesterol (10 .ug/rnl medium; solubilized in ethanol); or 

(iii) liposomes consisting of phosphatidylcholine/cholesterol (7:3, molar ratio), or 

phosphatidylcholine/cholestanol (7:3) liposomes. These supplements were added to satisfy the lipid 

requirements of T. hyodysenteriae. \Vhen appropriate, RNA core (1.2 mg/rnl), poly-G, or poly-G 

beads (1.0 mg/ml) was added for hemolysin production. 

Trypticase blood agar plates were prepared aerobically using trypticase blood agar base 

(Duco) supplemented with sterile rabbit red blood cells (5~/o). 

Microaerophilic/ Anaerobic techniques. All manipulations v.-i.th broth cultures in test tubes were 

made under an 87% N1 , 10% CO2 , 30/0 H2 gas mix using the V.P.I. anaerobic culture system. 

One ml of sterile air was added to the head space (20 ml) of freshly inoculated pre-reduced medium 

in a 50 ml tube, or oxidized PRAS medium was used with anaerobic techniques. All broth cultures 

were continuously stirred by adding sterile stir bars to the flask or tube and incubating on magnetic 

stirrers. Inocula were 10% of the fmal volume. 
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One-liter flasks containing 600 ml of PRAS BIH-glucose broth were cooled to room tem

perature under a constant stream of the previously mentioned gas mix. Sterile air (10 ml) was added 

to the head space upon inoculation with 40 to 60 m1 of T. hyodysenteriae culture that had an optical 

density ~ 0.60 (all 0.0. readings were taken at 540 run using Hitachi spectrophotometer model 

100-40 and 1 cm cuvettes). The flasks were subsequently used for time course studies and partial 

purification of hemolysin. 

Blood agar plates (not pre-reduced) were incubated in an anaerobe jar using Gas Paks or 

Gas Pak Plus (BBL) (80% CO 2 , 20% H2 ). 

Sources of Chemicals. Horse serum, rabbit serum, and bovine calf serum (fllter sterilized) were ac

quired from Hazelton Research Products, Inc. (Denver, PA). Rabbit blood used in preparing 

blood agar plates and hemolytic assays as fust purchased from Hazelton. Rabbit blood was later 

purchased from Brown Laboratories (Topeka, Kansas) after Hazelton discontinued their blood 

products. The following were purchased from Sigma Chemical Co. (St. Louis, :'vtissouri): serum 

replacement (CPSR-I), RNA core Type II-C, polyguanylic acid (poly-G), RNase A, RNase T 1 , 

polyethyleneimine, cholesterol, cholestanol, phosphatidylcholine (PC), and cholic acid (sodium 

salt). Polyguanylic acid agarose beads were purchased from Pharmacia Inc. (Piscataway, NJ), 

hydroxylapatite from Bio-Rad Laboratories (Rockville Centre, NY), and coprostanol from Re

search Plus, Inc. (Bayonne, NJ). 

Production of liposomes. Liposomes were prepared using the Lipoprep-G 0-1 manufactured by 

Dianorm Scientific Instruments (lVtunich, \Vest Germany) (26, 124). Briefly, phosphatidylcholine 

and cholesterol (7:3 molar ratio) were dissolved with sodium cholate in an organic solvent 

(chloroform or ethanol). The molar lipid/detergent ratio was 0.52, and the lipid concentration was 

11.8 mg/mI. A lipid fUm was formed by rotary evaporation at 32°C for approximately 45 min. 

The lipid fUm was then suspended in phosphate-buffered saline (PBS; 10 mlVI ~aP04' 0.15 !VI 

NaCl; pH 7.3). This mixed micellar solution was loaded into the Lipoprep dialysis machine con

taining cellulose membranes with M\V cutoff of 10,000 (Dianorm, #10.16). The mixed micellar 
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solution was dialyzed at 25°C against 13 1 PBS, for 6 to 18 h. PC/cholestanol and PC/coprostanol 

liposomes were prepared in the same manner. Liposome formation was monitored by electron 

microscopy (negative staining; Figures 4a and 4b) and fmal cholesterol (or cholestanol) content. 

No assay was available for coprostanol. 

Cholesterol determination. Cholesterol concentrations were determined using Sigma kit no. 352, a 

colorimetric enzymatic assay capable of determining free and esterified cholesterol. The cholesterol 

kit was also used to determine concentrations of cholestanol, the reduced form of cholesterol, which 

is also detected by the cholesterol assay. 

Protein determination. Protein concentrations were determined by the method of Lowry et al. (62). 

Bovine serum albumin was used as a standard. 

Hemolytic microtiter assay. Serial two-fold dilutions of 50 Jll culture supernatant (or the hemolytic 

sample) were made in PBS (pH 7.2) in a microtiter plate (V-bottom), with PBS as a control. Fifty 

Jll aliquots of washed rabbit erythrocytes (2% in PBS) were added to the dilutions and the plates 

were incubated at 37°C for 60 minutes. The titer was recorded as the reciprocal of the dilution at 

which approximately 500/0 lysis occurs (as detected by the size of the ROC button and observable 

release of hemoglobin). 

Samples which caused hemagglutination were also observed and titered using this assay. 

Growth curves and time course studies. A I 1 flask containing 600 m1 BHI-glucose supplemented 

with 60 rn1 serum was inoculated with 40 to 60 rn1 of actively growing T. hyodysenteriae. Thirty 

rn1 samples were collected by syringe from the flask at various times and the 0.0., pH, and 

hemolytic titer were determined. RNA core was added to 25 ml of the sample which was further 

incubated and subsequently monitored for growth and hemolysin production along with the ori

ginal flask culture. Air which may have been drawn into the flask upon removal of samples did 

not affect the continued growth of the flask culture. 
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Figure 4a. Transmission electron micrograph of negatively stained phosphatidylcholine;cholesterol 

liposomes. 
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Figure 4b. Transmission electron micrograph of negatively stained phosphatidylcholine/cholestanol 

liposomes. 
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Protease inhibitors. The following protease inhibitors were used: bovine serum albumin (BSA), 1 

mg/ml; dithiothreitol, 1 mM; EDT At 1 mM; iodoacetate, 1 m;V1; trypsin eggwhite inhibitor, 1 

mg/ml; and trypsin soybean inhibitor, I mg/ml. The buffer used for these preparations was 0.05 

IV! Tris-HC1, pH 7.5. 

Incubation mixture for washed, resting cells. Washed, resting (stationary phase) T. Izyodysenteriae 

cells were incubated for 1 to 2 h at 37°C in phosphate-buffered saline (PBS, pH 7.3) containing 

0.001 M 1\tlgS04 (Sigma), 0.001 Nt glucose (Duco), 0.1 (% cysteine.Hel (Sigma), 0.25 % casamino 

acids (Duco), and 0.120/0 RNA core (Sigma). Hemolysin production was assayed using the 

micro titer method. 

RNase degradation of RNA core. Various concentrations of R~ase Tl (400 V, 800 U, and 1,600 

U) and combinations of RNase T 1 and RNase A (l,620 U and 16,200 IJ) were tested for their 

ability to degrade RNA core (100 IJ. 1; 60 I-Lg/IJ.I). The RNases were incubated with R~A core at 

various temperatures for varying amounts of time (Table 6). After incubation, 1 ttl of each sample 

was loaded onto a thin-layer chromatography plate (silica gel 60 F 254' 20 cm x 20 cm, 0.25 mm 

thick; Merck. Darmstadt) and developed in n-propanoljammonium hydroxide/water (55:35: 10) for 

8 h. RNA core was observed on the thin- layer plates by fluorescence under a U .V. lamp. 

Poly-G beads. Poly-G agarose beads (Pharmacia; 1 mg polyguanylic acid per ml beads) were 

washed twice with sterile distilled Hz 0 and suspended to their original volume in sterile PBS (pH 

7.2), and added to log phase cultures to achieve a fmal concentration of 0.1 mg/ml polyguanylic 

acid. The cultures were then incubated at 37°C for 1.5 h. After incubation, the cultures (and beads) 

were passed over a PD-IO Sephadex G-25M column (Phannacia). The culture supernatant and 

cells were collected and the supernatant was assayed for hemolytic activity. The beads were left on 

top of the column and washed twice with 10 ml sterile PBS. The column was then closed off (at 

the bottom) and the beads were suspended in 0.5 ml PBS (above the disc at the top of the sephadex 

column) and assayed for hemolytic activity. The beads at the top of the column were then sus-
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TABLE 6. Parameters for incubation of RNases with RNA core. 

RNase 

RNase Tl 

RNase Tl 
+ RNase A 
RNase Tl 
+ RNase A 
Rnase Tl 
+ RNase A 

controlb 
control 

Units 

400 Ua 
800 U 

1600 U 
1600 U 

1600 U 
1620 U 
1600 U 

16200 U 
1600 U 

16200 U 

Incubation 

Temperature 

37°C 
37°C 
37°C 

4°C 

37°C 

37°C 

4°C 

Time 

1 h 
1 h 
1 h 

18 h 

1 h 

1 h 

18 h 

1 h 
18 h 

a In all cases, 100 ~l RNA core (60 mg!ml) were used 
b RNA core incubated without RNases 
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pended in 1 ml 20/0 rabbit RBC and incubated for 45 min at 3rC. The RBC suspension was then 

allowed to pass through the column and observed for release of hemoglobin, indicating lysis. 

Poly-G beads which were not incubated with a culture were used as a control and handled in the 

same manner. 

Cytotoxicity assay. Confluent layers of Chinese Hamster Ovary cells (ATCC CHO-K 1) in flat

bottom microtiter plates were used for the c}10toxicity assays. Serial ten- or two-fold dilutions were 

made of the hemolytic sample and controls in the wells containing the CHO cells. Results were 

read after 18 h of incubation at 37°C. A positive cytotoxic reaction was indicated by 2 90% cell 

rounding, or death, as compared to the control wells. Death was indicated by complete destruction 

of the cell (14). 

Batch purification of hemolysin. 

(i) A eerie acid clarification. Hemolytic culture futrate was titrated with glacial acetic acid to pH 4.0 

and stirred overnight at 4°C. The precipitate was collected by centrifugation at 10,000 x g for 20 

min and was suspended in 0.067 M K2 HP04 /KH 2 P04 - O.85~/o ~aC purification step was intro

duced by Saheb et al. (88). 

(ii) Ammonium sulfate precipitation. Twenty m1 aliquots of the hemolytic culture supernatant were 

used for ammonium sulfate cuts ranging from 65 to 100% (5% increments). Ammonium sulfate 

was ground to disrupt of clumps and added to each aliquot over a period of 15 minutes. The 

aliquots were then stirred 2 to 6 h at 4°C and the precipitate was removed by centrifugation (15,000 

x g, 20 min). The supernatants were collected, dialyzed exhaustively overnight at 4°C against dis

tilled H2 0, and titered for hemolytic activity. A one ml sample of the hemoly1ic culture 

supernatant was handled similar to the ammonium sulfate aliquots as a control. 
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(iii) Ilydroxylapatite adso,.ption. Two ml of 1 1\1 K2 P04 /KIl2 P04 • 1,\1 ammonium acetate buffer 

(fmal buffer concentration 100 mi\l) was added to 20 m1 of hemolytic culture supernatant before 

adding four grams of hydroxylapatite. The mixture was incubated with shaking at 4°C for 1 h. 

The hydroxylapatite was collected by centrifugation, washed 4 to 5 times in 100 mlVl K2 P04 / 

KH2 P04 - 100mM ammonium acetate buffer until the resulting supernatant was clear in color (the 

supernatants from the washes were monitored for hemolysin by titering), and suspended in 400 

mlVl K2 P04 /KH 2 P04 • 100mM ammonium acetate buffer to clute the R~A-hemolysin complex. 

The eluent was titered for hemoly1ic activity. 

The supernatants were previously monitored by absorbance at 260 nm for presence of 

nucleic acids (RNA core) to assure that the hydroxylapatite was binding the RNA core at the 

concentrations used. 

(iv) Polyethyleneimine precipitation ( PEl). Sixteen JlI of 50/0 PEl per m1 of hemol)1ic culture 

supernatant (RNA core = 1.2 mgjml; fmal conc. 0.080/0 PEl) precipitated the optimal amount 

of nucleic acids from culture fIltrate (27). The pellet was collected by centrifugation at 10,000 x g 

for 20 min, and the supernatant was titered and discarded. The pellets were suspended in 2 m1 PBS, 

or 1 lVI, 2 1\1, or 4 M NaCl. The preparations were stirred overnight at 4c C. Salt was removed 

by gel fIltration through a PO-IO sephadex column, and ten 5 ml fractions collected and titered. 

Partial purification of hemolysin. TH-RNA core was partially purified by titrating the hemolytic 

culture ftitrate with glacial acetic acid to pH 4.0 and stirring it overnight at 4°C. The precipitate 

was collected by centrifugation at 10,000 x g for 20 min and was suspended in 0.067 M K2 P04 / 

KH2 P04 - 0.85% NaCl (pH 7.5). The preparation was brought to 650/0 saturation with 

ammonium sulfate, stirred for at least 6 h at 4°C, and centrifuged at 15,000 x g for 20 min. The 

pellet was discarded, and the supernatant was dialyzed overnight against 15 1 of distilled H 2 0 and 

concentrated on a YM·IO Oiaflo ultrafiltration membrane (Amicon Corp.; Lexington, '\fA). The 

partially purified TH-RNA core preparation was either lyophilyzed or stored (in distilled H20) at 
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-80a C. These purification steps are part of the purification scheme introduced by Saheb et al. (88) 

and revised by Knoop (50) for the purification of TH~RNA core. 

TH-RNA core separation techniques. 

(i) Alkaline treatment of TIl-RNA core. Partially purified lyopbilyzed TlI-R~A core was sus

pended in distilled H2 a and titrated to pH 12.5 (using KOH). The preparation was incubated at 

37°C for 16 h, passed through a PD-IO sephadex column equilibrated with 2 my I KOII, and 1 

m1 fractions collected. These fractions were neutralized, and hemoly1ic titer, protein concentration, 

pH, and absorbance at 280 run and 260 run were detennined for all fractions. A control not treated 

with alkaline pH was also run. 

(ii) Isoelectric focusing. Isoelectric focusing was done in commercial pre-cast isoelectric focusing 

gels (LKB; Gaithersburg, :VID) at 1500 V for 1.5 h. The gels were thin-layer polyacrylamide. 

Isoelectric point markers were purchased from Pharmacia. 

Agarose gel electrophoresis. Partially purified TH-R1"A core preparations and other experimental 

samples were analyzed on 1 ~/o agarose gels in tris-acetate-EDT A (T AE; pH 8.2) buffer containing 

0.005% EtBr for 1 to 2 h at 100 V (constant). Hemolytic activity \vas followed and recovered from 

bands which incorporated EtBr. Blood agar overlays did not detect hemolytic activity. Therefore, 

bands indicated by EtBr were removed from the gel for recovery of hemolytic activity. The bands 

were minced using a razor blade and suspended in 200 J.Ll PBS, mixed, and 50 .ul of the supernatant 

collected and titered. 400 J.Ll of 2% rabbit RBC was then added to the tube containing the minced 

band and incubated for I h at 37°C. Release of hemoglobin indicated presence of hemolytic ac

tivity, confmning the titration results. 

MATERIALS AND l\1ETHODS 41 



4.0 RESULTS 

4.1 Growth studies 

Treponema hyodysenteriae has been reported to be an anaerobic bacterium and several 

laboratories have achieved growth in "anaerobic'" media supplemented with serum. In repeated 

trials, I could obtain only very minimal growth in pre-reduced BHI broth supplemented with 10'% 

serum and this amount of growth occurred in a very inconsistent manner. In contrast to the earlier 

reports, Stanton and Cornell (101) recently reported that this organism required the addition of one 

percent oxygen to the head space of anaerobic broth media and that continuous stirring of the 

culture with a magnetic stirring bar improved growth. I found that the addition of one ml of air 

to the 20 ml head space of medium in a 50 ml tube, along with continuous stirring, gave good re

producible growth of T. hyodysenteriae. Cultures of 600 ml grew successfully when 10 ml of air 

was added to the head space gas in a one liter flask and the culture was stirred continuously. 

With this microaerophilic growth technique I was able to obtain growth of T. 

hyodysenteriae in BHI-glucose broth supplemented with 5 to 100/0 horse, rabbit, or bovine calf se

rum when these media were inoculated with 10% v/v of an actively motile culture. The cultures 

varied in the time required to start logarithmic growth and reached optical density readings of 0.7 

to 1.0 between 18 to 36 hours after inoculation. The pH of the cultures started at 7.00 to 7.25 and 

declined during growth to a flnal pH value of 5.25 to 5.50. The cultures stopped logarithmic growth 

between pH 6.25 and 6.50. Typical growth curves and pH values are shown in Figure 5. The 

difference of the growth curves for T. hyodysenteriae strains B204 and B234 shown in Figure 5 are 

due to the length of the lag phases (caused by the different inocula) and not to differences in the 

strains. 
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Figure 5. Growth of two Treponema hyodysenteriae cultures in BHI-glucose + 100/0 calf serum: 

-. optical density; - - "j pH;. t B204; ., B234. 
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4.2 Production of hemolysin (TH) 

Cultures grown as described above produced barely detectable levels of hemolytic activity 

in the culture supernatant. The highest titer obtained was only 16. \Vhen RNA core (1.2 mg/ml) 

was added to these cultures at the time of inoculation, the resulting hemolytic titers were as high 

as 2048. The rise in hemolytic titer paralleled the growth of the organism and peaked at the start 

of the stationary phase of growth (Figure 6). The titer remained stable for at least 12 hours but 

had declined by 900/0 after an additional 10 hours of incubation (Figure 6). 

\Vhen the RNA core was added during logarithmic growth of the culture, the hemolytic 

titer reached the same value of 2048 by the time the culture reached maximum turbidity (Figure 

7). When RNA core was added during early stationary phase the results were more variable. In 

some experiments the hemo1}1ic titer would reach (after a period of several hours) the same value 

as when the RNA core was added at the time of inoculation, but usually the titer was about one 

half of that value (Figure 7). \Vhen the RNA core was added during late stationary phase the 

amount of hemolysin detected in the culture supernatants declined and when added 6 hours into 

the stationary phase there was no detectable increase in hemolytic titer. By this time the motility 

of the spirochetes also had declined. 

The time required for the start of hemolysin detection after the addition of RNA core 

during early stationary phase varied slightly between 5 and 15 minutes. Two representative exper

imental results are given in Figure 8. The requirement of 5 to 15 minutes for detection of hemolysin 

after the addition of RNA core to early stationary cultures suggested that tills was likely a reflection 

of true induction of the synthesis of the hemolytic peptide. To test this I added both RNA core 

and chloramphenicol (to stop protein synthesis), to cultures late in the logarithmic phase of growth. 

As shown in Table 7, chloramphenicol completely prevented the increase in hemolytic titer ob

served when RNA core was added. 

As can be seen in Figure 6, the hemolytic titers of older cultures declined rapidly and tills 

occurred in culture supernatant fluids stored at either 37°C or 4°C. It seemed possible to me that 
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Figure 6. Growth and production of hemolysin by Treponema hyodysenteriae (B234) m 

B HI -glucose + cholesterol (15 }lg/ml) + 1 % calf serum. 
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Figure 7. Hemolytic titer produced by Treponema hyodysenteriae (B234) in Figure 6 after addition 

of RNA core at: 0, inoculation: .A., early- log; T t late-log; e t early-stationary; 

and, 6 t stationary phase. 
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Figure 8. Hemolytic titer produced by two Treponema hyodysenteriae (B234) cultures in early

stationary phase after RNA core (1.2 mg/ml) was added. 
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TABLE 7. Effect of chloramphenicol on hemolytic titers. 

Hemolytic titer O.D. 

Medium Time (min) Time ~min) 
0 15 30 60 90 120 0 120 

BHI-G (control) 0 a 0 0 0 0 1.07 1.16 

+ RNA corea a 512 512 512 512 512 1.07 1.13 

+ Chloramphenicolb a 0 0 0 0 0 1.07 1.13 

+ RNA core 0 0 0 0 0 0 1.07 1.14 
+ Chloramphenicol 

afinal concentration 1.2 mg/ml 
bfinal concentration 0.6 mM 
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this might be because of proteases active in the culture supernatants, so I attempted to inactivate 

any such proteases by the addition of the protease inhibitors listed in Table 8. None of these 

inhibitors had any effect on the decrease in hemolytic titers that occurred with time. Hemolytic 

titers were preserved by storing culture filtrate and hemolytic samples at -80°C where it was stable 

for periods of at least 2 months. 

Aniline dyes inhibit the hemolytic activity of SLS-RNA core (19, 23, 109) and TH-RNA 

core (86). For this reason, hemolytic cultures grown in the presence and absence of resazurin (an 

acidic dye and indicator of oxidation-reduction potential) were examined to determine whether 

resazurin had any effect on hemolytic activity. Cultures grown in the presence or absence of 

resazurin had hemolytic titers of 512 (0.0. = 0.80); thus, resazurin had no effect on hemolytic 

activity. 

4.3 Effects of Different Carriers on TH 

Oligonucleotides rich in guanylic acid have been shown to be efficient inducers of 

hemolysin production (77, 50, 108). Akao et aL (1) suggested that RNased RNA core (using 

RNase T 1 ) may expose more guanylic acid residues and increase the inducer activity of RNA core. 

For these reasons, I tested polyguanylic acid (poly-G) and RNase treated RNA core for the ability 

to induce hemolysin as compared to RNA core. The best degradation of RNA core was achieved 

by using 400 U of RNase T1 per 6 mg RNA core (67 U/mg), and incubating at 37°C for 1 h. A 

mixture of RNase T1 (1600 U/6 mg RNA core) and RNase A (16,200 U/6 mg RNA core) also 

degraded RNA core. RNA core, RNase treated RNA core, and poly-G were added to cultures 

at the end of log phase (0.0. = 0.79) and the cultures were incubated for 1.5 h at 37°C. Neither 

RNase treated RNA core nor poly-G appeared to induce the production of hemolysin in amounts 

comparable to RNA core (Table 9). Poly-G caused hemagglutination of rabbit red blood celis, 

making it difficult to detennine its ability to induce hemolysin production. 
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RESULTS 

TABLE 8. Effect of protease inhibitors 
on stability of TH-RNA core in CF. 

Protease inhibitor 

None (0 h) 
None (6 h) 
0.05 M Tris, pH 7.Sc 

BSA 
Dithiothreitol 
EDTA 
Iodoacetate 

Hemolytic titer 
of culture filtratea 

Trypsin Inhibitor (soybean) 
Trypsin Inhibitor (eggwhite) 

1024b 
32 
32 
16 
32 
16 
32 
16 
16 

aAfter 6 h incubation at 37°C 
~efore 6 h incubation at 37°C 
cBuffer control 
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RESULTS 

TABLE 9. Effect of RNA core and RNase treated 
RNA core on hemolytic titers of culture filtrate. 

Carrier 

None 
RNA core 
RNase treated RNA core 
Poly-G 

Hemolytic titer 
of culture filtrate 

16 
1024 

256a 

16b 

a1600 U RNase T1/6 mg RNA core (37°C, 1 h) 
bCulture filtrate to which poly G was added 
had a hemmagglutination titer of 512; poly-G 
which was not added to cultures had a hemag
glutination titer of 2048+ (see Table 10) 

ss 



Poly-G beads were also tested with hopes that TH would bind to the beads and could 

subsequently be eluted for purification. Again, hemagglutination made the results difficult to in

terpret (Table 10). 

4.4 Partial Purification of Hemolysin ... RNA core Complex 

I followed the procedure of Saheb et aI. (88) for partial purification of TIl-RNA core. The 

fUtrate from cultures grown in DBI broth supplemented with calf serum (10%) and RNA core was 

subjected to acetic acid clarification at pH 4.0 to exclude many of the serum proteins present in the 

medium. TIlls precipitated > 900/0 of the hemolytic activity. The precipitate was resuspended and 

used for ammonium sulfate precipitation. At 650/0 saturation many proteins precipitated, but the 

TH-RNA core complex remained in the supernatant. This resulted in a partial purification of the 

TH·RNA core complex, which was used for subsequent experiments. Interestingly, the hemolysin 

did not remain in the resuspended acetic acid pellet when the ammonium sulfate concentration was 

increased to 85%, even though I found that ammonium sulfate saturations of 85% and higher did 

not precipitate the hemolysin from crude culture ftltrates. 

4.5 Cytotoxicity 

Partially purified hemolysin (purified as above) with a hemolytic titer of 8,192 was 

cytotoxic to CHO cells. This preparation had a cytotoxic titer of approximately 256. The ClIO 

cells were lysed rather than merely rounded. 
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TABLE 10.' Effect of poly-G and poly-G beads on hemolytic titers 
of culture filtrate. 

Carrier 

None 
Poly-G& controla 
Poly-G 
Poly-G beads& controla 
Poly-G beads 
CFc 

Hemolytic titer 
of culture filtrate 

16 
o 

16 
o 
o 

16 

Hemagglutination 
titer of CF 

o 
2048+ 
512 

2048+ 
128 

o 

aControl. no incubation with culture (control) 
bAfter incubation with culture 
CAfter incubation with poly-G beads 
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4.6 Attempts to Separate the Hen10lytic Peptide from the RN A core 

Isoelectric focusing was used successfully by Loridan and Alouf (61) to separate SLS-RNA 

core. Taketo and Takcto (105) later used alkaline treatment of SLS-RNA core for separation. 

These two procedures wcre used in an attempt to separate the hemol}1ic peptide (TIl) from RNA 

core. 

(i) lsoelectricfocusing (IEF). Isoelectric focusing (IEF) of partially purified TH-R~A core yielded 

several bands which migrated toward the anode to an area of pi 2.0 to 5.2. The most prominent 

band had a pI of approximately 2.0, and consisted of a white precipitate which fluoresced when 

stained with ethidium bromide. This band did not stain with coomassie blue and was believed to 

be free RNA core. The other minor bands which ranged from pI 3.5 to 5.2, stained lightly with 

coomassie blue and also consisted of a white precipitate, indicating protein and R~A core. Re

covery of hemolytic activity was not possible from the IEF polyacrylamide gels which contained 

ampholines. Blood agar overlays did not detect hemolytic activity, and elution of the hemolytic 

activity from the IEF gel was hampered by hemagglutination most likely caused by the ampholines. 

Partially purified TH-R1"\A core was treated with R~ase T 1 in attempts to degrade the 

RNA core associated with the TH peptide. IEF gels failed to show any new (basic) protein bands. 

However, considerably less white precipitate (believed to be free RNA core) was seen at pI 2.0. 

Partially purified TH-RNA core treated with 61\1 urea to facilitate separation, also failed 

to yield any new, or basic, protein bands when subjected to IEF. Commercial nickel stains 

(Kodak) also did not detect any new (basic) bands. 

Oi) Alkaline treatment. Partially purified TH-RNA core was treated with KOB at pH 12.5 and 

passed through a PD-IO sephadex column. Only very low amounts ( < 5%
) of hemolytic activity 

eluted at and immediately after the void volume. These results indicate that the TH-R~A core 

was not dissociated and that most of the hemol)1ic activity was inactivated by the procedure. 
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4.7 Agarose gel electrophoresis 

Because recovery of hemolytic activity was not possible from the IEF polyacrylamide gels which 

contained ampholines, I analyzed partially purified TH-RNA core and other experimental samples 

on 1 % agarose gels. Although, blood agar overlays did not detect hemo111ic activity, hemolytic 

activity was recovered by removing bands from the geL The band which incorporated EtBr, indi

cating RNA core, was removed and analyzed. This band contained recoverable hemolytic activity. 

4.8 Attempts to Purify the Hemolytic Peptide-RN A core Complex by other 

Techniques 

Three batch procedures: (i) anunonium sulfate precipitation, (ii) hydroxylapatite 

adsorption, and (iii) polyethyleneimine precipitation, were evaluated for their usefulness in purifi

cation of TH-RNA core. 

(i) Ammonium sulfate precipitation. Because TH-RNA core remains in solution at 65% 

anunonium sulfate saturation of crude culture ftltrate, I increased the concentration of ammonium 

sulfate to detennine when TH- RNA core would precipitate. The hemol}1ic titers of supernatants 

treated with 650/0 to 100% anunonium sulfate were the same (titer = 128). The resuspended pellets 

of the 650/0-80% ammonium sulfate saturation had titers of 0, and the 85%-100% pellets had titers 

ranging from 2 to 8. Thus, the hemolytic activity remained soluble even at high levels of 

anunonium sulfate. However, if anunonium sulfate at > 650/0 of saturation was added after the 

acetic acid clarification, hemolytic activity was precipitated. 

(ii) Hydroxylapatite (HA) adsorption. Hydroxylapatite adsorption was used successfully (100% 

recovery) by Loridan and Alouf (61) to purify SLS-RNA core. Therefore, I examined the useful-
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ness of HA in the purification of TH-RNA core. All the hemolytic activity was adsorbed by the 

HA. However, the best recovery of TH-RNA core from the HA was only 10~'O; thus, purification 

of TH-RNA core by HA batch adsorption was not efficient. I performed a series of experiments 

in attempts to increase the yield of TH-RNA core eluted from hydroxylapatite. These experiments 

included the following: (i) the procedure was performed at 4° C in an attempt to minimize loss of 

hemolytic activity, (ii) the volume of washes was minimized, and (iii) resuspcnsion of the HA pellet 

was done very gently to maximize binding to hydroxylapatite and minimize loss of TH-RNA core 

during washing. None of these procedures improved the recovery of TH-RNA core. Potential 

interference in the binding of TH-RNA core to HA by serum proteins in culture ftltrate was con

sidered. However, no hemolytic activity remained in the culture filtrate supernatant after incubation 

with hydroxylapatite. 

(iii) Polyethyleneimine (PEl) precipitation. The use of PEl, a substance that precipitates nucleic 

acids, was evaluted for its usefulness in purifying TH-RNA core (27). Sixteen,ul of 5% PEl per 

m1 of hemolytic culture supernatant (RNA core = 1.2 mg/m1; fmal cone. 0.080/0 PEl) precipitated 

the optimal amount of nucleic acids. (At this concentration, no hemolytic activity was recovered 

in the supernatant of the reaction mixture. At higher concentrations of PEl, less precipitate was 

formed and hemagglutination occurred during the micro titer hemolytic assay). PEl completely 

precipitated TH-RNA core in culture filtrate (titer 512); no hemoly1ic activity remained in the 

supernatant. I tried several methods to recover the hemolY1ic activity from the pellet. I frrst re

suspended the pellet in PBS, or 1 lVI, 2 M, or 4 M NaCl. PBS and 1 ~t NaCl did not sufficiently 

solubilize the PEl pellet; however, it was soluble in 2 1\1 and 4 ::VI NaCl. \Vhen the salt was re

moved by passage through a desalting column, there was no significant hemolytic activity in the 

fractions collected. 

A summary of these ftndings is given in Table 11. These purification procedures were 

perfonned using cultures grown in serum supplemented media. 
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Table 11. Summary table of batch procedures for purification of TH-RNA 
core from culture filtrate. 

Method Comments 

Acetic acid TH-RNA core precipitates 
at pH 4.0 

Ammonium sulfate TH-RNA core remains in 
supernatant at 100% 
saturation 

Hydroxylapatite TH-RNA core adsorbs to HA; 
not efficiently eluted 

Polyethylene imine TH-RNA core is precipitated, 
not efficiently solubilized 

Estimated Recovery 

>907., in pellet 

>907., in super
natant {at 1007. 
saturationa 

~10% recovered 

<57. recovered 

aTH-RNA core remained in solution at 100% ammonium sulfate saturation 
of culture filtrate. After acetic acid clarification, TH-RNA core 
remained in solution at 657. ammonium sulfate saturation, while 85% 
ammonium sulfate saturation consistently precipitated at least 25% of 
hemolytic activity. 
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4.9 Attempts to Elinlinate Serum from l\'Iediuln 

Because many of the batch purification procedures were inefficient, I attempted to elimi

nate the amount of protein in the culture mtrate. Several methods were used to try and "clean up" 

the media. 

4.9.1 Production of TH by washed, resting cells 

\Vashed, resting (stationary) T. hyodysenteriae which were incubated in the mixture containing only 

RNA core and essential nutrients (methods) produced hemolysin. Unfortunately, production of 

hemolysin in the incubation mixture was only 5-25% as efficient as T. hyodysenteriae cultures in 

BHI-glucose-RNA core broth, and was variable. 

4.9.2 BHI-glucose supplemented with serum replacement 

Serum replacement, a dermed serum substitute often used for tissue culture, contains fewer proteins 

than animal sera. Therefore, I tested its usefulness in decreasing the amount of proteins present in 

culture ftitrate. T. hyodysenteriae was able to grow in BHI-glucose broth supplemented with serum 

replacement (100/0), and hemolysin was produced. Unfortunately, serum replacement contains 3.5 

to 4.5 gm % protein. 

4.9.3 BHI-glucose supplemented with cholesterol 

Stanton and Cornell (101) were able to grow of T. hyodysenteriae in BHI-glucose supplemented 

only with cholesterol. However, I found that BHI-glucose supplemented with cholesterol 
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(solubilized in ethanol) did not support growth of T. hyodysenteriae; with each subsequent transfer 

in cholesterol supplemented media, the optical density of the culture decreased and the cells ap

peared unhealthy by darkfield microscopy and were less motile. Gro\\1h was not detected after 4 

transfers of T. hyodysenteriae in BHI-glucose supplemented with cholesterol. 

4.9.4 BHI-glucose supplemented with liposomes 

Growth on cholesterol liposomes. In February 1987 Stanton reported that T. hyodysenteriae grew 

very well in BHI broth supplemented with cholesterol liposomes (101). I was able to prepare 

phophatidylcholine (PC)/sterolliposomes of controlled size (Figure 9) with a membrane dialysis 

technique. At a fmal concentration of 10 }Lg of cholesterol per ml of B HI broth these liposomes 

supported growth as well as serum supplementation. ~1aximal optical densities of 0.7 to 1.0 were 

obtained between 18 and 48 hours after inoculation (10% v/v). T. hyodysenteriae was successfully 

subcultured 10 + times in this medium. 

Growth on cholestanolliposomes. Both Lemcke and Burrows (59) and Stanton (100) have sho\\'n 

that T. hyodysenteriae can use cholestanol (solubilized in ethanol) to satisfy its sterol requirements. 

In fact, Stanton showed that cholestanol is directly incorporated in the cell membrane (100). 

Phosphatidylcholine/cholestano1 liposomes prepared in the same manner as PC/cholesterol 

liposomes supported gro\\1h of T. hyodysenteriae that was comparable to growth on serum sup

plemented media. T. hyodysenteriae was successfully subcultured 10 + times in PC/cholestanol 

supplemented medium. 

Growth on coprostanol liposomes. Coprostanol is the reduced form of cholesterol found in the colon 

of animals and usually the steroid found in highest concentration in this environment. Thus it was 

of interest to determine whether T. hyodysenteriae could use this steroid to satisfy its growth re-
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Figure 9. Transmission electron micrograph of negatively stained phosphatidylcholine/coprostanol 

liposomes. 
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quirement. Liposomes were made in the same manner as with the cholesterol and cholestanol 

liposomes and were added to BHI broth calculated to result in a fmal 20 ,ug coprostanol per mL 

This had to be done by calculation and not by experimental determination since the colorimetric 

assay used to measure cholesterol and cholestanol did not detect coprostanol, and BPLC detection 

was not yet available. T. hyodysenteriae was successfully subcultured 10+ times in PC/coprostanol 

supplemented medium. 

4.10 Sterol Requirements 

My results from liposome supplemented BBI-glucose show that T. hyodysenteriae's sterol 

requirements can be satisfied with either cholesterol, cholestanol, or coprostanol. 
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5.0 DISCUSSION 

T. hyodysenteriae, the causative agent of swme dysentery and the frrst cultiv~table 

pathogenic treponeme, was discovered in 1971 (113). Since then, researchers have been studying 

the physiology of the organism and trying to dctermine thc pathogenesis of the disease that it 

causes. Researchers have focused their studies on two physiological characteristics: the lipid and 

sterol requirement for growth of T. hyodysenteriae and the RNA core-induced hemolysin, which 

is similar to the RNA core-induced streptolysin S hemolysin produced by group A streptococci. 

T. hyodysenteriae is most commonly referred to as an oxygen tolerant anaerobe which 

should be grown under anaerobic conditions. However, I got minimal to no growth when T. 

hyodysenteriae was transferred into PRAS BIB-glucose-serum and grown under anaerobic condi

tions. I found that T. hyodysenteriae requires 1 % O 2 and stirring for optimal growth, thus con

fum.ing Stanton and Cornell's results (101). T. hyodysenteriae may indeed be microaerophilic, 

however its ability to use O 2 has not been shown. 

RNA core has previously been shown to increase hemol)1ic titers of T. Izyodysenteriae 

cultures as much as 300 fold (77, 50). I found that this increase in titer was seen whether the RNA 

core was added to the culture at the time of inoculation, during mid-log, or early- stationary phase 

(Figures 6 and 7). However, the titer was increased most dramatically when RNA core was, added 

during log phase. 

Because polyguanylic acid rich fractions of RNA core are the best inducers of the 

hemolysin, poly-G beads were incubated with cultures of T. hyodysenteriae with hopes that TH 

would bind to the beads and could subsequently be eluted for purification. Unfortunately, poly-G 

and poly-G beads did not induce hemolysin and caused hemagglutination, making hemolytic assays 

difficult to interpret. 

It is unknown whether TH formation is similar to SLS formation; studies looking for 

intracellular TH and cell bound hemolysin have not been done. If TH is transported to the cell 
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surface by an intracellular carrier and deposited in a membrane pool until an extracellular carrier 

extracts it from the membrane, residual hemolytic activity should be seen when both 

chloramphenicol and RNA core are added to a culture. However, no hemoly1ic activity was ob

served. Hemolytic activity was observed as soon as 5 minutes after RNA core alone was added. 

Chloramphenicol is an inhibitor of protein synthesis; thus, my results suggest that the addition of 

RNA core to cultures induces the de novo synthesis of the hemolytic peptide or assembly of the 

peptide. 

Several batch methods for partially purifying TH·RNA core were investigated. Acetic acid 

clarification and ammonium sulfate precipitation was commonly used in previously published pu

rification schemes for TH-RNA core. My results support these ftndings and show that both pu

rification steps resulted in > 90% recovery of TH-RNA core. Acetic acid clarification followed by 

ammonium sulfate precipitation (650/0 saturation) proved to be an efficient method for partial pu

rification of TH-RNA core. Laridan and Alouf (61) previously used hydroxylapatite to purify 

SLS·RNA core (100% recovery). Therefore, I examined the usefulness of HA in the puriftcation 

of TH-RNA core. In addition, I evaluated the use of polyethyleneimine, a substance that precipi

tates nucleic acids, in the purification of TH-RNA core. In both instances, the hemolj1ic activity 

adsorbed. However, I was unable to effectively recover the activity. 

Isoelectric focusing was used successfully by Laridan and Alouf (61) to separate SLS-R~A 

core. The resulting peptide (SLS) was very basic and unstable, yet had hemolytic properties similar 

to SLS-RNA core. Taketo and Taketo (105) later used alkaline treatment of the hemolysin-Ri'A 

core complex to separate the hemolysin peptide. Their S LS peptide appeared to be more stable 

than Laridan and Alouf's however, it was not hemolytic without the R~A core carrier. Similarly, 

TH may not be hemolytic when separated from RNA core. Thus, hemolytic assays may not be a 

reliable method for detecting the TH peptide. Isoelectric focusing of partially purified TH-RNA 

core did not appear to separate the TH-peptide from R~A core since no basic bands were seen and 

all bands which did stain with the coomassie blue dye had white precipitate (believed to be R~A 

core) associated with them. Partially purified TH·R~A core that was subjected to RNase or urea 
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also did not separate during isoelectric focusing. Alkaline treatment of partially purified TIl-RNA 

core caused a loss of activity and also appeared not to separate the TH peptide from RNA core. 

In July 1987, Sellwood et al. (R. Sellwood, D. Revitt, K. A. Kent, M. R. Burrows, and 

R. Lysons, Program Abstr. 5th Anaerobe Disc. Gp. Symp., abstr. no. 7, 1987) reported cloning 

the gene which codes for TH. Once the carner-free TH peptide is obtained, several questions about 

the amino acid structure of TH, its interaction with RNA core and membranes, and its mechanisms 

of action can be studied. The fact that the TI I gene was cloned indicates that TH probably is not 

a cyclic peptide; cyclic peptides are produced by enzymatic pathways rather than being a single gene 

product. 

Several researchers have reported growth of T. hyodysenleriae in brain-heart infusion or 

trypticase soy broth supplemented with cholesterol alone without serum (59, 101). However, I 

could not repeat these results. T. hyodysenteriae which I transferred into BHI supplemented with 

cholesterol did not grow; these cultures never reached O.D.s over 0.7 and could only be sub

cultured 2 to 3 times. This growth most likely represented growth on serum which was carned over 

from the initial 10% inoculum of T. hyodysenteriae into the cholesterol supplemented B H I. 

Lemcke and Burrows (59) had to add delipified BSA fraction V to their broth cultures as well as 

cholesterol to obtain growth. The BSA may bind or solubilize the cholesterol in a manner which 

makes it more accessible to the treponemes and may act as a reservoir for cholesterol, thus sup

porting better growth. This kind of interaction has been reported between BSA and fatty acids 

which are required by other treponemes (l18). Stanton and Cornell (l01) reported that both 

phospholipids and cholesterol were required for gro\\'1h of T. hyodysenteriae. The phospholipids 

may also solubilize the cholesterol making it more accessible to the treponemes. It is also possible 

that T. hyodysenleriae, like other treponemes, is deficient in synthesizing fatty acids (required for 

phospholipid synthesis), therefore, phospholipids are required. Specific fatty acid requirements 

have not been investigated in T. hyodysenleriae. 

Although I could not get growth of T. hyodysenteriae in BHI supplemented with choles

terol solubilized in ethanol, I did ftnd that BHI supplemented with phosphatidylcholine liposomes 

containing cholesterol or cholestanol supported growth. l'v1y results confmn Stanton and Cornell's 
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recent report (101) that BHI-glucose supplemented with PC/cholesterol vesicles (prepared by ether 

vaporization) supported growth of T. hyodysenteriae. This growth was comparable to growth in 

BHI supplemented with serum. Unlike the Eubacterium spp. (which reduces cholesterol to 

coprostanol) (16, 84), T. hyodysenteriae's ability to use cholestanol directly, indicates that choles· 

terol does not function as an electron acceptor. Stanton showed that T. hyodysenteriae can reduce 

cholesterol to cholestanol, the sterol which is incorporated into the cell wall. Since the reduction 

of cholesterol to cholestanol is specific (no coprostanol is formed), it very likely is an enzymatic 

reduction. This is of interest since no enzyme has ever been described that catalyzes this reaction. 

It is also interesting to note that neither Lemcke and Burrows (59) nor Stanton and Cornell (101) 

tested T. hyodysenteriae's ability to use coprostanol. l\ly preliminary experiments show that 

PC/coprostanolliposomes support growth of T. hyodysenteriae. This is an important rmding since 

coprostanol usually is the most common sterol found in the intestines, and colonization of the pig 

intestine would be more efficient for an organism that could use it. On the other hand, once the 

organism initiated destruction of the intestinal epithelium, cholesterol would be the most common 

intestinal steroid available. Thus, T. hyodysenleriae also must be able to use it for growth. It will 

be of interest to determine whether the T. hyodysenteriae cells growing on coprostanol incorporated 

the coprostanol into their membranes or fIrst changed it into cholestanol. 

l\ly results showed that partially purified hemolysin was cytotoxic to CHO cells. These 

results confmn those reported by Kent et al. in July 1987 (Kent et aI., Program Abstr. 5th Anaerobe 

Disc. Gp. Symp., 1987). The partially purified hemolysin caused lysis of the CHO cells, rather 

than the normal rounding effect caused by many CytotoxlnS. This is interesting since eucaryotic 

cells contain phospholipids and cholesterol in their membranes. Thus, it is possible that the 

hemolysin plays an important role in vivo in acquiring the necessary lipids required for T. 

hyodysenteriae's growth and colonization. T. hyodysenteriae's ability to obtain the necessary sterols 

in vivo may be important in allowing it to efficiently colonize the intestines and cause disease. 

T. innocens produces a weak p-hemolysin and is found in healthy swine. Studies regarding the 

phospholipid and sterol requirements of T. innocens have not been done and little is known about 

the hemolysin produced by T. innocens. Since T. innocens is often found in healthy swine where 
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it does not cause cellular destruction like T. hyodysenleriae. it also may be able to use coprostanol 

to satisfy its sterol requirements. The most striking difference between T. innocens and T. 

hyodysenteriae is the efficiency of their hemolysins. Infonnation regarding the in vivo phospholipid 

requirements of T. innocens and the actions of its hemolysin may reveal a great deal about T. 

hyodysenteriae's pathogenicity and the role of the hemolysin in the disease caused by T. 

hyodysenteriae. 

Unfortunately, the experiments using liposome supplemented media were done recently, 

and I was not able to study hemolysin production and purification in these media. The stage is set 

however, for these experiments, and experiments regarding the use of coprostanol by T. 

hyodysenteriae to be done. Liposome supplemented media will also prove useful in determining 

the sterol requirements of T. innocens. 

5.1 Summary of contributions 

Optimal growth of T. hyodysenteriae was obtained using BIlI- glucose broth supplemented 

with calf serum (10 %
), serum replacement, or phosphatidylcholine liposomes which contained 

cholesterol, cholestanol, or coprostanol. I confirmed Stanton and Cornell's report (101) that opti

mal growth required 10/0 O2 and stirring of the culture and that T. Iryodysenteriae can use 

PC/cholesterolliposomes. I showed that T. Ityodysenteriae can also use PC/cholestanolliposomes, 

and demonstrated for the fIrst time that T. hyodysenteriae can use coprostanol to satisfy its sterol 

requirements. Coprostanol was supplied by supplementing the media with PC/coprostanol 

liposomes. This is an important fmding since coprostanol is the most common sterol found in the 

intestines. 

Maximal hemolytic titers were obtained during late-log to early- stationary phase by cul

tures grown in the presence of RNA core. Hemolysin production was induced as soon as 5 minutes 

after addition of RNA core to cultures, and was inhibited by chloramphenicol. Thus. my results 

indicate that addition of RNA core to cultures induces synthesis of the TH peptide. Polyguanylic 

DISCUSSION 71 



acid and RNased RNA core did not significantly increase hemoly1ic titers of cultures grown in their 

presence, and poly-G beads were not useful in purifying TH. Partial purification of hemolysin was 

achieved by acetic acid clarification follwed by ammonium sulfate precipitaiton (65 % saturation). 

With these procedures > 900/0 of the hemolytic activity was recovered. Hydroxylapatite adsorption 

and polyethyleneimine precipitation completely adsorbed or precipitated hemolytic activity, how

ever I was unable to efficiently recover the activity. I found that partially purified hemolysin was 

cy10toxic to CHO cells, causing lysis rather than the normal rounding effect caused by many 

cy10toxms. 
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Appendix A. Fecapentaene Proiect--lVIutation Research Paper 

The following paper was accepted by Mutation Research at the end of 1987. My contrib

utions to the paper include the complete autopsy studies of the two minipigs and the analysis of the 

human autopsy samples which were sent from Georgetown University :Yledical Center. This work 

was done as part of an NIH study (grant # 2 ROl CA238S7-10). 
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SU1\Il\IARY 

The fecapentaenes are potent mutagens found in the stool of some humans and pigs. 

Those compounds are produced by Bacteroides species in the gut from an uncharacterized family 

of precursor compounds, and have been postulated to pose a risk of human colorectal cancer. To 

better understand fecapentaene production in vivo, and to detennine if excreted levels measured in 

epidemiologic studies are representative of the entire colon, fecapentaenes were assayed from mul

tiple sites in the bowel in an autopsy study of 16 humans and 2 pigs. An indirect measurement of 

fecapentaene precursors was also made. Colonic concentrations of fecapentaenes and precursors 

varied widely between individuals, but were consistent for each individual throughout the colon. 

In addition, the measurements of rectal contents, assumed to approximate values in excreted stool, 

were equivalent to measurements from the colon. The limitations and significance of these fllldings 

are discussed. 
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~~rRODUCTION 

The fecapentaenes are the best-characterized mutagens in human stool, accounting for 

much of the mutagenicity detected by Salmonella typhimurium tester strains TA98 and TAlOO in 

organic extracts of feces from North American subjects (Dion and Bruce, 1983). Recent studies 

have demonstrated the substantial genotoxicity of the fecapentaenes. In addition to potent bacterial 

mutagenicity, these compounds have been reported to cause DNA single strand breaks, mutations, 

unscheduled DNA synthesis, and sister chromatid exchanges in cultured human fibroblasts 

(Goggelmann et al., 1986; Plummer et aI., 1986; Curren at al., 1987) and to cause chromosome 

aberrations in human lymphocytes (Schmid et aI., 1987). They also have been shown to induce 

neoplastic transfonnation in mouse BALB/c 3T3 cells (Curren et al., 1987). Carcinogenicity studies 

are now underway in severaIlaboratories. 

Epidemiologic data suggest that individuals vary widely in their excretion of fecal mutagens, 

including the fecapentaenes (Schiffman, 1986; Schiffman, in press). As a result, mutagenic stools 

have been postulated by some investigators to pose a risk factor for colorectal cancer (Brude et al., 

1977; Ehrich et al., 1979; Mower et al., 1982; Reddy et al., 1985). Alternatively, however, excretion 

of mutagens could represent a protective mechanism, if increased excretion is related to lowered 

absorption by the colorectal mucosa and decreased genotoxic effect. Preliminary data from a 

case·control study raise this possibility, with 35 colorectal cancer cases excreting significantly lower 

levels of fecapentaenes than 80 controls (Schiffman, in press). 

If a case-control difference in fecapentaene excretion is confmned, its proper interpretation 

will clearly require a more exact knowledge than is currently available of how excreted fecapentaene 

values relate to levels throughout the colon. A better understanding of in vivo fecapentaene levels 

would also aid basic research of fecapentaenes. At present, the origins and in vivo metabolism of 

the fecapentaenes are incompletely understood. Fecapentaenes are known to be produced by spe

cies of Bacteroides in the gut from an uncharacterized family of precursor compounds (Van Tassell 

et aI., 1982; Van Tassell et al., 1986). Thus, fecapentaene concentrations might be expected to in

crease moving from proximal (near the inflow of the small intestine) to distal colon, if in vivo pro-
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duction is significant and if conversion from precursors to fecapentaenes is a function of transit 

time. An indirect assay of fecapentaene precursors has been developed (Van Tassell and Wilkins, 

1986), but the origin of the precursor compounds, in tum, is not known. The precursors might 

derive from the diet or otherwise enter the colon in a fixed supply that is subsequently depleted as 

Bacteroides spp. transform them into fecapentaenes. Alternatively, the precursors to fecapentaenes 

might themselves be products of the intestinal flora, resulting in constant or increasing levels mov

ing from proximal to distal colon. 

To test these hypothetical models of fecapentaene production and to address the 

epidemiologic concern of whether excreted levels are representative of the entire colon, we per

formed an autopsy study. \Ve directly measured the levels of fecapentaenes, and indirectly assayed 

their precursors, from proximal colon to rectum in 16 humans. In addition, we studied both small 

and large bowel contents from two miniature pigs. Excretion of fccapcntaenes has recently been 

observed in miniature pigs (Perte! et al., 1986) and, although their colonic microflora is different 

from that of humans (Moore et al., 1978), the miniature pig may be the first suitable animal model 

for the production of fecapentaenes and their precursors in vivo. 

I\'IETHODS 

Human subjects: The human subjects represented an unselected series of patients already scheduled 

for autopsy at Georgetown University ivfedical Center, except that patients with known infections 

causes of death (N = 2) were excluded. The subjects ranged in age from 31 to 90 years (mean = 

62.5). Nine men and seven women were studied. Most subjects had died from cardiovascular 

diseases (mainly myocardial infarction) or malignancies. During pathologic examination of the 

colon, contents were collected when present from the cecum, ascending, transverse, descending, and 

sigmoid colon, and from the rectum. Occasionally, fluid was present in the terminal ileum in suf

ficient quantity for collection and was taken as well. Antibiotic use during the pre-mortem 

hospitalization was recorded from the hospital chart. The time from death to sampling ranged from 
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3 to 60 hours, with a median elapsed time of 15 hours. Collected samples were inunediate1y placed 

on dry ice and kept in a frozen state (dry ice or -70° C freezer) until laboratory testing. 

Pig Studies: Two SLA inbred miniature pigs (1.5 yr old) which excreted detectable amounts of 

fecapentaenes and their precursors were maintained on a standard "growing and fmisher" ration 

(2.5-3 Ib/day) consisting of corn and soybean meal supplemented with 14.5% crude protein, salts 

and vitamins. By monitoring daily the feces of each pig, we detennined that the excretion of de

tectable levels of fecapentaenes and precursors was consistent over a period of two weeks. The pigs 

were subsequently sacrificed and autopsied. The cecum was immediately ligated and removed. j 

Starting from the ileum, the small intestine was ligated into nine 2-3 ft sections, named S I to S9. 

Similarly, the large intestine was ligated into twelve 1-2 ft sections from the cecal region to the 

rectum (tenned Ll to LI2). These sections were removed and placed on ice. The contents of each 

section were extruded by hand into beakers that were immediately sealed under argon and frozen 

at -80°C. The contents were lyophilized and again stored at -80°C. 

Laboratory I\-Iethods: From each collected portion of bowel contents, duplicate 1 g freeze- dried 

samples were placed in 25 x 150 mm tubes and stoppered under argon. One sample was stored at 

-80°C to be assayed directly for fecapentaenes. To indirectly quantitate fecapentaene precursors in 

bowel contents, we incubated the other sample with a fecapentaene- producing strain of Bacteroides 

thetaiotaomicron (VPI strain #5482) and measured the amount of fecapentaenes produced over 4-5 

days. This length of incubation is known to be sufficient to exhaust available precursors in the 

sample; the incubated measurement is thus considered to be an indirect assay of those precursors 

(Van Tassell and \Vilkins, 1986). Specifically, the sample incubated to measure precursors was i) 

inoculated with 5 m1 Hstandard inoculumH as described below, ii) incubated at 37°C for 4-5 days, 

ill) frozen at -80°C, iv) re- lyophilized and v) stored at ·80a C. The standard inoculum for in vitro 

production of fecapentaenes from precursors in the sample consisted of a mixture of i) 25 ml of 

pre-reduced anaerobically sterilized brain heart infusion broth (BIn) supplemented with 10 mgiml 

Bile (Oxgall, Difco), ii) 5 m1 of cell lysate of B. tlzetaiotaomicron 5482 (Van Tassell et al., 1986) and 
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iii) 10 m1 of 18 hr (37°C) brain heart infusion broth culture of B. thetaiotaomicron 5482. Stock 

cultures of B. thetaiotaomicron were grown at 37°C for 18-24 hr in chopped-meat broth and 

maintained at room temperature (Holdeman et al., 1977) > All inoculations and mixing was done 

anaerobically under CO2 • 

The unincubated and incubated freeze-dried samples were extracted and analyzed for 

fecapentaenes by IIPLC. Freeze-dried samples were resuspended in 20 m1 acetone supplemented 

with 50 ,ug/ml butylated hydroxytoluene (SIlT) and shaken under argon for 30 min at 20°C. Each 

extract was vacuum ftltered through a \Vhatman # I mter into a 25 x 150 rom tube; filtrates were 

then evaporated under vacuum at 60°C, stoppered under argon and placed in ice. The evaporated 

extracts were i) resuspended in 0.5 ml of prechilled HPLC solvent, ii) flltered through an Acrodisc 

LC-13 filter (0.5 fm) into 1 ml septum-capped vials and iii) sealed under argon. 

\Ve determined the concentration of total fecapentaenes in each extract on a \Vaters liquid 

chromatograph (Model 204) using a \Vaters Radial Compression :Y1odule and 8 nun x 5 ,urn silica 

cartridges. Assays for each subject were performed concurrently t without knowledge of which 

sample derived from which anatomic site. The solvent system consisted of chloroform/isopropanol 

(95:5) containing 50 ,ug/ml BHT as an antioxidant - the flow rate was 2 ml/min. The HPLC was 

calibrated using dilutions of known concentrations of synthetic fecapentaene-12; the peak areas of 

these standards were then correlated with those of the experimental samples. Absorbance was 

monitored at 365 run on a \Vaters 440 UV Detector (ACFS 0.05) and peak areas were integrated 

on a Hewlett Packard 3390A recording integrator. The reading corresponded to "total 

fecapentaenes', without separation of fecapentaene-12 and fecapentaene-14 (Baptista et al., 1984). 

The miniature pigs, in addition to excreting the two fecapentaenes excreted by humans, also excrete 

two to five other "fecapentaene-likeH compounds. These compounds have different retentions on 

silica columns and their UV spectra indicate that they may be uncharacterized forms (oxidized, 

cyclized, acylated, et.) of fecapentaenes or their precursors. They interfere considerably with the 

chromatographic analysis of the el2 or C14 fecapentaenes, but for comparative reasons, the levels 

of fecapentaenes presented in the pig results are for the "forms" of fecapentaenes that have identical 
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HPLC elution profiles and UV spectra as fecapentaene-12 or fecapentaene-14 isolated from the 

feces and colonic contents of humans. 

Statistical Analyses: Fecapentaene values were non-normally distributed and could not be ade

quately transformed, so non-parametric statistical methods were chosen (Hollander and \Volfe, 

1973). l'¥tultiple missing values from anatomic sites with no stool forced the pooling of values for 

the purpose of significance testing. Specifically, for each subject, the means of available values from 

the proximal colon (cecum and ascending), transverse colon, and distal colon (descending and 

sigmoid) were compared, using the Friedman rank sum test. Fourteen complete sets of data were 

available for this analysis. The means of colomc values were then compared to rectal values, using 

the \Vilcoxon rank sum test. Only ten rectal values were available. To examine the association of 

hours since death on test values, or the correlation of fecapentaene and precursor values, 

Speannan's rank correlation test was used. For all statistical manipUlations samples with no de

tectable fecapentaenes were assigned a value of 10 ng/g (the threshold of detection is 20 ng/mg). 

Samples with detectable fecapentaenes but non- integrable peaks (less than 100 ng/g) were assigned 

a value of 60 ng! g. 

RESULTS 

The human data are shown in Table 1. Subjects 4 and 16 had high fecapentaene and pre

cursor values at all anatomic sites, demonstrating levels that usually produce a mutagenic effect in 

bacterial assays (Schiffman, in press). On the other hand, five subjects (8,9, 12, 13, 15) had virtu

ally no detectable levels of fecapentaenes or precursors at any site. Other subjects had intermediate 

levels, also with intra- individual consistency. 

Values from the tenninal ileum were available for only four human subjects, and were not 

included in Table 1. These ileal measurements were as follows: Subject 4, 3990 ng;g (17560 in

cubated); Subject 6, no fecapentaenes detected (non-integrable peak after incubation); Subject 7, 
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TABLE 1: 

UNINCUBATED AND INCUBATED FECAP!N'l'AEN! VALUES (na/g dry sample) 
FROM 16 AlTl'OPSY SUBJECTS 

ASCENDING TRANSVERSE DF.SCENDING SIGMOID 
SUBJECT AGE SEX CAUSE or DEATH CECUM COLON COLON COLON COLON RECTUH 

1 86 M Myocardial 4101 505 NIP 829 165 1561 
infarction 148002 28210 24830 21170 16870 11144 

2 68 M Myocardial N03 NO ND 
__ 5 

NO 
infarction NIP' 787 2705 1250 

3 61 , Myocardial NO NIP NIP 
infarction 986 5584 2980 

4 67 M Cancer-unknown 4718 10570 12080 12010 14311 4480 
primary 24563 41370 23860 38244 46600 30742 

5 58 K Stomach cancer ND 269 ND 
323 770 ND 

6 90 r Myocardial lnfarc- ND NO NIP ND NO 
tion t pneUllOnia 19140 5800 8064 9304 NO 

7 52 P PneUllOnia 943 506 322 386 1610 368 
2461 1240 4138 9223 4439 3243 

8 54 K Cho lana iocarcinODa NO NO ND NO NO NO 
NO NO ND ND NO NO 

9 66 M Myocardial NO NO ND ND NO 
infarction NO NO ND NO NO 

10 63 P Stroke 566 253 966 1012 713 690 
2501 1380 6311 2921 3105 

11 31 1 Hodak!n'. disease. 118 1725 2024 
GI bleed, cardiac 2300 
tamponade 

12 69 1 CardiOilyopatby ND NO ND ND NO NO 
NO NO NO NO NO tID 

13 62 , Myocardial NO ND ND tID ND 
infarction NO ND ND ND NO 

14 12 K Myocardial 391 253 391 431 340 1150 
infarction 2875 851 2128 2990 1214 6992 

15 45 K Esopbaaea1 cancer, HO NIP NIP ND NO 
pneumonia NO NIP NIP NIP NO 

16 51 M Malianant 3473 2990 2010 4163 4876 4554 
men ina iOlia 20418 14858 18630 18114 30303 11730 

lYecapentaene values before incubation 
2'ecapentaene values after incubation ("precursors") 
3ND • None detected, less than 20 ng/8 detection threshold 
4NIP • Non-intearable peak. less than 100 nglg 
~o contents present at the site, or insufficient quantity for post-incubation assay 
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1725 ng/g; and Subject 11, 1932 ng/g. Thus, the tenninal ileal values were similar to other meas

urements from the same individuals. 

A comparison of values from the proximal, transverse, and distal bowel in 14 individuals 

with adequate data, showed a statistically non- significant increase in fecapentaenes (p = 0.24 by 

the Friedman rank sum test) moving from proximal to transverse to distal colon. Incubated 

measurements, reflecting fecapentaene precursors; increased fonn proximal to transverse colon then 

partly declined again, a trend that reached marginal statistical significance (p < 0.1). 

Rectal values were compared to the mean of colonic values, in the 10 individuals with 

complete data. ;So significant differences were seen (using the \Vilcoxon rank sum text) in 

fecapentaene measurements (p > 0.5) or in the incubated values for precursors (p = 0.2). How

ever, the statistical power of this comparison was limited; rectal values of precursors were lower 

than colonic values for six individuals and higher in only one, suggesting that a true difference in 

precursors might be detected in a larger study. 

To address the concern that post-mortem delay in collecting samples might affect the assay 

results, the variable "hours from death to sample collection" was analyzed for each individual in 

relation to directly measured and incubated values from each anatomic site. There were no dis

cernible correlations of fecapentaene or precursors with hours from death (data not shown). 

Moreover, values from a given individual seemed consistent both in the 10 patients who had re

cently received antibiotics and in the 6 with no known antibiotic use. 

The pig data are shown in Table 2. For both miniature pigs, no fecapentaenes or precursor 

were detected and no precursors were evident upon incubation, at any of 9 small bowel sites from 

duodenum to ileum. Values in the large bowel demonstrated the same individual consistency as the 

human data. 

DISCUSSION 

The variation that exists in fecapentaene and precursor levels throughout the human or pig 

large bowel is apparently very smail, compared to the well-documented and substantial differences 
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TABLE 2: UNINCUBATED AND INCUBATED FECAPENTAENE VALUES (ng/g dry 
stool) FROM TWO MINIPIGS 

PIG 111 PIG 112 

SITE UNINCUBATED INCUBATED UN I NCUBATED INCUBATED 

59-DUODENUM ND1 ND ND ND 
S8 

__ 2 
ND ND 

S7 ND ND ND ND 
S6 ND ND 
55 ND ND ND ND 
S4 ND ND ND ND 
53 ND ND 
52 ND ND ND ND 
Sl-ILEUM ND ND ND ND 
L1-CECUM ND NIp3 ND 2415 
L2 212 644 
L3 248 1955 NIP 2171 
L4 NIP 2185 NIP 1500 
L5 322 2921 166 3583 
L6 161 943 391 4733 
L7 NIP 1702 NIP 3519 
L8 NIP 2903 275 4398 
L9 338 2318 244 2144 
LID 276 3519 NIP 2001 
Ll1 NIP 3749 180 3271 
Ll2-RECTUM 184 2866 275 2116 

IND = None detected, less than 20 ng/g detection threshold 
2No stool present 
3NIP = Non-integrable peak, less than 100 ng/g 
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that exist between individuals. The similarity of fecapentaene values fonn the rectum compared to 

values elsewhere in the bowel suggest that excreted stool can be measured to gain a useful under

standing of colonic conditions. This is an important point for epidemiologists attempting to assess 

the relationship of stool mutagenicity to colorectal cancer risk. If patients with colorectal cancer 

are conf1fIl1ed to have lower fecapentaene excretion than controls, then the lowered case values 

might represent increased fecapentaene absorption into the colorectal mucosa, as either a cause or 

effect of the disease. 

Given relative individual consistency throughout the bowel in fecapentaene and precursor 

levels, with a suggestion of a small increase in both values moving along the bowel, what can be 

deduced about the origins and metabolism of these compounds? The fecapentaenes, despite their 

production in the colon, do not increase dramatically in transit. The limiting factor is unclear. 

Moreover, incubated precursor levels increase slightly throughout the large bowel, showing no de

pletion and implying that the source of the immediate precursors of the fecapentaenes is the colon 

itself and not inflow from the small intestines. This is further supported by the fact that neither 

fecapentaenes nor precursors were found in the small intestines of the two minipigs. The obser~ 

vation of fecapentaenes and precursors in the human tenninal ileum at autopsy might be explained 

as post-mortem distribution of cecal contents across the ileo-cecal valve. Given these fmdings, we 

are currently studying the possibility that the precursors of the fecapcntaenes are products of i) 

minor species of the microbial flora, ii) metabolism by the colonic mucosa, iii) enterohepatic cir

culation or combinations thereof. 
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Appendix B. Appendix B. Fecapentaene Project--ASlVI Abstract 

The following abstract was presented during a poster session at the 1987 ASNI meeting in 

Atlanta, Georgia. My contributions include the complete autopsy studies of the two minipigs and 

the analysis of the human autopsy samples which were sent from Georgetown University :Yledical 

Center for the NIH study reported in Appendix A. Also I screened several (30-40) bacterial species 

which represent the predominant microorganisms found in the human intestine for their ability to 

produce precursors. Because the precursor was believed to possess ether-linked lipids which are 

common in methanogens, I screened five strains of .Vethanobrevibacter smithii, the methanogen 

found in human colons, for its ability to produce precursor. No precursor- producing species was 

found. 
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Concentrations of Fecapentaenes and their Precursors throughout the 
Human and Porcine Intestinal Tract. LAURA R. RUSSELL* and ROGER L. VAN 
TASSELL~ Department of Anaerobic Microbiology, Virginia Polytechnic 
Institute, Blacksburg, VA 24061. 

The potent mutagens, fecapentaenes, are produced from unknown 
precursors in the colon by several Bacteroides species. Colon contents 
from human autopsies were quantitatively examined for presence of 
fecapentaenes (lP) and their precursors. To determine the amount of FP 
present, intestinal contents were lyophilized, extracted with acetone, 
and analyzed by HPLC; precursors were indirectly determined by !n vitro 
incubation of contents prior to extraction and analysis. FP and their 
precursors were detected throughout the large intestines, from the 
cecum to the rectum, and in a few cases in the terminal ileum. 
Similarly, we examined "the entire intestinal tract of minipigs, animals 
that regularly excrete FP, for the production of FP!n ~. Both PP 
and their precursors were found uniformly distributed throughout the 
large intestines except the cecum. Since FP was found predominantly in 
the colon, the possibility exists that precursors are formed de n2!2 in 
this region by other bacterial species. As part of an ongoing study, 
several bacterial species, representing the predominant microorganisms 
found in the human intestine, have been screened for the ability to 
produce precursors. No precursor-producing species has been found to 
date. 
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Appendix C. Appendix C. FecaJ)entaene Project--Other 

Contributions 

The enZyme produced by Bacteroides thetaiotaomicron which is responsible for producing 

fecapentaene from precursor, is located in the membrane. Cell free lysates were ultracentrifuged and 

all mutagen (FP)-producing activity was located in the membrane pellet. I made several attempts 

to solubilize the activity using Triton-X 100, Tween 40, 60, 80, NP-40, and octylglucoside. Active 

enzyme could not be recovered. 
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