








A. �~� 
F.lGURE 8. EFFECTS OF FERROUS AND OF FER:RIC IRON ON GROWTH OF �~�.� FETUS. 
ATMOSPHERE: AIR; 70 mm Hg ADDITIONAL AIR AIND 20 mm Hg C02 ADDED. 
MEDIUM: ALBIMI AGAR + 0.6% BES + 0.05%, SODIUM BISULFITE + 0.1% NaHC03 • 
A· FeS04·7H20 ADDED IN FO LLOWING AMOUNTS: UPPER LEFT PAIR OF PLATES, 0.05°"-

. MIDDLE LEFT PAIR, 0.02% RIGHT PAIR, 0.005% 
�L�O�W�E�I�~� LEFT PAIR, 0.01 % 

B. EQUIVALENT AMOUNTS OF IRON ADDEO AS FERRIC SULFATE. 
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concentrations ranging from 0.005% to 0.05% after the medium had been 

autoclaved. Ferric sulfate was added in the same manner to the other 

series of plates, in quantities which provided equivalent amounts of 

iron. 

This experiment also demonstrated that, when supplementary iron 

and CO2 were supplied, the organism grew well even in an atmosphere 

containing 21% oxygen. These plates were incubated in a sealed jar to 

which 70 rnm Hg of additional air was added under positive pressure to 

compensate for the effect of altitude in lowering the atmospheric 

pressure below 760rnm Hg. An additional 20 mm Hg of CO
2 

also was added. 

0.05% sodium bisulfite was added to all plates. The medium also con-

tained 0.1% NaHC0
3

, and BES buffer at 0.6% was added to prevent acid­

ification of the medium by the added CO
2

- It has since been shown 

(N. R. Krieg, personal communication) that the bicarbonate and BES are 

not necessary for growth and do not affect the results. 

In Figure 9, the results are presented from an experiment in 

which arterenol or DOPA was substituted for added iron in plates of 

Albimi agar. Excellent growth was obtained on medium containing these 

-4 compounds at a concentration of 10 M. Less growth occurred when the 

concentration was lowered to 10- 5 ~, and no growth occurred on unsup-

plemented plates. These plates again were incubated in a sealed jar 

to which 70 mm Hg of air and 20 rum Hg of CO
2 

were added to simulate 

air pressure at sea level with the full amount of atmospheric oxygen 

but enriched in CO
2

" The Albimi agar in these plates contained 

additions of 0.05% sodium bisulfite, 0.6% BES, 10 mg% biotin, and 
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FIGURE 9. EFFECTS OF DOPA AND ARTERENOL ON GROWTH OF 

~. FETUS ON ALBIMI AGAR WITHOUT ADDED IRON. 

ATMOSPHERE: AIR + 70 mm Hg ADDITIONAL AIR + 20 mm Hg CO2, 

LEFT PLATES: TOp' 10-4 M DOPAj MIDDLE, 10-5 .M DOPA, 

RIGHT PLATES~ TOP. 10-4 M ARTERENOLi MIDDLE, 10-5 .M ARTERENOL 

BOTTOM PLATEI NO DIHYDROXYPHENYL COMPOUNDS ADDED. 
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0.1% NaHC0
3

" Further work (N. R. Krieg, personal communication) has 

shown that the BES, bicarbonate, and biotin are not necessary and do 

not affect the results. 

In the experiment illustrated in Figure 10, inocula were derived 

from cultures in semisolid Albimi agar with and without 0.05% added 

ferrous sulfate. These inocula were plated on Albimi agar with and 

without added ferrous sulfate and incubated in the Itsea level air" 

atmosphere with added CO
2

, The plates contained 0.6% BES and 0.05% 

sodium bisulfite in Albimi agar. In subsequent experiments (N. R. Krieg, 

personal communication), the same results have been obtained in the 

absence of BES. From this experiment it can be seen that prior growth 

in the presence of added iron did not eliminate the requirement for 

added iron when the cultures were incubated in an air atmosphere with 

added CO
2

, 
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FIGURE 10. REQUIREMENT FOR ADDEO IRON FOR AEROBIC GROWTH 
OF ~. FETUS ON ALBIMI AGAR REGARDLESS OF PREVIOUS GROWTH 
IN IRON-SUPPLEMENTED MEDIUM. 
ATMOSPHERE: AIR + 70 mm Hg ADDITIONAL AIR + 20 mm Hg CO

2
, 

LEFT PLATES: 0.05% FeS04' 7H20 ADDED TO MEDIUM. 
RIGHT PLATES: NO ADDED IRON. 

INOCULA DERIVED FROM CULTURES GROWN IN SEMISOLID ALBI M I 
MEDIUM AS FOLLOWS: 
TOp: 48 H, NO ADDEO IRON. 
MIDDLE: 24 H, NO ADDED IRON. 
BOTTOM· 24 H, 0.05 % FeS04 '7H20 ADDED. 



DISCUSSION 

Part 1: Spirillum volutans as a Monitor for Industrial Pollutants 

Monitoring of water quality with respect to industrial pollutants, 

both in streams and in effluents about to be discharged into streams, 

is an essential component of the multiple-use management of water 

resources (12). Biological monitoring has received considerable atten­

tion as a useful supplement to (but not a substitute for) monitoring 

by chemical or physical methods (11). Biological monitors will not 

identify the pollutants in a complex effluent, but they could indicate 

the occurrence of adverse biological effects which might be difficult 

to predict by analyzing physical and chemical parameters alone. 

Because there is no one "representative" aquatic organism which can 

serve as an index of what is harmful to the entire aquatic community, it 

is desirable to have different systems available which could utilize a 

variety of species. 

Cairns e ale (12) have emphasized the need for bioindicators cap­

able of exhibiting rapid responses to industrial pollutants. While S. 

volutans is not an "economically important" organism, it offers several 

advantages for use in a biological monitoring system. The response to 

uncoordinating agents is rapid and unmistakable. Because S. volutans 

is readily cultivable, large numbers of organisms of comparable physio­

logical state could be kept readily available. Problems which may be 

encountered when using higher organisms, such as aging, physiological 

effects of confinement, and adaptation through long-term, low-level ex­

posure to toxicants, are largely avoided by using a bacterial system. 

113 
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The exceptionally large size of this bacterium makes observation of the 

motility, and even of the fascicles of flagella, feasible even at low 

magnifications using darkfield microscopy. 

Because the effects of various toxicants vary widely among differ­

ent species of aquatic life (53), no one organism can be used to predict 

the effect of pollutants on all other species, or on the aquatic eco­

system as a whole. Therefore, the use of a biological monitoring 

system would involve detecting the presence of toxicants should they 

rise to levels previously defined as harmful if discharged into the 

stream. These levels could be determined by actual study of the par­

ticular receiving stream, including such factors as its assimilative 

capacity, the presence of toxicants from other industrial sources, and 

the effec.ts of the agents in question on its biotic community. Biolo­

gical harm to a stream would, of course, have to be assessed not only 

in terms of dramatic effects such as fish kills, but in terms of the 

ability of the members of the ecosystem to function adequately through­

out their complete life cycles. 

Use of the Spirillum volutans system for effluent monitoring would 

involve determination of the sensitivity of the cells to the potential 

pollutants in question in the presence of the other components of the 

effluent. A suitable dilution of effluent then could be made which would 

just permit normal motility if the pollutants were at the highest level 

considered permissible for discharge. Upstream water could be used as 

the diluent to simulate the interaction of the effluent with the receiv­

ing stream water. Tests on incoming stream water would distinguish 
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pollution originating from spills within the plant from toxicants 

already present upstream. 

With these techniques, uncoordination of the spirilla by effluent 

would indicate a rise in one or more toxic substances to an unacceptable 

level. Tests of effluent from various portions of the industrial 

process could indicate the source of the spill within the plant. The 

waste could then be subjected to physical or chemical tests to determine 

the identity and concentration of the particular toxicants involved. 

Meanwhile, the waste could be shunted to a holding pond for further 

treatment if necessary. 

In studies reported by Cairns et al. (11), in which bluegill move­

ment patterns and breathing rates were tested for use in an industrial 

effluent monitoring system, zinc was employed as the toxicant and was 

detected at concentrations of a few parts per million. A latency period 

of several hours elapsed between the introduction of the zinc and the 

detection of the response, and the length of the latency period was 

inversely proportional to the concentration of the toxicant employed. 

The lowest concentration of zinc detected was 2.55 ppm. Thus, it appears 

that the maximum sensitivities of the two biological monitors, using 

bluegills and using ~. volutans, are comparable for zinc. The extent 

of other similarities or differences in sensitivity of the two systems 

is not known at present, but it may be possible to use different bio­

logical monitors to reinforce or complement each other. 

Toxicants which are bioaccumulated and slow in their action, such 

as DDT and polychlorinated biphenyls, would be unlikely to be detected 
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by any biological monitor which depends on short-term responses. How­

ever, growth effects of polychlorinated biphenyls over a time span of 

several days have been demonstrated in cultures of Chlamydomonas (50). 

Another problem which may be encountered when using any biological 

monitor is that turbid effluents may contain toxicants present as pre­

cipitates or adsorbed to particles. In such cases, pretreatment of 

the sample (for example, by solubilization with acid and readjustment 

of pH) may be necessary in order to perform a valid test. 
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Part 2: Nutrition and Oxygen Sensitivity of S. volutans and C. fetus 

Oxygen is toxic in some degree to all organisms known (34). It 

would seem, however, that an organism with both a strictly oxidative 

metabolism and a degree of oxygen sensitivity much greater than that of 

most aerobes would face a particularly difficult set of circumstances. 

Two notable features of the metabolism of S. volutans are its oxygen 

sensitivity and its sensitivity to small amounts of phosphate (37), 

which inhibits its respiration (19) as well as its growth. The fact 

that growth of S. volutans is inhibited by both phosphate and oxygen 

suggested the possibility (38) that the two phenomena might be related, 

and that phosphate sensitivity might provide an explanation for the 

obligate microaerophilism of the organism. 

Atkinson (1) has described the function of the adenylate energy 

charge in the regulation of metabolism. The adenylate charge is a 

measure of the "energy level" of the cell and is defined as 

~denosine triphosphat~+ ~ ~denosine diphosphat~ 

~denosine triphosphat~+~denosine diphosphat~ + ~denosine monophosphat~. 

The charge for a wide variety of living cells is strongly stabilized at 

a value of about 0.8 (17). Regulatory enzymes in pathways which gen­

erate ATP decrease in activity at high levels of energy charge, and 

enzymes regulating ATP-consuming reaction sequences become more active 

as the charge increases. 

One hypothesis concerning the microaerophilism of ~. volutans is 

that a defect exists in the control of energy generation by adenylate 



118 

charge. According to this hypothesis, in the presence of ample inorganic 

phosphate and oxygen, respiration would proceed at an unregulated rate 

until the adenylate charge greatly exceeded the value characteristic of 

most regulated cells. The excess of ATP might then "shut off" enzymes 

not defective in their susceptibility to control and also allow bio­

synthetic reactions to proceed unregulated by the availability of ATP. 

A cell thus defective in internal regulation of its energy-generating 

processes might require external regulation in the form of limitation 

of the supply of oxygen, inorganic rhosphate, or both. 

Koobs (41) has discussed the regulation of the relative rates of 

glycolysis and respiration in mammalian cells by competition for a 

limited amount of inorganic phosphate. While S. volutans does not 

possess a glycolytic pathway, this paper nevertheless lends support to 

the idea of respiratory regulation by phosphate availability. 

The hypothesis of increased and unregulated ATP production in the 

presence of excessive concentrations of P0
4 

or or 02 would seem to pre­

dict at least a temporary increase in respiratory rate under these con­

ditions. No information is available concerning the relative rates of 

respiration of ~. volutans under atmospheres of air and of 6% 02: 94% N2• 

The low value reported by Cole and Rittenberg (19) for oxygen consump­

tion by ~. volutans under an air atmosphere (30 nmoles/mg protein/min, 

measured in 50 ~ phosphate buffer with 5 ~ succinate as substrate) was 

in contrast with values of 60 for Aquaspirillum itersonii and 127 for 

A. serpens, measured under the same conditions. Although the units of 

measurement and experimental conditions are not directly comparable, 
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the Qo value reported by Caraway and Krieg (14) for S. volutans in 
2 

DMM with 10- 2 M succinate would seem to indicate a rather high respir-

atory rate. 

It must also be considered that Cole and Rittenberg (19) reported 

that 5 ~ phosphate inhibited the respiratory rate of S. volutans, but 

not of the other two spirilla, by 30-40%. The hypothesis discussed 

above would predict an increase in respiration (or at least in ATP 

generation) with added phosphate. Cole and Rittenberg measured oxygen 

consumption polarographically and reported it as a rate per minute, but 

they did not specify how soon measurement was begun after adding phos-

phate to the cell suspension. It would be of interest to record 

the response of a suspension of ~. volutans, already respiring at a 

given rate, to a sudden addition of phosphate to the medium. Possibly 

an initial stimulation of respiration would occur, representing uncon-

trolled oxidative phosphorylation, which would later give way to 

inhibition. Perhaps relevant to this point is the finding by Harrison 

and Maitra (reviewed in reference 33) that the turnover time of ATP in 

growing cells is of the order of a few seconds; the data of Chapman, 

Fall t and Atkinson (17) show large changes in energy charge occurring on 

a time scale of a few minutes. 

A related possible explanation for oxygen sensitivity in ~. volutans 

is the finding with several organisms (33) of increased oxygen consump-

tion with decreased growth efficiency at dissolved oxygen levels below 

a critical value. This phenomenon was interpreted by Harrison as an 

uncoupling of oxidative phosphorylation at low values of oxygen tension. 
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If the coupled respiration of ~. volutans were unregulated, perhaps 

uncoupling of respiration at low oxygen concentrations would lower the 

energy charge to an acceptable value. 

The work of Chance (15) suggested a possible mechanism for an 

increase in energy charge in oxygen poisoning. The pathway of reverse 

electron flow consumes ATP and also drains electrons from the succinic 

dehydrogenase reaction which otherwise would enter the respiratory 

chain. Chance reported that this pathway was the initial site of in­

hibition by oxygen and that the effects of this inhibition included a 

large rise in the ratio of ATP to ADP + AMP. In this case, reverse 

electron flow acts to lower the energy charge, and inhibition of the 

pathway allows hypernormal amounts of ATP to be formed. If this path­

way in~. volutans were defective or exceptionally susceptible to 

inhibition by oxygen, increased sensitivity to both phosphate and 

oxygen might result. 

The demonstration that increased phosphate did in fact increase the 

toxicity of oxygen to ~. volutans growing in MPSS or in CHSS lent 

support to the hypothesis of a relationship, perhaps causal, between 

the two toxicities. The organism, however, tolerated three times as 

much added phosphate in CHSS as in MPSS, and this difference could not 

be accounted for by the small difference between the initial concen­

trations of phosphate inherent in the two media. For these reasons, it 

was highly desirable to develop a defined growth medium in which the 

effects of known concentrations of phosphate on oxygen sensitivity could 

be studied under known and reproducible nutritional conditions. 
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Development of a defined growth medium, however, proved to be a 

complicated problem in itself and eventually revealed another nutri­

tional requirement of S. volutans which could be relieved by low 

oxygen tension. 

The occurrence of growth in a medium containing only "vitamin­

free, salt-free" casein hydrolysate, succinate, and mineral salts would 

seem to suggest the probable absence of extensive requirements for 

vitamins and other growth factors; yet attempts to substitute "syn­

thetic" casein hydrolysate proved futile. The discovery that the growth 

factor in casein hydrolysate could be replaced by autoclaved tyrosine 

replaced one enigma with another until the discovery of Hutner's com­

mentary (36) on the work of Gorini and Lord (25). Actually several 

investigators have come upon requirements for iron chelators by this 

route. For example, Neilands (reviewed in 43) reported that Micrococcus 

leisodeikticus grew only if glucose was autoclaved in the defined med­

ium, and in Lankford's work (43) with~. subtilis var. niger, lag time 

was reduced by an autoclaved solution of glucose and potassium phos-

pha te ("GP fac tor") • 

While iron uptake by ~. volutans was not measured directly (a pro­

cess fraught with experimental pitfalls (43]) and correlated with the 

ability to grow in DGM, several results supported the interpretation 

that the function of dihydroxyphenyl compounds is to facilitate iron 

uptake. Growth was supported by high concentrations of ferrous iron. 

Growth with ferric iron was effectively supported by a number of 

different £-dihydroxyphenyl compounds. Both the D and the L isomers of 
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these compounds appeared to be equally effective at concentrations as 

-6 
low as 10 M. These results suggested that the dihydrolyphenyls serve 

a common function rather than that a specific metabolic intermediate 

is required. Weight is added to this evidence by the extensive sim-

ilarities between S. volutans and other organisms which have been 

reported in the literature to require chela tors for ferric iron. 

Elucidation of the requirement of ~. volutans for ferrous iron or 

for iron chela tors provided plausible explanations for some other ob-

servations which had been made. The formation of abnormally long, 

filamentous cells under conditions of iron deficiency has been reported 

for Mycobacterium smegmatis, Clostridium perfringens, Escherichia coli, 

and Corynebacterium diphtheriae (43). In the case of M. smegma tis , 

this defect was related to curtailment of DNA synthesis. In~. coli, 

iron was shown to be essential for the activity of ribonucleotide re-

ductase. These observations may explain the elongated cells of ~. vol-

utans which were present in early and inadequate formulations of the 
< 

defined medium. 

The long lag periods noted in media without iron chelators, and 

the erratic growth responses obtained with small inocula, closely re-

semble the observations by Lankford and coworkers (43) concerning the 

inoculum-dependent lag of Bacillus megaterium. In all media used with 

~. vo1utans during the present work, small inocula grew only after a 

long lag period, if at all, when incubated under an air atmosphere. A 

striking example noted early was the sudden appearance of heavy growth 

on the fourth day in flasks of CHSS which had been inoculated with one 
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loopful of culture; turbidity did not increase gradually during the 

incubation period. In the case of B. megaterium, Lankford (43) demon­

strated that the inoculum-dependent lag represented the time necessary 

for synthesis of the iron chelator schizokinen to the critical concen­

tration for initiation of growth. For a given inoculum size, the lag 

period could be shortened or eliminated by adding graded amounts of 

schizokinen or culture filtrate to the medium. 

Similar observations were made with Francisella tularensis (31, 32), 

which initiated growth from small inocula only in the presence of fil-

trate from its own cultures and otherwise required an inoculum of 10
5 

to 

10
8 

cells. Both B. megaterium and I. tularensis were shown to begin 

exponential production of their iron chelators upon inoculation and to 

continue production at this rate throughout the phase of growth. 

Lankford (43) cited several examples of organisms which were capable of 

synthesizing chelators for ferric iron and thus were not, strictly 

speaking, usiderochrome auxotrophs," but which were stimulated by the 

addition of exogenous iron chelators or of culture filtrate. As in the 

case of ~. volutans, Lankford reported that "unnatural" chelators used 

with B. subtilis var. niger, including .£-dihydroxyphenyl compounds, 

exhibited an optimal concentration and became inhibitory when present 

at higher concentrations. 

The fact that inocula of S. volutans were able to initiate 

growth in the absence of added iron chelators suggested that the organ­

ism is capable of synthesizing an iron chelating compound which promotes 

its own growth. The preliminary experiments showing growth from 
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smaller inocula in the presence of culture filtrate from~. vo1utans 

supported this possibility, However, the cultural conditions used to 

obtain the filtrate (DBM containing 30 mg/1 FeS0
4

'7H
Z

O) probably did 

not favor maximal synthesis of an endogenous chelator for ferric iron, 

Lankford (43) reported that maximal synthesis of such compounds usually 

is obtained when the concentration of iron in the medium is barely 

sufficient to support maximal growth. Filtrates from cultures of S. 

vo1utans grown from a relatively large inoculum in DBM containing only 

a small amount of ferric iron, and no exogenous chelators, might be 

highly stimulatory to the growth of small inocula under the same con­

ditions. Filtrates from cultures of aerobic spirilla (genus Aguaspiri1-

1um) might also provide a source of iron chela tors for S. vo1utans, The 

growth of this organism in mixed cultures and dialysis-sac cultures in 

the early experiments of Rittenberg and Rittenberg (55) may as easily 

be attributable to chelation of iron by the other bacteria as to reduc­

tion of oxygen tension. It would be of interest to obtain growth curves 

using small inocula and various amounts of culture filtrate. Such data, 

rather than measurements of final turbidity only, would distinguish a 

reduction of the lag phase from other possible stimulatory effects, such 

as increases in growth rate or final yield. 

One characteristic of ~. volutans, not mentioned in connection with 

any of the other organisms discussed above, was that the long lag phase 

of small inocula and the need for iron che1ators were eliminated by 

incubation under microaerophilic conditions. The reason for this rela­

tionship is not yet clear. Gottlieb (26) reported that exposure to 
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oxygen at 1 to 4 atmospheres prolonged the lag phase of growth of myco-

bacteria, Achromobacter, Pseudomonas aeruginosa, Enterobacter aerogenes, 

and E. coli. Prolongation of lag also was noted in L-strain fibroblasts 

exposed to an atmosphere of more than 5% 02 (34) and in Clostridium ~­

fringens when the Eh of the culture medium was raised (26). It would be 

of interest to determine whether supplementation with large amounts of 

iron or with iron chelators might reverse this effect of increased °2" 

Perhaps a more general relationship exists between iron and 02 toxicity, 

with varying degrees of sensitivity among organisms. 

It is possible that lowered oxygen tension in cultures of ~. volu-

tans allows some of the iron to exist in the ferrous state and thus to 

be available to the organism. However, in media prepared and stored 

under a~robic conditions, and containing iron added in the ferric state, 

growth was initiated promptly from small inocula in cultures placed in 

the microaerophilic atmosphere after inoculation. Rapid reduction of 

ferric iron in the medium would be required in order to explain the 

initiation of growth under these circumstances, and this explanation 

seems rather unlikely. 

There are a number of other possible links between iron metabolism 

and oxygen toxicity which should be considered. Catalase activity, 

known to be very weak in~. volutans (19, 38), is lowered in states of 

iron deficiency in bacteria (43). Iron deficiency may either explain 

the weak catalase activity of ~. volutans or further aggravate it, con-

tributing to the oxygen sensitivity of the organism. It is not known 

whether growth with artificial iron chelators enhances the catalase ac-
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tivity in ~. volutans. The failure of even large inocula to grow aer­

obically in MPSS medium which had been stored in sunlight may be 

attributable to accumulation of peroxides in such medium. However, in 

view of the fact that added catalase did not permit aerobic growth of 

S. volutans (38), other explanations for the microaerophilism must be 

sought. 

Quantities of other iron-containing cellular components, including 

succinic dehydrogenase and cytochromes, also have been shown to be 

lowered in iron-deficient cells (43). This finding may have signif­

icance for S. volutans in view of the data of Cole and Rittenberg (19), 

which indicate that all cytochromes, particularly cytochrome c, and also 

succinic dehydrogenase, were present in smaller amounts in this organism 

than in the two aerobic spirilla studied. These authors also reported 

that the activities of fumarase and malate dehydrogenase in S. volutans 

were very low; therefore, they pointed out, with succinate as substrate, 

succinic dehydrogenase is the major supplier of electrons to the res­

piratory chain. (The other two spirilla not only possessed higher 

activities of the enzymes mentioned, but also showed a high rate of 

oxygen consumption with peptone, completely lacking in S. volutans. 

Cole and Rittenberg suggested that the low level of succinic dehydro­

genase may account for the low respiratory rate that they observed and 

may allow the accumulation of toxic levels of oxygen within the cells 

of ~. volutans under an air atmosphere. Because succinic dehydrogenase 

is a sulfhydryl-containing enzyme, oxidation of the enzyme itself under 

these conditions may aggravate the deficiency. 
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In view of the above relationships, growth without iron chelators 

under microaerophilic conditions may be possible simply because less 

iron is required under these conditions for enzymes involved in the 

metabolism of, and defense against, oxygen. 

Although lowered oxygen tension permitted growth of ~. volutans 

in the absence of added iron chelators, the presence of such chela tors 

and/or of ferrous iron did not permit growth from small inocula in 

shaken flasks of DBM under an air atmosphere. It is not certain, how-

ever, that these conditions were sufficient to supply adequate iron to 

the organism. Lankford (43) reported that growth of most organisms 

studied was stimulated much more strongly by their own endogenous che-

lating compounds than by "unnatural" substitutes. Perhaps filtrates 

from low-iron static cultures of S. volutans would be more effective 

than dihydroxyphenyl compounds. 

Oxidation of the dihydroxyphenyl compounds themselves in aerobic 

cultures of S. volutans probably is enhanced by shaking, and any ferrous 

iron initially present undoubtedly is oxidized rapidly to the ferric 

s ta te. 4+ In fact, the autoxidation of Fe generates the superoxide 

radical, which in turn is capable of oxidizing epinephrine to adreno-

chrome; the latter reaction was used as the basis for an assay of super-

oxide dismutase (23). These reactions should be considered in the light 

of the fact that growth under iron-deficient conditions has been used 

as a means of producing cultures of !. coli with low levels of the 

iron-containing superoxide dismutase of the periplasmic space (27). 

This enzyme has been shown to be a cellular defense against exogenously 
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generated superoxide, which may be produced in cultures of S. volutans 

by autoxidation of ferrous ions as mentioned above. 

It seemed possible that, in static cultures, any iron chelator 

synthesized by the cells might accumulate to a locally high concentra-

tion in the vicinity of the cells, dispersing only by diffusion in the 

absence of shaking. Such a physical effect of shaking, however, does 

not in itself explain the inability of ~. volutans to grow in aerobic 

cultures, because excellent growth was obtained from small inocula 

shaken in sidearm flasKs under an atmosphere of 6% 02: 94% N2' 

The initiation of growth from inocula of intermediate size under 

aerobic conditions in shaken flasks of DGM, followed by cessation of 

growth after 24 h at a turbidity of about 25 Klett units, is completely 

unexplained at present. Cole and Rittenberg (19) made a similar obser-

vation: "large inocula taken from young, motile cultures initially grew 

well even (modified MPSS] medium that had not been boiled [and cooled 

to expel dissolved 021 , but growth often ceased after several genera-

tions." 3 They also reported that when inocula of 4 X 10 cells were in-

cubated in medium which had not been boiled, variable results were ob-. 

tained in tha t trgrowth usually s t\)pped after one or two cell divisions, 

but occasionally more extensive growth was observed," The growth 

observed in shaken cultures in DGM in the present study represented five 

or six cell divisions and was not improved by adding either succinate or 

additional iron chelators to the medium after 24 h. No plausible explan-

ation is apparent for the cessation of growth once initiation has occur-

red, 
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The work of Cole and Rittenberg (19) and of Cole (18) raised sev-

eral other points with regard to microaerophilism. The possibility of 

a low respiratory rate which would allow accumulation of intracellular 

oxygen, entering the cell by diffusion, to toxic levels has already 

been mentioned. It is noteworthy, however, that these investigators 

measured respiratory activity of cell suspensions in phosphate buffer, 

which they reported was inhibitory to respiration of ~. volutans (19). 

The low levels of fumarase and malate dehydrogenase reported in 

both of these investigations would leave succinic dehydrogenase as the 

only obvious source of electrons for the electron transport system of 

S. volutans. A decrease in the activity of this enzyme, whether because 

of iron deficiency or by oxidation of the sulfhydryl group, should be 

a serious disability for the organism when growing on succinate. How-

ever, Caraway and Krieg (14) obtained ~ values with fumarate or malate 
2 

as substrate which were approximately 70% of that obtained with succinate; 

apparently the enzymatic machinery does exist for utilization of these 

substrates. 

Cole (18) concluded that the ability of ~. volutans to initiate 

growth in media which had not first been boiled to expel dissolved oxy-

gen was dependent on both the physiological state of the inoculum and 

its size. Data from the present study would seem to indicate, however, 

that inoculum size is of primary importance and that inocula of compar-

able size from various times in the growth curve, extending into the 

stationary phase, are capable of initiating growth in CHSS or in MPSS. 

Even one-loop inocula, adjusted to the same turbidity, initiated growth 
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after the usual lag in CHSS, regardless of the phase of growth of the 

culture from which they were taken. 

Cole's hypothesis to explain the microaerophilism of S. volutans 

postulated the accumulation of oxygen within the cells after succinate 

had been exhausted. With no substrate available for the reduction of 

oxygen, the cells would die on continued exposure to oxygen but could 

remain viable if transferred to fresh, oxygen-depleted medium. In his 

experiments, cultures of S. volutans were first incubated under micro­

aerophilic conditions for 12 h and then aerated; various metabolic 

parameters were measured after 8 and 12 h of aeration and compared to 

values for cultures maintained under microaerophilic conditions contin­

uously for 18 h. The activity of succinic dehydrogenase did not vary 

greatly throughout the experiment. The activities of all other TCA 

cycle enzymes assayed (fumarase, malate dehydrogenase, aconitase, and 

isocitrate dehydrogenase) were much higher after 8 h of aeration than 

in microaerophilic cultures. Between the eighth and twelfth hours of 

aeration, however, the respiratory rate fell sharply, and fumarase and 

malate dehydrogenase activities dropped to undetectable levels. Cole 

reported that during this time succinate was exhausted. Thus, it is 

unclear whether the changes observed are attributable to the effect of 

oxygen, to lack of substrate, or to both of these causes. Because 

fumarase and malate dehydrogenase activities actually increased at least 

4-fold during the first 8 h of aeration, it seems likely that substrate 

exhaustion and not oxygen toxicity caused their eventual decline. It is 

also true that not only inocula from stationary phase cultures in which 
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succinate has been exhausted, but also cells from cultures in logarith­

mic growth, are subject to inhibition by oxygen; exhaustion of substrate 

may aggravate microaerophilism but is not the cause of it. 

The nature of the inhibition of ~. volutans by phosphate and its 

relationship to oxygen toxicity still has not been elucidated. It 

appears that both phosphate toxicity and the need for exogenous iron 

chelators are related in S. volutans to oxygen toxicity; whether they 

are related to each other is not clear. 

Weinberg (66) has described a relationship between the concentra­

tion of phosphate and secondary metabolism of bacteria. He defined 

secondary metabolites (63) as natural products which are restricted in 

taxonomic distribution and have no obvious function in cell growth, and 

which are synthesized by cells that have stopped dividing. While men­

tioning that many secondary metabolites are strong metal-binding agents, 

the yield of which may be controlled by concentrations of trace metals, 

he pointed out that iron chelators such as enterochelin and the myco­

bactins are not secondary metabolites. Although they may be present in 

large amounts during the stationary phase, they are produced during 

growth and, as has been discussed, during the lag phase. Lankford (43) 

reported that schizokinen synthesis ceases when cultures of ~. megater­

ium enter exponential growth and is resumed during the late logarithmic 

and stationary phases. 

Weinberg has proposed (65) that completion of secondary metabolism 

is a prerequisite for long-term survival of cultures of vegetative cells. 

In support of this hypothesis, he has presented data (66) showing that 
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high concentrations of phosphate, which inhibit secondary metabolism, 

also promote much more rapid cell death in cultures of six species of 

Gram-negative bacteria (Shigella, Salmonella, and Pseudomonas). 

It is of interest to note the concentrations of phosphate referred 

to in the above report (66). Microbial growth in general is permitted, 

according to Weinberg, in media containing from 0.1 to 300 ~ inorganic 

phosphate; but quantities greater than 1.0 to 10 mM inhibit secondary 

metabolism. In contrast, the growth of ~. volutans in DGM under an 

air atmosphere was inhibited by phosphate concentrations as low as 10 ~; 

this organism is indeed sensitive to low concentrations of phosphate! 

While an iron chelator which may be produced by ~. volutans would 

not fall within the definition of a secondary metabolite, there are 

enough similarities to warrant the suspicion that its synthesis might 

be subject to inhibition by phosphate. If this were true, it might 

explain why phosphate is toxic to S. volutans if added to the medium 

when it is inoculated but not if added during the logarithmic phase of 

growth. If iron chelators are synthesized during the lag phase and 

synthesis declines or ceases during logarithmic growth, then the toxicity 

of phosphate would be exerted during the lag phase. In addition, because 

the need for iron chela tors is less under microaerophilic conditions, 

the lesser toxicity of phosphate under these conditions might also be 

explained. 

To summarize the results of this study with regard to Spirillum 

volutans, there are two nutritional factors which are known to affect 

the oxygen sensitivity of the organism. One is the sensitivity to 
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phosphate. The other is the apparent inability to synthesize chelators 

for ferric iron at a rate sufficient to permit initiation of growth 

from small inocula under aerobic conditions, at least without a very 

long lag phase. Whether these two factors are related to each other is 

not known, but numerous possibilities exist for interactions between 

phosphate sensitivity, iron metabolism, and microaerophilism. 

The supposition that microaerophilism probably is not the result 

of a single factor is supported by these complex interactions. It is 

interesting to consider how an organism with these varied limitations 

survives in its natural habitat. S. volutans may be isolated from 

just beneath the scum which forms on the surface of a pond water hay 

infusion (68), and Ehrenberg (31; translation in 37) referred to the 

observation of this organism in "an infusion of vegetable garbage" and 

"ill-smelling infusions with a white film." Such environments should 

provide a variety of substrates and a large number of other bacteria 

which could reduce the oxygen tension. Because of the lowered oxygen 

tension, ferrous iron might be present. The other organisms may also 

provide chelating compounds capable of solubilizing ferric ions for 

~. volutans in a situation analogous to the existence of the sidero­

chrome auxotrophs, Pilobilus and Arthrobacter, in dung and soil, re­

spectively. These habitats are II s iderochrome-containing environments" 

because of the presence of their other micro flora (43). 

The extent to which each of the specialized requirements of S. 

volutans contributes to the phenomenon of microaerophilism should now 

be amenable to investigation in the laboratory by manipulation of 
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single factors in defined growth medium. 

Campylobacter fetus, in many ways, is remarkably similar to 

S. volutans. Both are Gram-negative, polarly flagellated, curved 

rods. The guanine + cytosine content of the DNA of Campylobacter is 

30-35% (58), compared to 38% for ~. volutans (38). Both organisms 

obtain energy by a strictly oxidative metabolism and are unable to 

utilize sug~rs, and both are obligately microaerophilic. It seemed 

possible, therefore, that a nutritional factor such as restricted 

ability to assimilate iron, which had been shown to be related to 

microaerophilism in ~. volutans, might apply to £. fetus as well. 

The streak plate experiments demonstrated that supplements of 

ferrous or ferric iron, or of £-dihydroxyphenyl iron chelators, not 

only stimulated microaerophilic growth of at least some strains of 

£. fetus, but also allowed excellent aerobic growth under an atmos-

phere enriched in CO and adjusted to contain an oxygen tension compar-
2 

able to that in the atmosphere at sea level. The ability to produce 

colonial growth, as pointed out by Halmann e ale (31), is a rigorous 

test of the adequacy of the conditions employed, because the inoculum 

cells are relatively isolated from the metabolic products of other 

cells in the inoculum which would be available to them during con-

fluent growth or in broth cultures.(~. volutans, which does not 

form colonies on solid media even under microaerophilic conditions, 

could not of course be tested by this method.) 

Excellent growth of £. fetus on plates of Albimi agar was obtained 
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with 0.05% added FeS0
4

07H
2
0, and 0.003% ferrous sulfate supported good 

growth of ~. volutans in DBM. These concentrations are about 1.8 mM 

and 0.1 ~ Fe, respectively. It is interesting to compare these levels 

of iron with Lankford's report (43) that maximal growth of most Gram­

negative organisms occurs in deferrated media to which 0.36 to 1.8 ~~ 

Fe has been added. Clearly, both C. fetus and S. volutans are stimula­

ted by iron at levels far exceeding that required for maximal growth 

of most bacteria. 

The improved growth of Q. fetus in medium containing added iron 

might be very useful in clinical microbiology laboratories. If many 

strains of this organism prove to be stimulated by added iron, the 

technique might provide a reliable method for isolation of Q. fetus in 

an ordinary candle jar without replacing air with special gas mixtures 

containing 5% oxygen, as presently recommended (35). Bokkenheuser (4) 

noted that the number of reports in the world literature of isolations 

of C. fetus from human infections increased from about one per year in 

1955 to about seven per year in 1970. He studied ten cases which were 

diagnosed in New York City within a period of 30 months and concluded 

that if this rate is representative of the worldwide occurrence of 

human infection with Q. fetus, then fewer than 1% of actual cases are 

reported in the literature. According to Bokkenheuser, HIt is clear 

that the principal obstacles to meaningful information are our inability 

to recognize the infection at the bedside as well as our deficient 

laboratory techniques for the isolation of Vibrio fetus. The solution 

of at least one of these problems is the key to further progress." 
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Data obtained in research with C. fetus concerning the influence of 

nutritional factors on microaerophilism may also be applicable to further 

studies with S. volutans. In some respects, f. may be a better 

research tool for such studies, especially because it forms colonies on 

solid media and can therefore be exposed to atmospheres of known com­

position without the problem of diffusion limitation encountered in 

broth cultures. In addition, colonial growth facilitates enumeration 

of viable organisms to obtain quantitative results. The differences 

between the two organisms, however, must also be borne in mind. For 

example, phosphate toxicity does not seem to be applicable to f. fetus, 

which was not inhibited by the presence of 0.1% added phosphate (R. M. 

Smibert, personal communication). 

The clear-cut results obtained with f. fetus, added to the data 

for S. Yolutans, lend support to the conclusion that iron metabolism 

may be a contributing cause of microaerophilism in bacteria. 



SUMMARY 

Two investigations were pursued in this study. One was a possible 

application of the motility of Spirillum volutans to detection of pol­

lutants in industrial effluent for the purpose of in-plant biological 

monitoring. The other was a nutritional study of the organism with 

emphasis on its obligate microaerophilism. 

In the pollution monitoring project, flagellar uncoordination in 

S. volutans was studied as a bioindicator of toxicity. Uncoordination 

is produced by a variety of agents. Cells displaying normal motility 

show frequent reversal of direction, accompanied by reversal of orienta­

tion of their bipolar fascicles of flagella. In uncoordinated cells, 

the flagella at opposite poles oppose each other and the cell cannot 

swim, although the flagella remain active. 

A defined motility test medium was devised in an attempt to max­

imize the sensitivity of the uncoordination response to potential 

pollutants. Suspensions of S. volutans in this medium responded to a 

variety of agents, including metal ions (1-3 ppm), cetyl pyridinium 

chloride (1 ppm), hydrazine (10 ppm), i-naphthol (3 ppm), and others. 

Effective concentrations ranged up to several per cent for the alcohols 

tested. The response was immediate. 

A standardized method was developed which could be used to detect 

potential pollutants in industrial effluent before discharge, using 

motility of S. volutans as the indicator. 

In the nutritional study, a defined growth medium was developed 

for S. volutans. The key to obtaining growth in a defined medium, 

137 
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suggested by a "requirement" for autoclaved tyrosine, was the presence 

of a dihydroxyphenyl compound (such as arterenol or epinephrine) as a 

chelator for ferric iron, which was present at 3 mg/1 FeC1
3

·6H
2
0. 

Alternatively, growth occurred with high concentrations of ferrous 

iron. The defined medium also contained succinate, five amino acids, 

mineral salts, trace minerals, N,N-bis(2-hydroxyethyl)-2-aminoethane 

-4 
sulfonic acid (BES) buffer, and 10 ~ K2HP04" 

The ability to grow with ferric iron in the absence of an iron 

chelator was related to inoculum size; large inocula were able to ini-

tiate growth, while smaller inocula showed a long lag period or failed 

to grow. The inoculum-dependence probably was the result of impaired 

ability to produce an endogenous chelator for assimilation of ferric 

iron. 

The presence of iron chela tors improved aerotolerance of ~. vol-

utans, and growth from smaller inocula was initiated in the absence of 

a chelator if microaerophilic conditions (6% 02: 94% N2) were provided. 

Sensitivity to phosphate also was related to the presence of atmospheric 

-2 oxygen; 10 ~ P0
4 

prevented growth under an air atmosphere but not 

under microaerophilic conditions. 

The stimulatory effect of iron chela tors was applied to the cul-

tivation of another obligate microaerophile, Campylobacter fetus, which 

is of clinical importance. This organism grew well on Brucella agar 

(Albimi) supplemented with 0.05% FeS0
4

0 7H
2
0 in a candle jar, or under 

full atmospheric oxygen if supplementary CO
2 

was added. Without added 

iron, growth occurred only if the oxygen in the atmosphere was lowered 
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to about 9%. Ferric iron appeared to be as effective as the ferrous 

form in promoting growth of f. fetus. Dihydroxyphenyl compounds 

(arterenol and DOPA) permitted growth on Brucella agar in the absence 

of added iron. 
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DEVELOPMENT OF DEFINED MEDIA FOR MOTILITY AND FOR GROWTH OF SPIRILLUM 

VOLUTANS, WITH SPECIAL REFERENCE TO BIOLOGICAL MONITORING OF POLLUTANTS 

AND TO OBLIGATE MICROAEROPHILISM OF BACTERIA 

by 

Jean H. Bowdre 

(ABSTRACT) 

Two investigations were pursued in this study. One was a possible 

application of the motility of Spirillum volutans to detection of pol­

lutants in industrial effluent for the purpose of in-plant biological 

monitoring. The other was a nutritional study of the organism with 

emphasis on its obligate microaerophilism. 

In the pollution monitoring project, flagellar uncoordination in 

S. volutans was studied as a bioindicator of toxicity. Uncoordination 

is produced by a variety of agents. Cells displaying normal motility 

show frequent reversal of direction, accompanied by reversal of orienta­

tion of their bipolar fascicles of flagella. In uncoordinated cells, 

the flagella at opposite poles oppose each other and the cell cannot 

swim, although the flagella remain active. 

A defined motility test medium was devised in an attempt to max­

imize the sensitivity of the uncoordination response to potential 

pollutants. Suspensions of S. volutans in this medium responded to a 

variety of agents, including metal ions (1-3 ppm), cetyl pyridinium 

chloride (1 ppm), hydrazine (10 ppm), i-naphthol (3 ppm), and others. 

Effective concentrations ranged up to several per cent for the alcohols 

tested. The response was immediate. 



A standardized method was developed which could be used to detect 

potential pollutants in industrial effluent before discharge, using 

motility of ~o volutans as the indicator. 

In the nutritional study, a defined growth medium was developed 

for S. volutans. The key to obtaining growth in a defined Qedium, 

suggested by a "requirement" for autoclaved tyrosine, was the presence 

of a dihydroxyphenyl compound (such as arterenol or epinephrine) as a 

chelator for ferric iron, which was present at 3 mg/l FeCI
3

06H
2
0. 

Alternatively, growth occurred with high concentrations of ferrous 

iron. The defined medium also contained succinate, five amino acids, 

mineral salts, trace minerals, N,N-bis(2-hydroxyethyl)-2-aminoethane 

-4 
sulfonic acid (BES) buffer, and 10 ~ K2HP04' 

The ability to grow with ferric iron in the absence of an iron 

chelator was related to inoculum size; large inocula were able to 

initiate growth, while smaller inocula showed a long lag phase or failed 

to grow. The inoculum-dependence probably was the result of impaired 

ability to produce an endogenous chelator for assimilation of ferric 

iron. 

The presence of iron chelators improved aerotolerance of ~. vol-

utans, and growth from smaller inocula was initiated in the absence of 

a chelator if microaerophilic conditions (6% 02: 94% N2) were provided. 

Sensitivity to phosphate also was related to the presence of atmos­

pheric oxygen; 10- 2 ~ P0
4 

prevented growth under an air atmosphere but 

not under microaerophilic conditions. 

The stimulatory effect of iron chela tors was applied to the 



cultivation of another obligate microaerophile, Campylobacter fetus, 

which is of clinical importance. This organism grew well on Brucella 

agar (Albimi) supplemented with 0.05% FeS0
4

0 7H ZO in a candle jar, or 

under full atmospheric oxygen if supplementary CO
2 

was added. Without 

added iron, growth occurred only if the oxygen in the atmosphere was 

lowered to about 9%. Ferric iron appeared to be as effective as the 

ferrous form in promoting growth of ~. fetus. Dihydroxyphenyl com­

pounds (arterenol and DOPA) permitted growth on Brucella agar in the 

absence of added iron. 


