
• GROWTH AND METABOLISM OF AQUASPIRILLUM GRACILE 

by 

Barbara Ellene Laughon 

Thesis submitted to the Graduate Faculty of the 
Virginia Polytechnic Institute and State University 

in partial fulfillment of the requirements for the degree of 

APPROVED: 

MASTER OF SCIENCE 

in 

Microbiology 

i· -, .. ... ,, .... - I 
N.. R. Krieg Chai rm.an 

(. -· -------- -- ------ ... _ .... .__ - - -------- --""----1-~--~~--

R. M. Smibert E. R. Stout 

R. A. Paterson 

November, 1973 

Blacksburg, Virginia 



ACKNOWLEDGEMENTS 

No scientist, however isolated, can ever work meaningfully alone. 

His knowledge is the product of his teachers and his reading, and his 

dedication is the product of the example of others. This work is not 

entirely my own, for with out the aid of the following, it could never 

have been completed. Many grateful thanks to: 

and many, many others. 

I would like to especially thank Dr. Paterson for the teaching 

assistantship, Dr. Krieg for the gluconokinase, and my parents for their 

patience and encouragement. 

The generous gift of KDPG from 

acknowledged. 

is appreciatively 

The following page is dedicated to the one who perhaps gave the most. 

11 



THE MICROBE 

The Microbe is so very small 
You cannot make him out at all, 
But many sanguine people hope 
To see him through a microscope. 
His jointed tongue that lies beneath 
A hundred curious rows of teeth; 
His seven tufted tails with lots 
Of lovely pink and purple spots 
On each of which a pattern stands, 
Composed of forty separate bands; 
His eyebrows of a tender green; 
All these have never yet been seen~ 
But Scientists, who ought to know, 
Assure us that they must be so. 
Oh! let us never, never doubt 
What nobody is sure about! 

--Hilaire Belloc 
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INTRODUCTION 

The genus Spirillum consists of rigid helical gram negative 

polytrichous bacteria. Recently, a taxonomic scheme has been proposed 

which divides the fresh water spirilla into two genera, Spirillum 

and Aquaspirillurn, on the basis of morphological, biochemical, and 

nutritional characteristics and on the moles percentage guanine plus 

cytosine (% G + C) of the DNA (65). The members of the genus 

Aquaspirillurn are spiril la which will grow in air, are incapable of 

growth in media containing sea water, and have a G + C range of 50 to 

65 moles %. Spirillum gracile, the smallest fresh water spirillum, 

was included in Aquaspirillum although certain aspects of its 

physiology had not been completely characterized. In this thesis, 

I will attempt to elucidate three major facets of the metabolism of 

~· gracile: its relationship to oxygen, certain of its nutritional 

characteristics, and its enzymatic system for carbohydrate catabolism. 

When originally isolated in 1966, all strains of~· gracile 

were reported by Canale-Parola, Rosenthal, and Kupfer (18) to be 

microaerophilic based on the formation of subsurface, spreading 

colonies in soft (1.0%) agar. However, in a recent morphological 

and physiological classification of spirilla, Wells (150) described 

the three strains deposited by Canale-Parola et ~· with the 

American Type Culture Collection as aerobic because of their surface 

growth on 1.5% agar; he suggested a possible change in oxygen 
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requirements during the years intervening since its isolation. 

This discrepancy deserves more direct investigation, however, since 

none of the above investigators correlated colony morphology with 

various concentrations of agar or quantified growth responses to 

a range of oxygen concentrations. Also, the determination of whether 

the organism is obligately microaerophilic, facultatively micro-

aerophilic, or aerobic should be more firmly established since an 

important characteristic of the revised genus Spirillum is obligate 

microaerophilism (65). 

Hylemon (63) reported that the three available strains of 

A. gracile failed to grow in all the media he employed for deter-

mination of sole carbon and energy sources and sole nitrogen sources. 

He suggested that this species may be auxotrophic for certain growth 

factors not supplied by the standard mineral salts medium he used 

for testing. Conversely, Canale-Parola et~· (18) found that the 

same strains would grow with a number of single sources of carbon 

and reported no vitamin requirement. I will attempt to resolve these 

contradictory data by the development of a defined growth medium. 

Although !2_. gracile produces an acid reaction from a limited 

variety of sugars when grown in complex media (150), no investigator 

has determined the metabolic pathways or identified the end products. 

These characters could be useful in classification especially since 

very few spirilla have been found to utilize sugars as sole sources 

of carbon and energy (65). 
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In order to characterize A. gracile more completely, I undertook 

the present study of these three aspects of its physiology. Evidence 

will be presented which indicates that it is aerobic, requires biotin 

for growth, and possesses the enzymes representative of the Embden-

Meyerhof-Parnas and the Entner-Doudoroff pathways of glucose catabolism. 



REVIEW OF THE LITERATURE 

The smallest member of the genus Spirillum, ~· gracile, was first 

isolated from pond and stream water in 1966 by Canale-Parola, Rosenthal, 

and Kupfer (18). Their selective isolation procedure took advantage of 

the organism's size and motility by allowing the thin spirilla to swim 

through cellulose ester filter discs (0.45 µm pore size) onto the 

surface of agar plates. The colonies formed by five isolates (D-1 to 

D-5) were subsurface, spreading, and semitransparent. Morphologically, 

all strains were identical with a cellular diameter of 0.25 to 0.30 µm 

and length of 5 to 10 µm. The investigators noted the frequent 

presence in cultures of "microcysts" measuring 1 µm in diameter. 

Canale-Parola et~· (18) deduced a microaerophilic character 

from the tendency of~- gracile to form subsurface, diffuse colonies 

in soft agar and from the development in culture tubes of growth a few 

mm below the surface of semisolid media. The authors also performed 

some nutritional experiments, but commented that growth was poor in 

all media and the highest final growth yields were only on the order 

of 8 x 10 7 cells/ml. Nevertheless, they reported no vitamin require-

ment and the ability of S. gracile to grow in a mineral medium with 

the addition of L-glutamic acid, L-aspartic acid, or L-cysteine. A 

growth-limiting medium [containing (g/100 ml): peptone, 0.015; yeast 

extract, 0.002; and K2HP04, 0.010] was used to test certain organic 

compounds for their ability to stimulate growth to higher levels than 
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1.8 to 2.1 x 107 cells/ml obtained in the medium alone. Increases in 

cell count by a factor of 1.5 to 2.3 occurred with the addition of 

glucose, xylose, L-arabinose, glycerol, or pyruvate. 1his information 

is of somewhat dubious value, however, since the cleanliness of the 

glassware, the preparation of the inocula, and the number of transfers 

in a particular medium were nowhere specified. Although no type strain 

was designated, strains labelled D-4, D-5, and D-6 were deposited by 

Canale-Parola with the American Type Culture Collection and were 

issued catalog numbers 19624, 19625, and 19626, respectively. 

In a doctoral dissertation entitled "A Morphological and Physio-

logical Classification of Spirilla," J. S. Wells (150) provided a more 

complete description of Spirillum gracile based on standardized methods 

and using descendants of the strains of Canale-Parola ~al. (18). 

An unusually small cellular diameter (0.2 to 0.3 µm) was reported but 

coccoid bodies were not observed in older cultures. The DNA was 65 

moles % guanine+ cytosine (%G + C). ~· gracile did not produce a 

pigment from aromatic amino acids. It did produce RNase activity, 

reduce nitrate to nitrite, produce acid reactions from D-glucose, 

D-galactose, and L-arabinose when grown in complex media, grow on EMB 

agar, but did not grow on MacConkey or TSI agars or in MRVP broth. 

It did not hydrolyze aesculin or reduce selenite and did not grow in 

the presence of 1% glycine. Like most other spirilla, it was oxidase, 

deaminase, catalase and phosphatase positive. Hydrogen sulfide was 

produced from cysteine and growth occurred in the presence of 1% bile. 

The bands of growth in semi-solid media and the subsurface colonies 
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reported by Canale-Parola ~-~:..!: (18) were not observed by Wells 

who, therefore, described this species as aerobic. 

While attempting to differentiate members of the genus Spirillum 

on the basis of nutritional characteristics, Hylemon (63) developed a 

standardized procedure for testing the ability of spirilla to grow 

in the presence of single sources of carbon or nitrogen. The prepa-

ration of glassware and media were specified. The inocula were 

turbidimetrically adjusted saline suspensions of washed cells, and 

growth was defined as the production of at least a specified turbidity 

in three days after the second serial transfer. Over 50 sole sources 

of carbon and 30 sole sources of nitrogen were tested. Unfortunately, 

the three strains of Spirillum gracile failed to grow on all defined 

media employed. Hylemon suggested that this organism might be 

auxotrophic for certain growth factors not provided in his media. 

More recently, in a comprehensive taxonomic study of the genus 

Spirillum, Hylemon, Wells, Krieg, and Jannasch (65) have proposed that 

the three strains of Canale-Parola ~~·be included in Aquaspirillum 

gracile and have designated ATCC strain 19624 as the type strain. 

Methods for investigation of metabolic pathways. The experimental 

approaches employed in the past to characterize me~abolic pathways are 

listed below in an approximate chronological order of their development: 

1. The fermentation balance. 

2. The response of resting cell suspensions to substrate. 

3. The use of inhibitors of metabolism. 

4. The detection of enzymes in cell-free extracts. 
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S. The use of mutants. 

6. The use of radioisotopes. 

'Each of these techniques has been used successfully to elucidate major 

.catabolic reaction sequences in microorganisms, and each has its own 

limitations in the kinds of information it can supply. Therefore, in 

designing experiments to prove the existence of a particular pathway, 

one should carefully weigh the advantages and disadvantages of each 

method and devise a suitable combination of procedures from which 

conclusive evidence can be gained (27). 

The oldest method is the fermentation balance - the stoichiometry 

of substrate conversion to fermentation products. Implicit is the 

accurate identification and quantification of all end products 

(156,132). This procedure has been used most effectively in the study 

of anaerobic metabolism such as the yeast ethanol fermentation (98), 

the lactic acid fermentations of streptococci and lactobacilli (156) 

and the various fermentations of the clostridia (105, 106, 10 ,80). Most 

of the information, however, relates to the final reactions of the 

metabolic sequences and not to the major pathways; but with the 

·additional use of radioisotopes, the mechanisms of dissimilation can 

be more easily elucidated (53,46,75). TI1e fermentations mentioned 

yield a wide variety of end products whose pattern is indicative of 

particular metabolic schemes. Therefore, can this method be of any 

value in studying aerobic metabolism where the principle products of 

many catabolic pathways are C0 2 and water? Fortunately, the transient 

accumulation in aerobic cultures of certain compounds has provided 
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valuable clues to mechanisms of oxidative catabolism (102). These 

accumulates, however, are not necessarily intermediates in the main 

pathway, as exemplified by the copious production of 2-and 5-keto-

gluconic acids from glucose by Gluconobacter (Acetobacter) sub-

oxydans via reactions that represent an off-shoot of the main pathway 

of glucose dissimilation in this organism - the Hexose Monophosphate 

(I-IMP) pathway ( 40) . 

The oxygen consumption of resting cell suspensions in response to 

substrates has been used to identify intermediates of catabolisrn (27). 

The assumption is that a catabolic derivative must be demonstrably 

metabolized. Similarily, the procedure of simultaneous adaptation 

has shown the induction of whole pathways from single growth substrates 

through the measurement of cellular respiration in the presence of 

suspected intermediates (125). Data obtained in this manner, however, 

must be interpreted with caution since many types of compounds are 

known not to permeate the cell, e.g. nucleotides and hexose phosphates 

(70). The general limitations of these methods were aptly expressed 

by Stephenson (126) : "We are indeed in much the same position as an 

observer trying to gain an idea of the life of a household by a careful 

scrutiny of the persons or materials arriving at, or leaving the house: 

we keep an accurate record of the foods and commodities left at the 

door and patiently examine the contents of the dustbin, and endeavour 

to deduce from such data the events occurring behind closed doors." 

Certain advances in the study of carbohydrate catabolism have 

been made possible by the use of inhibitors of metabolism (1). 
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Phosphoglyceric acid was identified as a glycolytic intermediate by 

Stone and Werkman who observed its accumulation in Lactobacillus 

plantarum cultures in the presence of fluoride (129). The Entner-

Doudoroff pathway was proposed on the basis of studies involving cells 

of Pseudomonas saccharophila poisoned with arenite, 2,4-dinitrophenol, 

or iodoacetate (46). Weimberg and Doudoroff (148) found that 90% of 

the L-arabinose oxidized by £_. saccharophila accumulated as 

a-ketoglutarate in the presence of arsenite. One important limitation 

of work with inhibitors, however, is that the sites of inhibitor 

action cannot always be specified with certainity (27). 

Perhaps the most direct method for elucidating metabolic pathways 

is the use of cell-free extracts to demonstrate the presence of 

catabolic enzymes. In crude preparations, the entire sequence may be 

present and operational; or the individual enzymes may be separated 

and their reactions studied singly. Moreover, the demonstration in 

extracts of certain "key" enzymes (i.e. enzymes unique to a particular 

pathway) is good preliminary evidence for the occurrence of a 

catabolic sequence in an organism (40). The apparent absence of 

certain metabolic machinery, on the other hand, is not necessarily 

conclusive that a pathway does not operate in vivo (157). The method 

of extract preparation may produce adverse effects as observed by 

Swim and Krampitz (136): "The use of treated cells to evaluate the 

role of the tricarboxylic acid cycle in normal cells is extremely 

hazardous because the enzymes may be inactivated partially or 

completely and, thus, make it impossible to compare the metabolic 

activities of treated and untreated preparations." 



10 

The isolation of microbial mutants has proved very informative in 

the elucidation of pathways of catabolism and anabolism. The classic 

work of B. D. Davis (31) on the synthesis of aromatic amino acids is 

an example of the successful use of mutations to identify metabolic 

intermediates. Accumulation of a compound in the medium, however, 

does not necessarily mean that the concentration of an intermediate 

is increasing due to enzyme blockage; side reactions involving the 

intermediate may proceed at stimulated rates to produce high end 

product yields. In addition, permeability difficulties may lead to 

erroneous conclusions from negative enzymatic activities. 

Finally, a radioisotope tracer study could conclusively show the 

extent of substrate dissimilation by a proposed pathway, and, used in 

conjunction with one or more of the above methods, it could provide 

firm evidence for the existence and operation of a pathway in vivo. 

The discovery of the Entner-Doudoroff scheme of glucose catabolism 

was made possible by elegant studies with c14-labelled glucose and 

gluconate, metabolic inhibitors, resting cell suspensions, and cell-free 

extracts ( 46) . 

Carbohydrate catabolism. Among the bacteria, the three most 

commonly occurring pathways of glucose catabolism (40) are the Embden-

Meyerhof-Parnas pathway (EMP), the Hexose Monophosphate pathway (HMP), 

and the Entner-Doudoroff pathway (ED). These pathways are presented 

in Figs. 1 - 3, respectively. The key enzymes noted (by asterisks) 

are those which are unique to a particular pathway. The presence of 

the key enzymes for a particular pathway is generally considered 
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D-glucose 

ATP 1 glucokinase, hexokinase 

D-glucose-6-P 

1 phosphoglucose isomcrase 

D-fructose-6-P 

ATP 1 phosphofructokinase• 

D-fructose-1,6-diP 

dihydroxyacetone-P < 

aldolase* 

triose-P . ) D-glyceraldehyde-3-P isomerase ,/ 

· NAD, Pi~ glyceraldehyde-P 

1,3-diP-glycerate 

ADP l phosphoglycerate kinase 

3-P-glycerate l phosphoglycermutase 

2-P-glycerate l enolase 

P-enolpyruvate 

ADP l pyruvate kinase 

pyruvate 

dehydrogenase 

Figure 1. The Embden-Meyerhof-Parnas Pathway. The key enzymes are 
denoted by asterisks (*). 

• 
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D-glucose 

ATP 1 gluc;kinase, hexokinase 

D-glucose-6-P 

NADP l glucose-6-P dehydrogenase 

6-P-D-gluconate 

NADP l 6-P-gluconate dehydrogenase• 

D-ribulose-5-P 

ribulose-P-3-isomeras/ C~2 ~ ribose-P-isomerase 

,, D-xylulose-5-P D-ribose-5-P 

TPP M ++ ' g . transketolase 

D-glyceraldehyde-3-P D-sedoheptulose-7-P 

~~ansaldolase 
D-erythrose-4-P ~ D-fructose-6-P 

transaldolase 

D-fructose-6-P D-glyceraldehyde-3-P 

1 ph~!~~~;;~~ose 1 EMP 

D-glucose-6-P pyruvate 

~hosphoglucose isomerase 

D-glucose-6-P 

Figure 2. The Hexose Monophosphate Pathway. The key enzyme is denoted 
by an asterisk (*). 



13 

D-glucosc 

ATP l glucokinase, hexokinase 

D-glucose-6-P 

NAD(P) 1 glucose-6-P dehydrogenase 

6-P-D-gluconate 1 6-P-gluconate dchydratase• 

2-keto-3-deoxy-6-P-gluconate (KDPG) 

KDPG aldolase* 

pyruvate 3-P-glyceraldehyde 

Figure 3. The Entner-Doudoroff Pathway. The key enzymes are denoted 
by asterisks (*). 
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indicative, within limits, of the existence of that pathway in an 

organism under study (54). The inability to detect activities of key 

enzymes, while suggestive of the absence of a pathway, is difficult 

to interpret since the enzymes may have been inactivated during cell 

disruption, or co-factors required for activity may not be present, 

etc. 

All three pathways begin with a kinase reaction involving ATP, 

but phosphorylation may be accomplished in certain b'acteria by a 

glucose phosphotransferase system utilizing phosphoenol pyruvate (PEP) 

as described by Kundig and Roseman (78). The latter membr.ane-associated 

mechanism is not universally distributed in microorganisms, however, 

and so far seems to be restricted to certain anaerobic or facultative 

bacteria (114). Glucose-6-phosphate (G6P), the product of the initial 

phosphorylation, is an intermediate common to all three pathways. In 

the EMP pathway, fructose diphosphate is eventually formed from G6P 

and is cleaved into dihydroxyacetone phosphate and glyceraldehyde-3-

phosphate by means of an aldolase. The 3-carbon compounds so formed 

are subsequently converted into pyruvate. In the EMP, the key enzymes 

are phosphofructokinase and fructose diphosphate aldolase (54). 

Glucose-6-phosphate can also be dissimilated by the HMP and ED 

pathways by oxidation to 6-phosphogluconate (6PG) through the action 

of a pyridine nucleotide linked dehydrogenase. In the HMP, the 6PG 

is at this point oxidatively decarboxylated to ribulose-5-phosphate, 

whereas in the ED pathway, it is dehydrated with subsequent cleavage 

by an aldolase to pyruvate and triose phosphate. Thus, the key 
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enzyme for the HMP is 6PG dehydrogenase, while the key enzymes for the 

ED pathway are 6PG dehydratase and 2-keto-3-deoxy-6-phosphogluconate 

aldolase. 

These pathways are present in bacteria either singly or in combi-

nation; Table I presents a summary of the key enzyme activities 

detected in various bacteria. The ED pathway, which is peculiar to 

bacteria, was first described in Pseudomonas saccharophila and is 

associated with pseudomonads. From Table I, however, it can be seen 

that the ED enzymes are not restricted to pseudomonads or aerobes, 

but can be found even in intestinal bacteria. Zymomonas mobilis 

and Z. artaerobia can in fact ferment glucose to ethanol using the ED 

pathway (96). Certain facultative autotrophs such as Hydrogenomonas 

and Rhodopseudomonas also possess the representative enzymes, but 

apparently use the ED pathway only secondarily (118,137). Other species 

primarily utilize the EMP system for the catabolism of glucose, but 

when cultured on gluconate, the HMP and the ED pathways are induced 

(43,122,117); e.g., see Streptococcus faecalis (Table I). 

Certain organisms have the capability to oxidize glucose without 

the involvement of phosphorylated intermediates (57,4). In these 

cases, a dehydrogenase or oxidase catalyzes the conversion of glucose 

to gluconolactone (147) which is in turn hydrolyzed by a lactonase to 

form gluconic acid (72). Table II presents a summary of the types of 

dehydrogenases which have been reported in a variety of organisms. 

The designations "soluble" and "particulate" merely refer to the 

localization of activity in cell-free extracts: the supernatant 
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Table I. Distribution of key enzymes of three pathways of glucose 
catabolism among various bacteria. 

Organism EMP 
enzymes 

Pseudomonas natriegans 
Pseudomonas saccharophila 
Pseudornonas aeruginosa 
Pseudornonas fluorescens 
Pseudornonas fragi 
Pseudomonas angulata 
Hydrogenomonas eutropha 
Rhodopseudornonas capsulata 
Rhodopseudomonas spheroides 
Arthrobacter globiformis 
Arthrobacter simplex 
Zymomonas rnobilis 
Zymomonas anaerobia 
Rhizobium japonicum 
Streptococcus faecalis 
Gluconobacter suboxydans 
Gluconobacter liquefaciens 
Xanthornonas spp. 
Agrobacterium spp. 
Erwinia carotovora 
Escherichia coli 
Yersinia pes~ 
Pasteurella pseudotuberculosis 
Aquaspirillurn itersonii 
Aquaspirillum peregrinum 

+ 

b 

+ 

+ 

+ 
+ 
+ 
+ 
+ 
+ 

HMP 
enzymes 

+ 

+ 

+ 
+ 

+a 
+ 
+ 
+ 
+ 

+ 
+ 
+ 

ED 
enzymes 

+a 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+a 

+ 
+ 

+ 
+a,c 
+ 
+ 

References 

43 
46 

17,81 
154,160 

77 
67 

118 
45 

137 
92 

161 
49 
96 
69 

122 
60 

131 
67 
67 
67 
77 

93,117 
13 
66 
63 

NOTE: + = activity detected, - = activity not detected or reported. 
a The key enzymes were induced by gluconate, not glucose. 

bPhosphofructokinase was not present. 
c . 

KDPG aldolase present, but 6-P-gluconate dehydratase was not 
detected ( 93) . 
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fraction after high speed centrifugation is termed the soluble 

fraction, and the membrane fragments which comprise the sedimented 

pellet comprise the particulate fraction (15). These two categories 

of enzymes utilize different electron acceptors for the oxidation of 

glucose. In the case of the soluble activities, the dehydrogenase 

is usually pyridine nucleotide linked, although there is one 

reported case of a soluble glucose dehydrogenase detectable only 

with artificial indicators (59). The membrane-associated oxidase 

reaction is more widely distributed among microorganisms. Although 

this enzyme reacts maximally with molecular oxygen, it will also 

donate reducing equivalents to dyes, ferricyanide, or cytochromes (157). 

The glucose oxidases found in four species exhibit nonspecific 

activity, i.e. they are active on a variety of sugars other than 

glucose (see Table II). 

The gluconate formed by the above reactions may be further 

metabolized or simply excreted into the culture medium. Certain 

species of Pseudomonas, Acetobacter, and Phytomonas produce high 

yields of gluconic acid from glucose (34), although Lockwood, 

Tabenkin, and Ward found that most strains of Pseudomonas oxidize 

gluconic acid further to 2-ketogluconic acid (83). In Pseudomonas 

fluorescens (159) and f_. aeruginosa (112), the 2-ketogluconate producing 

enzyme is a membrane-associated oxidase, whereas in Gluconobacter 

suboxydans three enzymes are present: (a) a soluble, NADP-specific 

dehydrogenase, yielding 2-ketogluconate, (b) a soluble NADP-specific 

dehydrogenase, yielding 5-ketogluconate, and (c) a particulate, 



Table II. The distribution of types of glucose dehydrogenases among various organisms. 

Soluble, NAD(P) Soluble, other Particulate Particulate 
Organism linked e - acceptor oxidase e- acceptor 

EC 1.1.1.47 EC 1.1.99.a EC 1.1. 3.4 EC 1.1.99.a 

Mammalian liver NAD(P) - - -
Pseudomonas fluorescens NADP - + DIP,Fe(CN)f: 3 
Pseudomonas pseudomallei - - + DIP ,Fe (CN) ( 1 

Pseudomonas fragi - - +a DIP ,P!S ,cyt c 
Pseudomonas quercito-

pyrogallica - - + -
Pseudomonas graveolens - - +a -
Pseudomonas sp. NAD(P) - - -
Rhodopseudomonas spheroides - - . - DIP,Fe(CN)6 3 
Gluconobacter suboxydans - - +a DIP,Fe(CN)f; 3 
Gluconobacter liquefaciens - - + -
Gluconobacter melanogenus NADP - + -
Acinetobacter calco-aceticus NAD PMS,DIP +a DIP,Fe(CN)6 3 
Enterobacter aerogenes - - + -
Azotobacter vinelandii - - + -
Bacillus cereus spores NAD - - -
Aspergillus niger - - +b -

NOTE: + = activity detected, - = activity not detected or reported, DIP = 2,6-dichlorophenol 
indophenol, PMS = phenazine methosulfate, cyt c = cytochrome c. 

aActivity occurs with substrates other than glucose. 

bHydrogen peroxide produced. 

Reference 

133 
159 
57 

147 

9 
100 

24 
99 ...... 

72,38 00 

38 
131, 68 
8,58 

29 
12 
41 

108 
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possibly cytochrome-linked gluconate oxidase, yielding 2-ketogluconate 

(38). Furthermore, a variety of bacteria possess gluconokinase and 

2-ketogluconokinase (15) which phosphorylate their respective 

substrates for eventual conversion to pyruvate via the HMP or the 

ED pathway. Alternatively, organisms such as Gluconobacter 

melanogenus further oxidize 2- or 5-ketogluconate to 2,5-diketogluconate 

(40). A schematic summary of the possible metabolic fates of glucose 

and gluconate in the above organisms is presented in Fig. 4. 

Four pathways are known for the degradation of L-arabinose. 

(i) In Enterobacter aerogenes (120,94), Escherchia coli (52), and 

Lactobacillus plantarum (14), L-arabinose undergoes isomerization 

to L-ribulose and phosphorylation to form L-ribulose-5-phosphate. 

Ribulose phosphate 4-epimerase then catalyzes the production of 

D-xylulose-5-phosphate, a key intermediate in pentose oxidation, 

which can participate in the transketolase and transaldolase reactions 

of the HMP pathway. (ii) In Penicillium chrysogenum (2fj, D-xylulose-

5-phosphate is also produced, but through a series of oxidations and 

reductions as follows: L-arabinose L-arabitol L-xylulose~ 

~xylitol D-xylulose >D-xylulose-5-phosphate. (LU.) 

Pseudomonas saccharophila (148,130,144) and~· fragi (145) directly 

oxidize L-arabinose to its aldonic acid, L-arabonic acid. In the 

former organism, this is accomplished through the action of a soluble, 

NAO-linked dehydrogenase (E.C. 1.1.1.46), whereas the latter utilizes 

a particulate oxidase. The remainder of the pathway involves 

dehydration of arabonate to 2-keto-3-deoxy-L-arabonate and oxidation 
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Figure 4. Possible metabolic fates of glucose. 

5-ketogluconate 

. ~2,S-diketogluconate 

z~::torconate 

2-keto-6-P-gluconate 

I 
? 

l 
pyruvate 

N 
0 



21 

to a-ketoglutarate. (iv) Recently, a new pathway has been proposed 

which is identical to (iii) except that the last step is the cleavage 

of 2-keto-3-deoxy-L-arabonate by an aldolase with the production of 

pyruvate and glycolaldehyde (28). Tilis last catabolic route is 

remarkably similar to the ED pathway. 

As in the case of L-arabinose, multiple pathways of D-galactose 

catabolism occur in nature. A galactose oxidase is produced by the 

mold Polyporus circinatus which catalyzes an oxidation at the 6-carbon 

position producing peroxide and D-galactohexodialdose (5). The 

further metabolism of this unusual compound is unknown. Saccharomyces 

fragilis (19) and Escherichia coli (119) phosphorylate galactose at the 

I-carbon position to galactose-1-phosphate by the action of an 

inducible galactokinase (E.C. 2.7.1.6). Tile ensuing conversion to 

glucose-1-phosphate is mediated by hexose-1-phosphate uridylyltrans-

ferase (E.C. 2.7.7.12) in the following reaction (116): uridine 

diphosphate-glucose (UDP glucose) + galactose-l-phosphate~~

glucose-1-phosphate and UDP galactose. In order to enter one of 

the pathways of glucose catabolism, glucose-1-phosphate is transformed 

into glucose-6-phosphate by phosphoglucomutase (E.C. 2.7.5.1). Tile 

metabolism of D-galactose in Pseudomonas saccharophila (37) resembles 

the ED pathway differing only in the stage at which phosphorylation 

occurs. D-galactose is first attacked by a soluble, NAD specific 

galactose dehydrogense (E.C. 1.1.1.48) forming D-galactono-y-lactone 

(24). The latter compound is immediately hydrolyzed by a lactonase 
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to D-galactonic acid, whereupon a galactonate dehydratase catalyzes 

the formation of 2-keto-3-deoxy-D-galactonate. Although never 

isolated, a kinase and an aldolase are apparently responsible for 

_the production of pyruvate and 3-phosphoglyceraldehyde (37). 

Vitamin requirements of spirilla. In studying the nutritional 

characteristics of the genus Spirillum, Hylemon et al. (65) reported 

that the majority of the strains examined showed no vitamin require-

ments. However, certain organisms, such as Aquaspirillum gracile, 

one strain of A. aquaticum, and one unclassified strain, failed to 

grow in all defined media tested. As will be shown in the present 

report, biotin appears to be a required growth factor for A. gracile 

ATCC 19624. 

The vitamin biotin is an essential growth requirement for many 

bacteria, e.g. Streptococcus faecalis (101), Staphylococcus spp. (51), 

Lactobacillus arabinosus (11,128), Rhizobium trifolii (153), Bacillus 

coagulans, .~: stearothermophilus (16), .~: polymyxa (134). Morphological 

aberrations such as cell elongation result from its deficiency in 

certain microorganisms (134,20), and the classical egg white injury 

of rats fed dried albumin was shown by du Vigneaud et al. (141) to 

be counteracted by biotin. The injurious material in egg white has 

been identified as avidin - a protein which specifically binds 

biotin and prevents its metabolic use ~4). Even in the presence 

of avidin, aspartic acid (111) and oleic acid (11) can spare the 

deficiency effect in Lactobacillus arabinosus. 



23 

The biochemistry of biotin and its analogs has been the subject 

of many excellent reviews in recent years (50,152,104,87). In 

summary_, biotin is known to be a cofactor for five enzymes: Acetyl.., 

_coenzyme A (CoA) carboxylase (142), adenosine triphosphate-dependent 

pyruvate carboxylase (140), methylmalonyl-CoA carboxyl transferase 

(135), B-methylcrotonyl-CoA carboxylase (6), and proprionyl-CoA 

carboxylase (48). Furthermore, biotin is involved in carbamyl 

phosphate synthetase, an important reaction in pyrimidine biosynthesis 

(149). 



MATERIALS AND METHODS 

Cleaning of glassware. All glassware was washed in a Heinicke 

laboratory glass,rnre \·:asher, ~!odel HW 5000 (Heinicke Instruments Co., 

Hollywood, Florida) using 7X detergent (Linbro Chemical Co., Inc., 

New Haven, Conn.) and rinsed for one min in distilled water. In 

addition, glassware for the nutritional study was rinsed three times 

in distilled water and three times in distilled water passed through 

a standard multibed Bantam ion exchange resin cartridge (Barnstead 

Co., Boston, Mass.). The glassware was then inverted and dried at 

100 C in paper towel lined baskets. Test tube caps and Millipore 

Swinex 47 filtration units (Millipore Corp., Bedford, Mass.) were 

additionally rinsed in three changes of boiling deionized water and 

dried at 100 C in paper towel lined baskets. 

Chemicals and Reagents. All chemicals and reagents were obtained 

in the highest available purity (see Appendix for complete listing). 

With the exception of ~odium gluconate, glucose, L-arabinose, 

galactose, glucose-6-phosphate, fructose-6-phosphate, fructose 1,6-

diphosphate, and 6-phosphogluconate, no chemicals were tested for 

homogeneity or further purified. 

Maintenance of cultures. Aquaspirillum gracile American Type 

Culture Collection strains 19.624, 19625, and 19626 were maintained 

at 30 C by weekly subculture in a modified peptone-succinate-salts 

(MPSS) semisolid medium of the following composition (g/l): peptone, 

24 
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5.0; succinate, 1.0; (NH4)2S04. 1.0; MgS04.7H20, 1.0; FeCl3.6H20, 

0.002; MnS04.H20, 0.002; and purified agar, 1.5. The pH was adjusted 

to 6.8 with 2 N KOH. Ten ml of medium were dispensed into 20 x 125 mm 

.screw capped tubes and sterilized by autoclaving at 121 C (15 lbs/in2) 

for 15 min. 

Working broth cultures were maintained by daily subculture in 

250 ml Erlenmeyer flasks each containing 100 ml of MPSS broth and 

capped with plastic Kaputs (Bellco, Vineland, N. J.). These cultures 

were agitated in a Blue M water bath shaker (30 C), Model MSB-1122A-l 

(Blue M Electric Co., Blue Island, Ill.) at 100 oscillations per min 

with a stroke length of 0.5 inch. 

Composition of Media for Nutritional Studies. The standard 

basal medium (SBM) to which various growth effectors were added had 

the following composition (g/l): (NH4hS04, 1.0; MgS04.7H20, 1.0; 

K2HP04, 0.05; FeCl3.6H20, 0.0047; MnS04.H20, 0.0025; CaC03, 0.001; 

ZnS04.7H20, 0.00072; CuS04.5H20, 0.000125; CoS04.7H20, 0.00014; 

H3B0 3, 0.000031; Na2Mo0 4.2H20, 0.000245; and distilled water passed 

through a standard multibed Bantam ion-exchange resin cartridge. For 

certain experiments, succinic acid (1.0 g/l) and/or yeast extract 

(0.25 g/l) were included. The pH was adjusted to 7.0 with 2 N KOH. 

Double strength media were dispensed in 5 ml portions into 16 x 150 mm 

screw capped test tubes and sterilized by autoclaving at 121 C (15 lbs/ 

in2) for 15 min. · All compounds tested for growth stimulation were 

sterilized by filtration and added aseptically. 
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Preparation of Inocula fo r Nutritional Media and Definition of 

Growth. The standard inoculum for 10 ml of nutritional media was 

0 •. 1 ml· of a 100 Klett units (Klett Manufacturing Co., New York, N.Y.) 

.deionized water s~spension of cells grown 24 hr in MPSS broth. The 

cells were washed twice by centrifugation in sterile deionized water 

at 6,000 x g for 10 min. The inoculum for the ~econd transfer was 

0.1 ml of the origina~ culture after 72 hr of incuba'tion. A 

positive growth response was defined as the production of at least 

10 Klett units of turbidity in the second serial~ transfer after 

72 hr of incubation at 30 C, using a blue (420 nm) filter and 16 mm 

cuvettes. All nutritional experiments were run in duplicate and the 

turbidity readings averaged. 

Preparation of Crude Cellular Extract· for Enzyme ~ssays. For 

enzymatic analyses, ~· grad le 1_9624 was cultured in seven 2800 ml 

cotton stoppered Fernbach fla,sks each tOt'ltainin.g~ l liter of the SBM 

plus 0.1\ casein hydrolysate and 0.1\ yeast extract·(CYS medium). 

Before sterilization by autoclaving for 20 min, the pH was adjUs-ted 

to 7.0. The carbon sources were D-glucose, D-galactose, or 

L-arabinose (1.0%) which were sterilized by filtration and a~ed 

aseptically or succinic acid (0. 2\) which was included before au·to.-

claving. The cells used for the inoculum (5\ v/v) were cultured 

24 hr in a medium of the same composition as the test medium. The 

cultures were incubated at 30 C and agitated by vigorous stirring 

with magnetic stirring bars until the middle of the logarithmic .· 
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phase of growth. Growth response was determined turbidimetrically 

with a Klett-Summerson colorimeter at 420 nm with 16 mm cuvettes. 

The cells were harvested by centrifugation at 7,000 x g and 

washed twice in 0.1 M TRIS-1~1 buffer, pH 8.0. The final cell 

suspension was prepared in 20 ml of cold TRIS buffer containing 

10 mM S-mercaptoethanol. Disintegration was accomplished by sonic 

oscillation at 10 KHz (Raytheon sonic oscillator, Model DFlOl, 

Raytheon Manufacturing Co., Waltham, Mass.) for 30 sec at 0 C. 

This treatment resulted in approximately 99% breakage of cells as 

determined by phase contrast microscopy. Whole cells and large 

pieces of cellular debris were removed by centrifugation at 7,000 

x g for 10 min at 0-4 C. The resulting supernatant fraction was 

then centrifuged at 100,000 x g for 2 hr at 0 C in a Beckman pre-

parative ultracentrifuge Model L3-SO (Spinco Division of Beckman 

Instruments, Inc., Palo Alto, Calif.) using a Beckman Type 50-1 

fixed-angle aluminum rotor. The clear supernatant fraction was 

used for assay of soluble enzymes. The particulate· fraction was 

prepared by washing the pellet once in TRIS buffer plus 

S-mercaptoethanol. 

Enzyme Assays. Specific activities were measured for the 

following: glucokinase (E.C. 2.7.1.2), gluconokinase (E.C. 2.7.1.12), 

fructose diphosphate aldolase (E.C. 4.1.2.6), phosphofructokinase 

(E.C. 2.7.1.11), glucose-6-phosphate dehydrogenase (E.C. 1.1.1.49), 

6-phosphogluconate dehydrogenase (E.C. 1.1.1.44), phosphogluconate 

dehydratase (E.C. 4.2.1.12), 2-keto-3-deoxy-6-phosphogluconate 
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aldolase (E.C. 4.1.2.c), L-arabinose dehydrogenase (E.C. 1.1.1.46), 

D-galactose dehydrogenase (E.C. 1.1.1.48), glucose dehydrogenase 

(E.C. 1.1.1.47), isocitrate dehydrogenase (E.C. 1.1.1.42), citrate 

synthase (E.C. 4.1.3.7), malate dehydrogenase (E.C. 1.1.1.37) and 

2-ketogluconate reductase (E.C. 1.1.99.4). 

All assays were performed at 25 C using either an Hitachi 

Perkin-Elmer lN-VIS spectrophotometer Model 139 and a Perkin-Elmer 

recorder Coleman Model 165 (Perkin-Elmer, Norwalk, Conn.) or a Gilford 

spectrophotometer, Model 240 and a Gilford recorder, Model 242 (Gilford 

Instrument Laboratories, Inc., Oberlin, Ohio). Most reactions were 

monitored at 340 nm by following the appearance or disappearance of 

reduced nicotinamide adenine dinucleotide phosphate (NADPH). Other 

reactions employed the rate of color change of oxidation-reduction 

dyes as the measure of activity. 

All assays were performed using standard methods (26), the 

exact procedures for which are.described in the Appendix. Schematic 

representations of the reactions measured are presented below. 

(i) Glucose dehydrogenase 

glucose 

NAD NADH2 

~ ~ )gluconate 

(ii) Glucose-6-phosphate dehydrogenase 

glucose-6-P 

NADP NADPH2 

~ ~ ) 6-P-gluconate 
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(iii) L-arabinose dehydrogenase 

NAD NAOH2 

arabinose~-~~~--=~~~---'>)arabonate 

. (iv) Galactose dehydrogenase 

NAO NAOH2 

galactose~~~~~-~~~~>galactonate 

(v) Isocitrate dehydrogenase 

isocitrate 

NAOP NAOPH2 

~ ~ > a-ketoglutarate + C02 

(vi) Citrate synthase 

oxaloacetate + acetyl-CoA + H20~ citrate + CoASH + H+ 

The formation of CoASH was assayed at 412 nm by measuring the increase 

in optical density yielded by Ellman's reagent (OTNB) in the presence 

of thiol groups. 

(vii) Malate dehydrogenase 

NAO NADH2 

malate~~~-~~~-~~~~-...> oxaloacetate 

(viii) 2-ketogluconate reductase 

NADP NADPH 

gluconate~-~~-"'-_,,,,,~'--~~~~)2-keto gluconate 
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(ix) 6-phosphogluconate dehydrogenase 

NADP NADPH2 

~ 6-phosphogluconate~-~~"""'-"""""'~~~-+)ribulose-S-P + C02 

Certain systems involved the coupling of the activities to be 

measured with excess commercially obtained enzyme preparations as 

outlined: 

x y 

A-------- B---v~---) C 

activity to be 
measured 

excess coupling 
enzyme 

When the substrate A, the cofactor X, and the coupling enzyme are 

present in excess, the rate of formation of B will be limiting and. 

equal to the rate of formation of Y and C assuming that all condi-

tions are optimal. The reactions diagrammed below were assayed in 

this manner. 

(x) Glucokinase 

ATP, Mg++ NADP NADPH2 

glucose~~~~~~glucose-6-P~-~~---~~..._~~,~6-P-gluconate 
glucokinase 

(xi) Gluconokinase 

excess G6P 
dehydrogenase 

ATP' Mg++ NADP NADPH2 

gluconate~~~~~~-+-)6-P-gluconate~ ~ )ribulose-5-P + C02 

gluconokinase excess 6PG 
dehydrogenase 
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Fructose diphosphate aldolase 

FOP 

I 
3P~~a-1-d-0-1~-as ..... eDHAP-N-A-~-H-2--====~~;__ __ N_A_D _ ___.,> a-glycerolphosphate 

excess triose-P 
isomerase 

excess a-glycero-P 
dehydrogenase 

(xiii) Phosphofructokinase 

ATP, Mg++ 

(xiv) 

F6P-----~ FDP 

phosphofructo-
kinas e 

excess 
aldolase 

/~ 
3PG< >DHAP 

excess triose.-P 
isomerase 

NADH2 NAD 

~ ~ a-glycerolphosphate 

excess a-glycero-P 
dehydrogenase 

2-keto-3-deoxy-6-phosphogluconate (KDPG) aldolase 

KDPG 

I 
KDPG 

aldolase 

I\ 
3PG pyruvic 

NADH2 NAD 

acid--~-......::::==--~_/=---4) lactic acid 

excess 
lactic dehydrogenase 
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(xv) Phosphogluconate dehydratase 

6-phosphogluconate~~~~~H20 + KDPG 

I 6PG 
dehydratase KDPG 

aldolase 
(endogenous) 
/ ~ NJ\DII2 NAO 

3PG Pyruvic U lactic 
acid acid 

excess 
lactic 

dehydrogenase 

The rates of NADH disappearance were corrected for nonspecific 

oxidation by subtracting the rate in assay mixtures containing no 

added substrate. Protein concentration of the crude extract was 

estimated by the method of Lowry et ~· (86) using crystalline bovine 

serum albumin as a standard. Since TRIS buffer yields a color 

reaction, appropriate dilutions of buffer in distilled water were 

treated with the Lowry reagents and used as blanks in the spectra-

photometer. Enzyme activities were expressed as enzyme units (EU) 

per mg protein. One EU was defined as that amount of enzyme which 

catalyses the conversion of 1 nanomole of substrate per min under 

the conditions of the assay. 

Respirometry. Oxygen consumption of~· gracile 19624 in the 

presence of various carbon sources was measured manometrically in a 

Warburg constant volume respirometer (American Instrument Co., Model 

No. 5-130, Silver Spring, Md.) at 30 C. The cells were cultured in 

a cotton-stoppered 2800 ml Fernbach flask containing one liter of 
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a modified MPSS broth: the peptone concentration was reduced to 

0.2% and succinic acid was omitted. The pH was adjusted to 7.0 with 

2 N KOH. This medium was autoclaved at 121 C for 20 min. The 

carbon sources used were LI-glucose, D-galactosc, L-arabinose, 

succinic acid, and D-gluconic acid (1.0% final concentration). 

The succinic acid was autoclaved in the medium and the sugars were 

sterilized by filtration and added aseptically. The inoculum 

(5% v/v) was a 24 hr MPSS culture. The test cultures were incubated 

at 30 C with vigorous agitation by magnetic stirring bars. 

After 24 hr of incubation, the cells were harvested by centri-

fugation at 7,000 x g for 10 min, washed twice and resuspended in 

0.01 M BES buffer, pH 7.0. Reaction mixtures contained approximately 

1.0 mg (dry weight) resuspended cells, 0.01 M BES buffer, and 0.016 M 

substrate. Each manometric determination was performed in duplicate 

and the values averaged. Qo measurements were based on the oxygen 
2 

uptake during the period 30 to 60 min after exposure of the cells 

to substrate; readings were taken every ten min for 1 hr. 

Growth Response to Oxygen. The reported microaerophilic nature 

of ~~ gracile (18) was tested by measuring the growth response of 

a standard inoculum to a variety of oxygen concentrations in complex 

and defined media. The culture vessels used were 250 ml filter 

flasks each containing 50 ml of medium. The flasks were rubber 

stoppered and the side arms were connected by thick rubber tubing to 

short pieces of cotton plugged glass tubing. Screw clamps around the 

rubber provided a means of sealing the flasks after adjustment of the 

internal atmosphere. 



34 

The media tested were (a) MPSS which was autoclaved in the 

flasks and (b) a defined medium (see page 48 for the composition) 

which was sterilized by filtration, added aseptically to sterile 

.flasks, and purged of 02 by bubbling with N2 for 10 min. The air 

within the vessels was evacuated with a vacuum pump and replaced 

with appropriate mixtures of nitrogen and air. The final concen-

trations of oxygen were 0%, 3%, 6%, 12%, 15%, and 21% of the air 

at an altitude of approximately 2,000 ft. 

The standard inoculum was 1.0 ml of a 100 Klett unit deionized 
' 

water suspension of cells grown 24 hr in MPSS and washed twice in 

deionized water. Growth responses after 24 hr of incubation were 

determined (a) turbidimetrically using a Klett-Summerson colorimeter 

with the blue (420 nm) filter and 16 mm cuvettes and (b) by direct 

microscopic count using a Petroff-Hauser bacteria counting chamber 

and darkfield microscopy. The standard error of difference test 

for the difference of the means was applied to the cell count data 

for each oxygen concentration. 

Gas-liquid Chromatography. The spent media of centrifuged 

cultures were analyzed for alcohols and volatile and non-volatile 

organic acids using a Hewlett-Packard Model 700 dual column gas 

chromatograph (Hewlett-Packard/Analytical Instruments, Avondale, Pa.) 

equipped with a dual flame ionization detector, Hewlett-Packard Model 

700. Glass columns (6 ft x 1/4 in diameter) were packed with 

Resoflex LAC-l-R-296 (Burrell Corp., Pittsburgh, Pa.). The oven 
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temperature was programmed with a Hewlett-Packard Model 240 temper-

ature programmer according to the following sequence: (A) isothermal 

at 50 C for four min after injection, (B) 50 C to 125 C at 5 C/min, 

and (C) isothermal at 125 C. The length of one run was 30 min. The 

injection port and detector temperatures were 130 C and 200 C, re-

spectively. The flow rates of the carrier gas helium and the hydrogen 

for the combustion mixture were 80 cc/min. The sensitivity was 

5.0 x 10- 10 amperes. 

Cotton-stoppered 1000 ml Erlenmeyer flasks each containing 200 ml 

of the CYS medium and a suitable carbon source (1.0% D-glucose, 

D-galactose, or L-arabinose or 2.0% succinic acid) were inoculated 

with 5 ml of a 24 hr MPSS broth culture of A. gracile 19624 and 

incubated statically at 30 C for one week. These cultures were 

centrifuged at 7,000 x g for 10 min and portions of the supernatant 

fraction were (a) prepared for gas chromatography or (b) concentrated 

in vacuo at 30 C with a Buchler flash evaporator (Buchler Instruments, 

Fort Lee, N. J.) to one tenth of the original volume before preparation. 

For detection of alcohols and volatile fatty acids, 5 ml of 

sample was acidified with 0.1 ml of 50% sulfuric acid solution and 

extracted with 1 ml of ethyl ether by gently inverting the cork-

stoppered test tube twenty times. Five µl of the ether phase was 

injected on-column into the gas chromatograph. The standard solution 

contained ethanol, n-propanol, isobutanol, n-butanol, isoamyl alcohol, 

n-amyl alcohol, acetic acid, propionic acid, isobutyric acid, 

n-butyric acid, isovaleric acid, n-valeric acid, isocaproic acid, 

and n-caproic acid. 
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Methyl ester derivatives of the samples were prepared. One ml 

of sample was acidified with 0.4 ml of 50% sulfuric acid solution 

and mixed with 2 ml of methanol. This solution was heated in a 56 C 

water bath for 30 min and extracted with 0.5 ml of chloroform by 20 

gentle inversions of the cork-stoppered test tube. Five µl of the 

chloroform phase were injected on-column into the gas chromatograph. 

Methyl esters of pyruvic acid, lactic acid, oxaloacetic acid, fumaric 

acid, and succinic acid were used as standards. 

Paper Chromatography. Paper chromatographic analyses for sugar 

acids were performed on the concentrated spent media prepared for 

gas chromatography. The samples were neutralized with 2 N KOH or 

2 N HCl (as required) and spotted in 10 µl amounts on 9 x 22 1/4 in 

Whatman No. 1 chromatography paper (W & R Balston, Ltd., England). 

The papers were equilibrated overnight in large glass chambers 

saturated with solvent and developed by descending chromatography 

in the direction of the machine grain for approximately 8 hr. The 

solvent systems employed were (i) methanol:ethanol:water (45:45:10) 
I 

(102) and (ii) pyridine:ethyl acetate:acetate acid:water (5:5:1:3) 

with equilibration of the tank with pyridine:ethyl acetate:water 

(11:40:6) (47). The detectors for sugars and sugar acids were 

alkaline silver nitrate (138) and aniline hydrogen phthalate (107). 

Keto groups were detected with o-phenylenediamine (33). (See Appendix 

for the exact procedures). Papers sprayed with the aniline reagent 

or o-phenylenediamine were examined for visible color and for 

fluorescence under long wavelength (365 nm) ultraviolet light. 
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Rf values were determined for each compound detected using solvent 

system (i) by dividing the distance of each spot from the origin 

by the distance of the solvent front from the origin. With solvent 

system (ii), relative Rf values wete obtained for each compound by 

dividing the distance of each spot from the origin by the distance 

of a reference sugar from the origin (RG for glucose, RGal for 

galactose, and RA for arabinose). 

Enzymatic identification of gluconic acid. Portions of the 

glucose, galactose, and L-arabinose cultural supernatant preparations 

(lOX) were assayed for the presence of 0-gluconic acid. The reaction 

mixtures were identical to the assay mixture for gluconokinase 

(See Appendix B) with the omission of gluconate and the addition 

of 0.2_units of gluconokinase purified from Escherichia coli (Sigma). 

The reactions were monitored spectrophotometrically at 340 nm for 

5 min. 



RESULTS 

Effect of agar concentration on colonial characteristics. The 

observation of Canale-Parola, Rosenthal, and Kupfer (18) that all 

strains of Aquaspirillum gracile formed subsurface, spreading, 

semitransparent colonies on streak plates was confirmed with ~· 

gracile ATCC 19624 (See Table III) using the isolation medium of 

Canale-Parola et al. or MPSS medium (both containing 1. 0% agar). 

However, with an increase in agar concentration to 1.5%, the growth 

on the two media consisted entirely of white, pinpoint, surface 

colonies partially embedded in the agar. 

Relationship to oxygen. A test of the growth response to oxygen 

concentration was performed on both MPSS and defined medium D 

(Table VIII) in flasks whose internal atmosphere was adjusted to four 

concentrations of 0 2 • The results (Table IV) strongly suggest that 

A. gracile ATCC 19624 is not a microaerophile since the highest cell 

numbers were observed in flasks incubated in an air atmosphere. 

Correlation between turbidity and direct microscopic counts. 

Cells from a 24 hr MPSS broth culture were washed twice in, and 

resuspended in, deionized water to turbidities of 10, 25, 50, 75, and 

100 Klett units. The number of cells/ml for each suspension was 

estimated in a Petroff-Hauser bacteria counting chamber using darkfield 

microscopy. Beer's law appeared to be obeyed over this range 

(See Figure 5). 
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Table III. Effect of agar concentration upon colonial morphology of 
A. gracile ATCC 19624 on streak plates. 

Medium Agar concentration (%) 

MPSS 1.0 

MPSS 1.5 

CRK 1.0 

CRK* 1.5 

Description of growth 

Mixed morphology. The vast 
majority were white diffuse, 
subsurface colonies. A few 
were white, pinpoint, partially 
embedded surface colonies. 

White, pinpoint, surface growth 
with colonies partially embedded 
in the agar. 

White, diffuse, subsurface 
colonies. 

White, pinpoint, surface growth 
with colonies partially embedded 
in the agar. 

*Medium of Canale-Parola, Rosenthal, and Kupfer (18). These authors 
specified 1.0% agar. 



Table IV. Growth response to oxygen concentration. 

Oxygen concentration MPSS medium Defined medium Db 

(per cent) a Klett unitsc Cells/ml x 10- 7 Klett unitsc Cells/ml x 10- 7 

21 33 26.od 36 27.3 

15 20 15.5 21 16.0 

12 9 6.5 21 15.1 

6 3 2.5 17 13.6 

aApproximate concentration in atmosphere above the medium. 

bFor composition, see Table VIII. 

cAverage growth response of duplicate cultures; blue (420 nm) filter, 16 mm cuvettes. 

dDirect microscopic counts using the Petroff-Hauser bacteria counting chamber and darkfield 
microscopy. 
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Development of a defined growth medium. When the defined medium 

and methods of Hylemon ~~· (65) were used, 12_. gracile ATCC 19624 

failed to grow with 0.1% succinate as the sole source of carbon. In 

order to test the ability of certain compounds to stimulate growth of 

12_. gracile, a limiting medium was devised which consistently supported 

growth to 10 Klett units of turbidity at 72 hr of incubation of the 

second serial transfer. This medium consisted of the Standard Basal 

Medium (SBM) plus 0.1% succinate and 0.025% yeast extract. Compounds 

to be added to this medium (amino acids, purines, pyrimidines, and 

Tween 80) were sterilized by filtration and added singly to the test 

medium in concentrations of 0.1%, 0.05%, 0.01%, and 0.005%. The 

growth responses obtained are shown in Table V. Although L-alanine, 

L-aspartate, L-glutamine, L-histidine, L-hydroxyproline, L-leucine, 

Tween 80, L-tyrosine, and uracil seemed to stimulate growth, none 

of these, when added separately to the test medium, caused an increase 

in growth (above the basal level) greater than 4 Klett units. Certain 

compounds, such as adenine, glycine, L-serine, and L-valine, were 

strikingly inhibitory. 

Before testing other growth factors and vitamins, I chose to 

combine the substances which had yielded an increase in turbidity of 

2.0 or more Klett units with the SBM plus 0.1% succinate. This medium 

(without yeast extract) produced a growth response of 10 Klett units 

within 72 hr, but failed to support any growth on the second serial 

transfer. Although the original inoculum had been washed twice in 

deionized water, a small amount of some nutrient would seem to have 
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Table V. Growth responses to additions to SBM + 0.1% succinate + 0.025% 
yeast extract. 

Substance tested 

None (basal growth response = 
10.0 Klett units) 

Adenine 
L-alanine 
L-arginine 
L-asparagine 
L-aspartate 
Casein hydrolysate 
Cytosine 
L-glutamate 
L-glutamine 
Glycine 
Guanine 
L-histidine 
L-hydroxyproline 
L-isoleucine 
L-leucine 
L-lysine 
L-methionine 
L-phenylalanine 
L-proline 
L-serine 
Thymine 
L-threonine 
L-tryptophan 
Tween 80 
L-tyrosine 
Uracil 
L-valine 
Yeast extract 

a Growth response to the following concen-
trations of the substance tested: 

0.1% 

2.5 
10.5 
11.0 
10.5 

[ffi 
10.0 
10.5 
113 .01 

6.0 
NTC 

11. 0 

~ 
9.5 

11.0 
10.5 
10. 0 
7.0 
8.5 
8.5 

10.5 
10.5 
10.0 
7.0 
1.0 
~ 

0.05% 

4.5 
10.5 
8.5 
9.5 

11. 5 
114. sl 
10. 0 
9.0 

11. 5 
6.5 
NT 

11. 5 
9.5 
6.5 

!12. sl 
8.0 

11. 5 
10.0 

8.0 
6.0 

10.0 
10. 5 
11. 0 
10. 5 
112 .01 

9.0 
2.5 

!18 .ol 

0. 01% 

9.0 
11.0 
10.0 
9.5 

~ 
11.0 
8.0 

11.0 
6.5 
NT 

11. 0 
11. 5 
6.5 

10.5 
8.5 

10.5 
11. 0 
10. 0 
7.5 
9.0 
9.0 

11.5 
11. 5 
12.0 
12.0 
4.5 

15.0 

0.005% 

8.5 
~ 
10.5 
11.0 
11.0 
10.5 
10.5 
8.0 

11.0 
6.0 

11. 5 
112 .01 

9.5 
7.0 

10.5 
9.5 

10.0 
9.5 
9.5 
7.5 

10.5 
9.0 

11.0 
112. SI 
10.0 
11.0 
7.0 

113. 01 

aTurbidity measured in Klett units using the blue (420 nm) filter and 
16 mm cuvettes. 

bThe data within the boxes are the responses of 12.0 or more Klett 
units. 

c Not tested. 
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been carried over either from the growth medium or within the cells 

themselves, accounting for the growth response in the initial 

cultures. Suspecting that carryover of vitamins might possibly account 

for the preceding results, I incorporated the following additions 

separately in the above medium: (a) riboflavin, 50 ug/ml, (b) biotin, 

1 ug/100 ml, and (c) a vitamin mixture of 10 ug/100 ml each thiamine 

HCl, nicotinic acid, p-aminobenzoic acid, folic acid, nicotinamide, 

calcium pantothenate, pyridoxal HCl, and pyridoxine HCL Only the 

medium containing biotin supported growth through multiple transfers 

(Medium A of Table VI). 

Summarized in Tables VI and VII are the results of certain 

experiments designed to simplify Medium A. These were merely pre-

liminary attempts to devise a simplified medium, and more tests are 

necessary before the essential growth requirements of ~- gracile 

can be defined. Medium B, which lacked four components of A, still 

supported growth, and Medium C, which eliminated three additional 

ingredients, also supported growth. Some of the constituients of 

Medium C were tested individually and in combinations (Table VII), 

but all failed to confer growth supporting ability to Biotin-Succinate-

SBM. However, those media containing L-leucine yielded faint 

turbidity. A combination of L-glutamine, L-phenylalanine, and L-leucine 

supported a growth response of 6 Klett units and with the further 

addition of L-aspartate supported a growth response of 10 Klett units. 

The combination of SBM and succinate plus biotin, L-glutamine, 

L-phenylalanine, L-leucine, and L-aspartate is referred to as 
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Table VI. Modifications of succinate-SBM* tested. 

Compound Concentration (%) Medium Medium Medium Medium 
A B c D 

L-glutarnine 0.1 + + + + 

L-leucine 0.1 + + + + 

L-phenylalanine 0.05 + + + + 

L-aspartic acid 0.01 + + + 

L-hydroxyproline 0.1 + + + 

L-alanine 0.05 + + 

L-histidine 0.005 + + 

Uracil 0.01 + 

Tween 80 0.005 + 

Thymine 0.05 + 

L-tyrosine 0.01 + 

Biotin 1.0 t 10-6 + + + + 

J 
*SBM + 0.1% succinic acid 



Table VII. Growth responses to defined media. 

Medium 

Medium Ab 
Biotin-Succinate-SBMc + 0.1% L-glutamine 
Biotin-Succinate-SBM + 0.01% L-tyrosine 
Biotin-Succinate-SBM + 0.1% L-leucine 
Biotin-Succinate-SBM + 0.005% Tween 80 
Biotin-Succinate SBM + 0.1% L-hydroxyproline 
Medium Bb 
Medium cb 
Medium C - L-leucine - L-hydroxyproline 
Biotin-Succinate-SBM + 0.1% L-glutamine + 0.05% L-phenylalanine 
Biotin-Succinate-SBM + 0.1% L-glutamine + 0.05% L-phenylalanine 

+ 0.1% L-leucine 
Biotin-Succinate-SBM + 0.1% L-glutamine + 0.05% L-phenylalanine 

+ 0.1% L-hydroxyproline 
Biotin-Succinate-SBM + 0.1% L-glutamine + 0.1% L-leucine 
Biotin-Succinate-SBM + 0.1% L-leucine + 0.05% L-phenylalanine 
Biotin-Succinate-SBM + 0.1% L-leucine + 0.1% L-glutamate 
Medium ob 

Grm~th response a 

-
14 

0 
0 
3 
0 
0 
9 

11 
0 
0 

6 

0 
3 
5 
5 

10 

aValues represent the average of Klett unit readings from duplicate tubes incubated for 72 hr. 
b Refer to Table VI. 

cSBM + 0.1% succinic acid+ 1.0 x 10- 6 % biotin. 

~ 
0\ 
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Medium D. Thus, Medium A, consisting of twelve additions to SBM and 

0.1% succinate, was simplified to Medium D, consisting of only five 

additions. The latter medium, whose composition is summarized in 

.Table VIII, supported growth through six serial transfers (the 

inoculum in each case consisting of 0.1 ml of the previous growth). 

With the omission of biotin from Medium O, growth occurred in the 

initial cultures but not in the second serial transfers. 

Ability to utilize carbohydrates for growth. The development 

of defined medium 0 facilitated the testing of carbon sources for the 

ability to support growth of ~· gracile ATCC 19624. As shown in 

Table IX, D-glucose and 0-galactose could be utilized for growth 

but 0-gluconate could not. No growth response to L-arabinose was 

observed, but a decrease in pH occurred (Table IX). 

Respirometry. The results of a Warburg respirometer study shown 

in Table X confirmed that ~· gracile ATCC 19624 is capable of oxidiz-

ing succinate, D-glucose, D-galactose, L-arabinose, and 0-gluconate. 

When grown in the presence of glucose, the cells oxidized both 

glucose and gluconate at increased rates compared to the oxidation of 

these compounds when the cells were grown on succinate. However, 

with gluconate as the main carbon source for growth, the Q02 of the 

cells in the presence of gluconate was nine times higher than the 

~2 for glucose. Galactose and arabinose were both oxidized at 

moderate to high rates when the cells were cultured on either sugar 

compared to the low rates when the cells were cultured on succinate. 
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Table VIII. Composition of a defined growth medium (D) for 
Aquaspirillum gracile ATCC 19624. 

Compound Concentration (%) 

Succinic acid 0 .1 

L-glutamine 0.1 

L-leucine 0.1 

L-phenylalanine 0.05 

L-aspartic acid 0.01 

(NH4) 2S04 0.1 

MgS04 · 7 HzO . 0 .1 

Kz.HP04 0.005 

Fe Cl 3 · 6 HzO 0.00047 

MnS04 · HzO 0.00025 

CaC03 0.0001 

ZnS0 4 · 7 H20 7.2 x 10- 5 

CuS04 · 5 HzO 1.25 x 10- 5 

CoS04 · 7 HzO 

H3B03 3.1 x 10- 6 

Na2Mo04 · 2 HzO 2.45 x 10- 5 

Biotin 1.0 x 10- 6 

NOTE: The pH was adjusted to 7.0 with 2 N KOH. This medium was 
sterilized ~y filtration. 
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Table IX. Ability of A. gracile ATCC 19624 to utilize carbohydrates 
for growth in Medium D lacking succinate. 

Carbon source (0.1%)a Growth b pHc response 

D-glucose 18 7.2 

D-galactose 15 6.8 

L-arabinose 6 6.1 

D-gluconate 10 7.1 

None 7 7.1 

aThe compounds listed were sterilized by filtration before addition 
to Medium D (Table VIII). 

b 

c 

Values represent the average of turbidity readings (Klett units) 
taken of duplicate tubes 72 hr after the second serial transfer in 
the medium indicated. 

Values represent the average of determinations made from duplicate 
tubes 72 hr after the second serial transfer in the medium indicated. 



Table X. Oxygen consumption in Warburg Respirometer. 

SUBSTRATE Q02 * when cells cultured on CYS medium and the following carbon sources: 
(0.1 M) SUCCINATE GLUCOSE GLUCONATE GALACTOSE ARABINOSE 

Succinate 58.5 34.7 52.4 69.3 25.8 

Glucose 14.3 w 3.2 14.9 16.8 
U1 

Gluconate 15.5 27.6 7.6 19.2 0 0 

Galactose 7.3 38.8 1.9 r6.1 44.81 
Arabinose 2.7 34.4 0.7 101. 2: 28.0 

*µl of 02 consumed/mg dry weight of cells 
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Enzyme Assays. The specific activities of certain carbohydrate 

catabolizing enzymes present in the soluble fraction of crude cell 

free extracts of~· gracile ATCC 19624 are listed in Table XI. The 

.enzyme spectra of cells cultured with succinate, D-glucose, 

D-gluconate, D-galactose, and L-arabinose as carbon sources are 

compared below for any increases in activity which may be associated 

with induction. 

The glucokinase activity of all extracts was quite low but 

occurred at the highest level in cells cultured with glucose. The 

assay procedure (Appendix B) was modified by substitution of different 

buffers in an attempt to determine if another pH value was optimal 

for the reaction. Using the extract from glucose cultured cells, no 

appreciable increase in activity was observed over the pH range of 

5.6 to 9.0 nor after dialysis for 48 hr against cold 0.1 M TRIS-HCl 

buffer, pH 8.0, and 10 mM S-mercaptoethanol. 

Moderate activity of phosphofructokinase was present in succinate 

and glucose cultured cells, whereas low activity occurred in gluconate, 

arabinose, and galactose cultured cells. 

Fructose diphosphate aldolase activity was detected in small 

amounts in all extracts, with the highest level obtained in glucose 

cultured cells. Attempts to stimulate activity by the addition of 
+++ ++ Fe or Co ions or by dialysis were unsuccessful. 

For glucose-6-phosphate dehydrogenase, both NAD and NADP were 

active as electron acceptors. The NADP-associated activity was 10 

fold higher in cells cultured on glucose as compared to those 

cultured on succinate. 



Table XI. Enzyme activities of crude extracts. 

Specific Activities a when cells cultured on CYS medium 
Enzyme with the following carbon sources: 

Succinate D-glucose D-gluconate D-galactose L-arabinose 

Glucokinase 2.2 g 3.0 1.8 0.9 
Phosphofructokinase 32.2 192.11 8.7 2.4 4.7 
Fructose diphosphate aldolase 4.0 14·. 3 3.4 1.1 13.0 
Glucose-6-P dehydrogenase (NADP) 13. 7· 1133. ll 49.8 23.5 5.1 
Glucose-6-P dehydrogenase (NAD) 7.5 58.7 12.8 8.7 2.1 VI 

1167. 91 
N 

6-P-gluconate dehydratase 24.7 62.0 <O.l 16.6 
2-keto-3-deoxy-6-P-gluconate aldolase 83.4 !288.61 1209. 41 86.8 265.6 
6-P-gluconate dehydrogenase <0.1 <0.1 <O.l <0.1 <0.1 
Gluconokinase 1.4 7.8 5 .51 0.6 0.8 
Glucose dehydrogenase <0.1 118. 31 <O.l 3.6 7.4 
D-galactose dehydrogenase 3.7 5.9 <0.1 1131. 01 1160.51 
L-arabinose dehydrogenase 5.2 27.3 <0.1 1160. 51 1122.01 

aNanomoles of substrate converted per min per mg protein. 

bThe data within the boxes represent probable induced activity. 
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The 6-phosphogluconate (6PG) dehydratase of !:_. gracile was 

apparently quite labile since activity could only be detected when 

this assay was performed immediately after preparation of the extract. 

Cells cultured on glucose possessed a seven fold higher activity 

than cells cultured on succinate. 

The moderately high KDPG aldolase activity in extracts of glucose, 

gluconate, and arabinose cultured cells was approximately 3 to 4 

times the activities in succinate or galactose cultured cells. 

Although this enzyme was fairly high in activity when arabinose was 

the carbon source for growth, 6PG dehydratase, catalyzing the 

reaction immediately preceding that catalyzed by the aldolase in the 

ED pathway, was only present at a basal level. 

The representative enzyme of the HMP, 6PG dehydrogenase, was 

not detected in any extract. Some endogenous oxidation did occur 

in the presence of NADP under the conditions of the assay without 

substrate, especially when a large volume of extract was present. 

Gluconokinase activity was present in all extracts at low levels 

with the highest values obtained in glucose and gluconate grown cells. 

Glucose dehydrogenase activity was detected only in cells 

cultured in the presence of glucose, galactose, or arabinose. 

Although all these activities were low, cells cultured with glucose 

produced the highest level. This enzyme was specific for NAD as an 

electron acceptor, whereas NADP, 0 2 , and dichlorophenol indophenol 

were inactive. No dehydrogenase activity was present in the 

particulate fraction. 
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The moderately high D-galactose and L-arabinose dehydrogenase 

activities were 3 to 4 times greater in cells cultured on either 

sugar than in cells cultured on succinate or glucose. No activity 

was detectable for either substrate when gluconate was the carbon 

source for growth. 

Activities of 2-ketogluconate or 5-ketogluconate reductases 

(not shown in Table XI) were not observed in cells cultured on either 

glucose or gluconate. 

Three enzyme activities not representative of carbohydrate 

catabolism were also measured in extracts of glucose grown cells. 

Expressed as nanomoles of substrate converted per min per mg protein, 

the specific activities were: isocitrate dehydrogenase, 6965; 

citrate synthase, 1023; and malate dehydrogenase, 4310. 

Gas-liquid chromatography. The gas-liquid chromatographic 

analyses of glucose, galactose, and arabinose cultural supernatants 

of A. gracile ATCC 19624 cultures failed to detect any volatile fatty 

acids, alcohols, or non-volatile organic acids such as pyruvic, 

lactic, fumaric, or succinic acids. 

Paper chromatography. The results of paper chromatography of 

glucose, galactose, and arabinose cultural supernatants are shown in 

Tables XII, XIII, and XIV, respectively. The glucose cultural 

supernatant produced two spots with both solvent systems: one 

corresponding in Rf and RG to the glucose of the medium and the other 

corresponding to gluconate, 2-ketogluconate, or 5-ketogluconate. 

When standards of the latter three compounds were chromatographed, 



Table XII. Paper chromatography of glucose cultural supernatant. 

Compound 

Glucose 
Gluconate 
2-ketogluconate 
5-ketogluconate 

Cultural supernatant 

Rf 
(Solvent l)a 

0.48 
0.21 
0.19 
0.12 
0.19 
0.44 
0.22 

a Solvent 1 = methanol:ethanol:water (45:45:10) 

RG 
(Solvent 2)b 

1. 00 
0.55 
0.47 
0.52 
0.60 
1.00 
0.53 

bSolvent 2 = pyridine:ethyl acetate:acetic acid:water (5:5:1:3) 

cFlourescent under ultraviolet light (365 nm) 

D E T E C T 0 R S 

AgN03 Aniline H phthalate 

+ yellow-orange 
+ - tn 

tn 

+ redc 

+ brownc 

+ pale greenc 

+ yellow-orange 
+ 



Table XIII. Paper chromatography of galactose cultural supernatant. 

Compound 

Galactose 
Galactonate 
Cultural supernatant 

Galactonate + cultural 
supernatant 

Rf 
(Solvent l)a 

0.46 
0.16 
0.43 
0.19 

0.43 
0.18 

a Solvent 1 = methanol:ethanol:water (45:45:10) 

RGal 
(Solvent 2)b 

1. 00 

0.51 
0.92 
0.48 

0.85 
0.46 

bSolvent 2 = pyridine:ethyl acetate:acetic acid:water (5:5:1:3) 

AgN03 

+ 

+ 

+ 

+ 

+ 

+ 

D E T E C T 0 R S 

Aniline ll phthalate 

ye 11011·-orange 

Ul 

ye 11 oh· - orange °' 

yel loh'-orange 



Table XIV. Paper chromatography of arabinose cultural supernatant. 

Compound 

L-arabinose 
L-arabonate 
Cultural supernatant 

L-arabonate + cultural 
supernatant 

Rf 
(Solvent l)a 

0.66 
0.30 
0.52 
0.40 

0.51 
0.38 

a Solvent 1 = methanol:ethanol:water (45:45:10) 

RA 
(Solvent 2)b 

1.00 
0.58 
0.84 
0.56 

0.83 
0.56 

bSolvent 2 = pyridine:ethyl acetate:acetic acid:water (5:5:1:3) 

D E T E C T 0 R S 

AgN03 Aniline H phthalate 

+ yellow-orange 
+ 

Ul 

+ yellow-orange --..J 

+ 

+ yellow-orange 
+ 
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the detector aniline hydrogen phthalate was found to successfully 

differentiate between them: gluconate produced no reaction, 

2-ketogluconate produced a red fluorescence under ultraviolet light, 

.and 5-ketogluconate produced a brown fluorescence under ultraviolet 

light. The lack of reactivity of the unknown spot consequently 

implied that it was an aldonic acid, probably gluconate. Spots 

having similar Rf's were also observed on paper chromatograms of 

galactose and arabinosc cultural supernatants. A standard solution 

of potassium galactonate, when chromatographed with the galactose 

cultural supernatant, produced a spot which matched the unknown spot 

of the supernatant both in Rf and in non-reactivity with aniline 

hydrogen phthalate (see Table XIII). Similarly, a standard solution 

of potassium arabonate, when chromatographed with the arabinose 

cultural supernatant, produced a spot which matched the unknown spot 

of the supernatant both in Rf and in non-reactivity with aniline 

hydrogen phthalate (Table XIV). 

Enzymatic assay for gluconate. That gluconate was produced by 

A. gracile ATCC 19624 in complex media containing glucose was confirmed 

by the results shown in Table XV. The phosphorylation of any 

gluconate in the samples by gluconokinase was coupled to 6PG 

dehydrogenase. The rate of NADPH production from this reaction was 

monitored spectrophotometrically at a wavelength of 340 nm for 5 min. 

The large change in absorbance when the glucose cultural supernatant 

was tested indicated the presence of gluconate. No change in 

absorbance occurred when galactose or arabinose cultural supernatants 
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Table XV. Enzymatic assay of cultural supernatants for gluconic 
acid.a 

Substrate Change in optical densityb/5 min 

Glucose cultural supernatant 0.230 

Galactose cultural supernatant 0.005 

Arabinose cultural supernatant 0.000 

Glucose (0.2 M) 0.002 

Sodium gluconate (0.2 M) 0.360 

Glucose cultural supernatantc 0.000 

aThe procedure employed was identical to the spectrophotometric assay 
for gluconokinase (see Appendix B) with the omission of gluconate and 
the addition of 0.2 units of commercially obtained gluconokinase 
(Sigma). 

b 340 nm, 1 cm light path. 

cGluconokinase was omitted from the reaction mixture. 
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were used, in accordance with the hypothesis that galactonic and 

arabonic acids were occurring thes'e supernatants. The specificity 

of the test system for gluconate was demonstrated by the omission of 

gluconokinase from otherwise complete assay mixtures containing the · 

glucose cultural supernatant. In this case, no change in absorbance 

occurred. 

Unusual morphology observed in older cultures. Unusual circular 

bodies approximately 1 µmin diameter were observed.by darkfield 

microscopy in several older cultures and in deionized water sus-

pensions of A. gracile ATCC 19624. Th.ese bodies were apparently 

tightly coiled cells as shown in Figure 6, an electron micrograph 

shadow cast with tungsten oxide and magnified approximately 100,000 

diameters. The cells appear to be quite flexible. On one occasion 

with a deionized water suspension, the coiling process was observed 

to occur within five seconds. The factors controlling this behavior 

remain to be elucidated. 
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Figure 6. Electron micrograph of~~ ·gradle ATCC 19624 showing unusual 
morphology obser\red in older cultures. (Shadowed with tungsten 
oxide, photograph by N. R. Krieg.) 



DISCUSSION 

Colonial characteristics. In the original work of Canale-Parola 

et al. (18) on the isolation and characterization of Aquaspirillum 

gracile, the authors noted the formation of multiple bands of growth 

below the surface of semi-solid media (0.2% agar) and the formation 

of diffuse subsurface colonies in solid media containing 1.0%, 1.5%, 

and 2.0% agar. They concluded from these observations that A. 

gracile was microaerophilic. After prolonged subculturing in liquid 

media, Canale-Parola !!_ ~· reported that some organisms lost the 

ability to diffuse through the solid media (1.0% agar) and formed 

"smaller, non-spreading, well-defined colonies, which developed at 

the surface of the agar plate, although a large part of each colony 

was still below the surface." Wells (150), who did not observe 

bands of growth in semi-solid PSS medium (0.15% agar) and characterized 

the colonies on PSS agar plates (1.5% agar) as pinpoint, white, and 

partially below the surface, concluded that A. gracile was aerobic. 

That some change in oxygen requirements had occurred in the years 

intervening since the organism's isolation was proposed by Wells to 

explain the discrepancy between his results and those of Canale-

Paro la et al. This explanation seemed likely since the latter 

workers had noted some differences in colonial morphology with time. 

However, the results of the present report indicate that the 

ability of~· gracile ATCC 19624 (a strain deposited with the 

American Type Culture Collection by Canale-Parola) to form diffuse 

62 
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subsurface colonies on solid media is determined by the concentration 

of agar. The growth on plates of MPSS medium and the medium of 

Canale-Parola ~~· (both containing 1.0% agar) was almost entirely 

subsurface, whereas, when the agar concentratibn of the two media was 

increased to 1.5%, the colonies matched the description of Wells (150). 

Since Canale-Parola et ~· (18) observed subsurface colonies on media 

containing both 1.0% or 1.5% agar, and since A. gracile ATCC 19624 at 

the present time forms subsurface colonies on 1.0% agar and surface 

colonies on 1.5% agar, it is possible that some change has occurred 

in the strain since its isolation. However, such a change would appear 

to involve only the ability to migrate through solid media, and no 

definite conclusions about· a change in oxygen requirements can 

reasonably be drawn from this information. 

Relationship to oxygen. The classification by Canale-Parola 

et ~· of A. gracile as a microaerophile based on subsurface growth, 

does not agree with the definition of microaerophilism proposed by 

McBee, Lamanna, and Weeks (95). They suggested that only organisms 

incapable of growth under aerobic conditions and in the complete 

absence of gaseous oxygen be termed microaerophilic, e.g. Spirillum 

volutans (151) and Campylobacter fetus (84). This definition was an 

attempt to clarify the confusion surrounding bacterial oxygen relation-

ships. For example, organisms such as Neisseria gonorrhoeae, which 

grow poorly under aerobic conditions and abundantly when incubated 

in candle jars, have been erroneously termed microaerophilic. 

Within a candle jar, the burning flame not only reduces the oxygen 

concentration to microaerophilic levels, but also produces copious 
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quantities of carbon dioxide. The resulting conditions are suitable 

for the growth of~· gonorrhoeae and other C02 requiring aerobes. 

In order to distinguish these organisms from microaerophiles, McBee 

.et~· (95) proposed the term capneic, i.e. requiring C02 for growth. 

A. gracile ATCC 19624 appears to be an aerobe since it is capable 

of growth under aerobic conditions and grows less well under micro-

aerophilic conditions (Table IV). Hence, the apparent preference 

for subsurface growth in certain media remains unexplained. One 

can speculate that there may be some advantages for a motile organism 

to diffuse into the medium rather than remain under the crowded 

conditions of a colony; the competition for nutrients would be less 

extreme and any inhibitory metabolic products would be diluted. 

Perhaps the subsurface growth is the result of a possible requirement 

for C02 which may be produced by respiration and trapped in the agar. 

Defined media. In examining the nutritional characteristics 

of sprilla, Hylemon et ~· (65) reported that !2._. gracile would not 

grow in the defined medium employed for determination of sole 

carbon or nitrogen sources for spirilla. Using a modification of 

the defined medium of Hylemon et~., I was able to obtain growth 

of !2._. gracile ATCC 19624 in the presence of succinate by supplying 

four amino acids and biotin (Medium D, Table VIII). These growth 

factors are not necessarily the minimal requirements, however, and 

some could possibly be eliminated or replaced. For instance, glutamic 

acid may perhaps substitute for glutamine. Biotin, however, seems 

to be essential since its omission form Medium D prevents growth. 
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It may be possible to devise a medium which will spare this biotin 

requirement, such as was the case with certain lactobacilli in 

the presence of oleic acid (11). In developing Medium D, all known 

growth factors were not tested and the possibility exists that 

other compounds such as amines, fatty acids, vitamin B12 , heme, etc. 

may be highly stimulatory to growth. However, as shown in Table IV, 

the degree of growth response in MPSS medium was similar in magnitude 

to the growth response in Medium D. 

Medium D will be quite useful for any future workers who may 

wish to culture A. gracile under defined conditions without the 

variations in composition found in peptone or yeast extract. This 

medium would be suitable for testing the ability of~· gracile 

to utilize other sources of carbon for growth, and, with some 

modification, it may also be useful for testing nitrogen sources. 

Moreover, in culturing ~· gracile for enzyme assays, a defined medium 

would have been more desirable than the casein hydrolysate-yeast 

extract-salts (CYS) medium employed since yeast extract contains a 

small quantity of carbohydrate (ll3). Finally, Medium D may also 

support the growth of the other two strains of ~- gracile, ATCC 19625 

and 19626, and it could be employed to determine if a biotin require-

ment is characteristic of the species or just of the type strain 

ATCC 19624. 

Glucose catabolism. In complex media, 1.2_. gracile produces acid 

reactions from D-glucose, D-galactose, and L-arabinose but from no 

other sugars (150). Furthermore, glucose and galactose but not 
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arabinose will serve as carbon sources for growth in defined 

Medium D lacking succinate. When cultured in complex media containing 

D-glucose, cellular suspensions of ~· gracile ATCC 19624 consumed 

oxygen in the presence of glucose at a higher rate than cells 

cultured in media containing succinate (Table X). These results 

indicate that glucose is oxidized in some manner by the cells and 

that synthesis of the enzymes involved may be subject to induction 

or to metabolite repression by succinate. The former possibility 

seems more likely, however, since cells grown in media containing 

gluconate, galactose, or arabinose did not exhibit the high rates of 

glucose oxidation one would expect if the glucose catabolism enzymes 

were de-repressed by the absence of succinate. 

The enzymes representative of the ED pathway of glucose catabolism 

are present in the soluble fraction of crude cell free extracts of 

~· gracile ATCC 19624 (Table XI). When cultured on CYS medium 

containing glucose, the activities of key ED pathway enzymes (G6P 

dehydrogenase, 6PG dehydratase, KDPG aldolase) were 3 to 10 times 

higher than the activities in cells cultured on CYS medium containing 

succinate. This increased specific activity in the presence of 

glucose is good evidence that the ED pathway is inducible (de-repression 

of these enzymes by the absence of succinate is an alternative 

explanation, but the low activities of most of the ED pathway enzymes 

in cells cultured in media containing galactose or arabinose tend to 

support induction as the control mechanism). Glucokinase activity 

was present at low levels but was approximately 4-fold higher in 

glucose-grown cells than in succinate-grown cells. 
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Activities of the key EMP pathway enzymes (phosphofructokinase 

and FDP aldolase) were also present in the soluble fraction of crude 

cell free extracts but at low levels. Although no large increase in 

.activity occurred in glucose-grown cells, the values were nevertheless 

approximately three times higher than the activities in succinate-

grown cells. This increase does not appear to be of sufficient 

magnitude to permit a clear decision as to the inducibility of these 

two enzymes by glucose. It further should be noted that the measurement 

of phosphofructokinase is complicated by the allosteric regulatory 

features of this enzyme (89). Although ATP is a substrate for this 

reaction and was therefore included in the assay mixture, it is at 

the same time a powerful inhibitor. The addition of ammonium ions 

has been found to counteract this inhibition in other systems (90), 

and consequently ammonium ions were incorporated into the reaction 

mixture for A. gracile. Despite this precaution, the possibility 

still exists that for the A. gracile system, ammonium ions may not 

have been effective. An alternative method of assay might be 

substitution of GTP for ATP, since GTP has been reported not to 

exert allosteric effects on phosphofructokinase (123). 

The key enzyme of the HMP pathway, 6-phosphogluconate dehydrogenase, 

was never detected. The assay of other enzymes of this pathway such 

as transaldolase or transketolase could have been performed, but 

their presence is not necessarily restricted to the HMP route of 

glucose catabolisrn. 
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The enzymatic machinery for catabolism of glucose by the EMP 

and the ED pathways is present in ~· gracile ATCC 19624. The extent 

of contribution by each pathway remains to be determined by other 

methods such as radioisotope labeling, but the existence of a third 

mechanism of glucose degradation tends to complicate the situation. 

A soluble NAO-linked glucose dehydrogenase was present in cells 

cultured on glucose but was not detected in cells cultured on succinate 

or gluconate. This enzyme is apparently responsible for the production 

of gluconic acid in complex media containing glucose, and furthermore 

it appears to be inducible (unless both succinate and gluconate are 

metabolite repressors - an unlikely situation). That gluconic acid 

can be further metabolized is suggested by the presence of 

gluconokinase activity which occurred at higher levels in glucose-

grown cells than in succinate-grown cells. Since the product of 

this phosphorylation reaction is 6-phosphogluconate (6PG), the next 

steps in its breakdown could be catalyzed by 6PG dehydratase and 

KDPG aldolase of the ED pathway. Alternatively, 6PG could be con-

verted to glucose-6-P (G6P) by the action of G6P dehydrogenase and 

catabolized by the EMP enzymes. These possible metabolic fates are 

diagrammed below: 

NAO NADH2 
glucose ~ /~ > gluconic acid 

NAD(P) NAD(P)H2 1-
G6P c ~ ~ 

~ 6PG 

l G6P dehydrogenase l 
EMP ED 
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The reduction of 6PG to G6P would appear to be thermodynamically 

inefficient, however, because the cell would have to invest either 

(a) NADH2 which could be used for ATP production in oxidative 

.phosphorylation or (b) NADPH 2 which could be used in biosynthetic 

reactions for synthesis of cellular material. Therefore, dissimilation 

of 6PG by the ED enzymes appears more metabolically beneficial. This 

mechanism of glucose catabolism has also been reported in Pseudomonas 

fluorescens (154). As beneficial as catabolism of gluconate via the 

ED pathway would seem, it should be borne in mind that organisms do 

not necessarily pursue the most logical course (2~. 

Some pseudomonads are also capable of oxidizing gluconic acid 

further to 2-keto- or 5-ketogluconic acid by the action of 2-keto-

or 5-ketogluconate reductase (36). These activities were not 

detected in ~· gracile ATCC 19624 and 2-keto- or 5-ketogluconic acids 

were not demonstrable in paper chromatograms of glucose cultural 

supernatants. 

The glucose dehydrogenase activity detected in ~· gracile 

ATCC 19624 is somewhat unusual among bacteria. Members of the genera 

Pseudomonas and Gluconobacter oxidize glucose primarily by membrane-

associated oxidases or dehydrogenases which utilize electron acceptors 

other than NAO or NADP (Table II). Soluble NAO-linked activities 

have been reported for Acinetobacter calco-aceticus, Bacillus 

cereus spores, and one unidentified pseudomonad. 

Since A. gracile ATCC 19624 is capable of oxidizing gluconate 

and since the enzymes for gluconate catabolism are present, why does 
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gluconic acid accumulate in the medium? A possible explanation 

involves the initial steps in glucose dissimilation. The reactions 

of glucokinase and gluconokinase require an initial investment of 

energy in the form of ATP for phosphorylation. A readily available 

source of energy, however, would be the direct oxidation of glucose 

(without prior activation) to gluconic acid by glucose dehydrogenase. 

The NADH 2 produced would be coupled to the electron transport system 

for the generation of ATP. In a complex medium containing peptone 

or yeast extract, many of the biosynthetic intermediates such as 

amino acids, purines, and pyrimidines are available preformed in 

the medium. Perhaps in this situation, some percentage of the 

available carbon of glucose is not needed for synthesis and is simply 

oxidized and released into the medium to cause the observed acid 

reaction. Indeed, when !:._. gracile ATCC 19624 was cultured in 

defined Medium D with glucose replacing succinate, no decrease in 

pH occurred (Table IV). 

A. gracile ATCC 19624 appears to be able to catabolize glucose 

further than the ED pathway since end products such as pyruvate and 

acetate were not detected in cultural supernatants by gas-liquid 

chromatography. Three enzymes representative of the tricarboxylic 

acid cycle were present in high levels in glucose-cultured cells: 

citrate synthase, isocitrate dehydrogenase, and malate dehydrogenase. 
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Galactose and arabinose catabolism. The dissimilations by 

A. gracile ATCC 19624 of D-galactose and L-arabinose follow very 

similar patterns with respect to the following: 

(i) Acid reactions in complex media were produced from both 

by ~· gracile (150). 

(ii) Both were oxidized at moderate to high rates in the Warburg 

respirometer by cells grown in the presence of either sugar (Table X). 

(iii) When cultured in a medium containing galactose, ~- gracile 

ATCC 19624 produced a compound with certain characteri·stics of 

galactonic acid (Table XIII). In the case of L-arabinose, a compound 

with certain characteristics of L-arabonic acid was produced 

(Table XIV). 

(iv) Both sugars served as substrates for soluble NAO-linked 

dehydrogenase activities in crude cell free extracts. 

(v) And, finally, both aforementioned activities attained 

high, and remarkably similar, levels in cells cultured on either 

galactose or arabinose but not on succinate, glucose, or gluconate. 

One can speculate from these observations that at least the 

initial step in the catabolism of galactose and arabinose is either 

(a) catalyzed by similar enzymes with over-lapping specificites, 

or (b) catalyzed by the same enzyme whose synthesis is induced by 

either sugar. These possibilities could be resolved in future work 

by the purification or separation of the enzyme or enzymes involved. 
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Although D-galactose is a hexose and L-arabinose is a pentose, the 

configurations of the hydroxyl groups about the first four carbon 

atoms of each are identical: 

CHO 
I 

HCOH 
l 

HOCH 
I 

HOCH 
_I_ - - -
HCOH 

I CH 2 0H 

D-galactose 

CHO 
I 

1-iCOH 
I 

HOCH 
I 

HOCH 
- -'- - -CH 20H 

L-arabinose 

In view of this similarity in structure, it seems possible that an 

enzyme active on one compound could exhibit cross-specificity and be 

active to some extent on the other. This is indeed the case with 

the L-arabinose dehydrogenase of Pseudomonas saccharophila which is 

active on D-galactose at 60% of the rate of activity on L-arabinose 

( 42). 

The growth responses of ~· gracile ATCC 19624 to galactose and 

arabinose in defined Medium D were remarkably different, however 

(Table IV). Apparently only galactose can serve as a carbon source 

for growth. It should be noted that a rather large decrease in pH 

occurred in the arabinose culture but not in the galactose culture. 

From these observations one can speculate that mechanisms for 

degradation of the acidic product of galactose catabolism may be 

active under conditions of limited carbon and nitrogen supply 

(as may be the case in defined Medium D). Furthermore, A. gracile 
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ATCC 19624 may be capable of oxidizing L-arabinose to L-arabonate 

by a dehydrogenation reaction, hut may not be able to metabolize 

this product further. If this were the case, arabinose would serve 

-only as a source of energy by the production of NADH 2 , and the 

carhon of the compound would not he assimilated into cellular 

material or C02 • The use of 14C labelled arabinose could elucidate 

the extent of catabolism of this sugar. 

One anomaly in the enzyme spectrum for arabinose-cultured cells 

is shown in Table XI. An unusually high level of KDPG aldolase 

activity (a key ED pathway enzyme) was detected in the crude extracts. 

Since this enzyme is involved in hexose catabolism, its presence was 

somewhat surprising in arabinose-cultured cells. For example, in 

Pseudomonas saccharophila (148) and£_. fragi (145), L-arabinose is 

first oxidized to L-arabonate which undergoes dehydration to form 

2-keto-3-deoxy-L-arabonate. These organisms subsequently oxidize 

this intermediate further to a-ketoglutarate. Another pathway has 

recently been reported in an unidentified pseudomonad which also 

forms 2-keto-3-deoxy-L-arabonate but possesses an aldolase for 

cleavage of this compound to pyruvate and glycolaldehyde (28). 

If this latter mechanism were present in ~· gracile, perhaps the 

aldolase may also be active with 2-keto-3-deoxy-6-P-gluconate (KDPG) 

as a substrate and be responsible for the activity detected. 

It should be borne in mind that no enzymes of other pathways 

for galactose and arabinose metabolism were assayed. However, on 

the basis of the large increases in specific activity of the 
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dehydrogenases, the likelihood is good that these sugars are 

dissimilated by mechanisms which parallel the ED pathway and which 

have been previously demonstrated in pseudomonads (28,145). 



SUMMARY 

Several aspects of the growth and metabolism of Aquaspirillum 

gracile ATCC 19624 were investigated including its relationship to 

oxygen, ability to grow on defined media, and carbohydrate catabolism. 

Although previously reported to be microaerophilic, ~· gracile 

was demonstrated to be aerobic by comparing growth responses in 

varying concentrations of oxygen. A defined medium for the growth 

of A. gracile ATCC 19624 was developed which contained mineral salts, 

succinate, glutamine, leucine, phenylalanine, aspartate, and biotin. 

Biotin appeared to be an essential growth requirement. 

A. gracile is one of the few spirilla that yield acid reactions 

from sugars, but its sugar catabolism has not been previously investi-

gated. Only D-glucose, D-galactose, and L-arabinose are attacked. 

The soluble portion of extracts of glucose-grown cells was found by 

spectrophotometric methods to contain enzyme activities characteristic 

of the Entner-Doudoroff and the Embden-Meyerhof-Parnas pathways. 

Much lower specific activities occurred in succinate-grown cells. 

No activity for 6-P-gluconate dehydrogenase was detected. Inducible 

dehydrogenase activities for arabinose and galactose occurred in 

cells cultured on either sugar. Glucose-grown cells contained not 

only glucokinase and glucose-6-P dehydrogenase activities but also 

glucose dehydrogenase activity. Gluconate dehydrogenase activity 

was not detected but gluconate kinase activity was present. Paper 
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chromatographic analysis of the spent culture supernatants from 

glucose-grown cells indicated an accumulation of gluconic acid and 

this hypothesis was confirmed by a more specific enzymatic assay for 

_gluconate. Preliminary evidence is presented for the accumulation 

of galactonic and L-arahonic acids in galactose and L-arabinose 

cultures, respectively. 
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APPENDIX A 

Chemicals and Reagents. L-arabinose, boric acid, n-butanol, 

butyric acid, calcium carbonate, cobalt chloride, cupric sulfate, 

lactic acid, magnesium sulfate, manganous sulfate monohydrate, 

potassium monohydrogen phosphate, pyruvic acid, silver nitrate, and 

zinc sulfate were obtained from J. T. Baker Chemical Co. (Phillips-

burg, N. J.). 

Acetic acid (glacial), n-amyl alcohol, calcium carbonate, 

chloroform, cobaltous sulfate, conga red, cupric sulfate, ethylene-

diaminetetraacetic acid (EDTA), diethyl ether, ethyl acetate, ferric 

chloride, formaldehyde solution, D-fructose, D-galactose, magnesium 

sulfate, phenol reagent 2 N solution (Folin-Ciocalieau), potassium 

hydroxide, pyridine, sodium carbonate, sodium hydroxide, sodium 

molybdate, sodium potassium tartrate, Tris(hydroxymethyl)aminomethane 

(TRIS), were obtained from Fisher Scientific Co. (Fairlaw, N. J.) as 

reagent grade. 

Adenine, L-alanine, avidin, N, N Bis(2-hydroxyethyl)-2-amino-

ethane sulfonic acid (BES), caproic acid, casein hydrolysate (control 

no. 9124, vitamin free, salt free), dextrose, galactose-6-phosphate, 

glucose-I-phosphate, glucose-6-phosphate (dipotassium trihydrate), 

glutathione (reduced, monosodium), guanine, L-histidine HCl, hydroxy-

L-proline, lactic acid dehydrogenase 2X (rabbit muscle, 29.3 mg/g, 

80 units/mg), D-mannose, L-methionine, erotic acid, L-phenylalanine, 
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L-proline, L-serine, L-threonine, NADP, L-tryptophan, L-valine, and 

xylose were obtained from Nutritional Biochemicals Corp. (Cleveland, 

Ohio) with no designation of grade specified. 

Adenine, p-arninobenzoic acid, L-aspartic acid, L-asparagine 

(rnonohydrated), L-arginine, D-biotin, calcium pantothenate, cytosine, 

folic acid (pteroylglutarnic acid), furnaric acid, L-glutamic acid, 

glycine, guanine hydrochloride, a-ketoglutaric acid, L-leucine, 

L-lysine, S-mercaptoethanol, niacin (nicotinic acid), niacinamide 

(nicotinamide), L-phenylalanine, L-proline, pyridoxal HCl, pyridoxine 

HCl, riboflavin, thiamine HCl, thioctic acid, thymine, Tris (hydroxy 

methyl) aminomethane (TRIS) and uracil were obtained from Mann Research 

Laboratories, Inc. (New York, N. Y.) with homogeneity designated as 

99-100%. 

Ammonium sulfate was obtained from Mallinckrodt Chemical Works 

(New York, N. Y.). 

Adenosine-5'-triphosphate disodium .4 H20 (A grade) nicotin-

amide adeninedinucleotide (A grade), fructose-1,6-diphosphate tri-

sodium salt heptahydrate (A grade), fructose-6-phosphate (B grade), 

glycylglycine HCl (A grade), a-glycerophosphate dehydrogenase-

triose phosphate isomerase (rabbit muscle, crystalline in 2.4 M 

ammonium sulfate solution, A grade), L-glutamine (B grade), oxalo-

acetic acid (A grade), 6-phosphogluconic acid trisodium salt mono-

hydrate (A grade), pyruvic acid (crystalline, potassium salt, A grade) 

were obtained from Calbiochern (Los Angeles, Calif.). 
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Crystal violet, Bacto-peptone (Control no. 564852), purified agar, 

Tween 80 and yeast extract (lot number 497262) were obtained from 

Difeo Laboratories (Detroit, Mich.). 

Aldolase from rabbit muscle (Grade I, crystalline suspension 

in 3.2 M ammonium sulfate solution), aniline, 2,6-dichlorophenol-

indophenol (sodium salt, grade I), D-gluconic acid (potassium salt), 

D-gluconic lactone, glucose-6-phosphate dehydrogenase from Torula 

yeast Type XI (crystalline suspension in 2.6 M ammonium sulfate 

solution), 2-keto-gluconic acid (potassium salt), 5-keto-gluconic 

acid (hemicalcium salt), L-isoleucine, 6-phosphogluconic dehydrogenase 

from yeast Type V (crystalline suspension in 3.1 M ammonium sulfate 

solution-0.2 M glycylglycine solution, pH 7.6) and L-tyrosirie were 

obtained from Sigma Chemical Co. (St. Louis, Mo.). 

Gluconic acid (sodium salt, practical grade), isovaleric acid, 

o-phenylenediame, and phthalic acid were obtained from Eastman 

Organic Chemicals (Rochester, N. Y.). 

Calcium L-arabonate and D-galactonic acid were obtained from 

K & K Laboratories, Inc. (Plainview, N. Y.). 

Crystalline bovine albumin was obtained from Pentex Biochemicals 

(Kankakee, Ill.). 

2-keto-3-deoxy-6-phosphogluconic acid (barium salt) was the kind 

gift of Dr. W. A. Woods, Michigan State University (East Lansing, 

Mich.). 



APPENDIX B - ENZYME ASSAYS 

Preparation of Reagents for Enzyme Assays 

Substrates. All sugar or sugar derivative solutions were 

prepared in advance and frozen at -20 C until used. The salts of 

phosphorylated derivatives were often acidic and were neutralized 

with 0.1 N KOH. The KDPG was prepared from the barium salt by dis-

solving 10 mg in 0.25 ml of distilled water with an excess of Dowex 

50, hydrogen form and filtering through a sintered glass filter. The 

filtrate was brought up to 0.5 ml after which it is useable for the 

KDPG aldolase assay. L-arabonic acid and D-galaconic acid were prepared 

in a similar manner from their respective calcium salts. Due to the 

relative instability of oxaloacetic acid, only freshly made solutions 

were used. 

Pyridine Nucleotides. Solutions of NAD and NADP were prepared 

i.n distilled water and stored at 0 to 4 C for one month without 

apparent loss due to instability. Dilute solutions of NADH and NADPH 

(0.002 M) were prepared in 0.001 M NaOH and stored at 0 to 4 C in 

aluminum foil wrapped test tubes for one month. For a more extensive 

discussion of the stability of these compounds, see the work of Lowry, 

Passonneau, and Rock (85). 

PDP aldolase buffer. This solution (see assay procedure) should 

not be used more than 72 hr after the time of preparation. In 

practice S-mercaptoethanol is added to an aliquot of glycylglycine 

potassium acetate sufficient for 1 to 2 days assays. 
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Cell free extract. All manipulations in the preparation of 

extracts during and after disruption of cells were carried out at 

0 to 4 C. Pipets and centrifuge tubes were chilled at -20 C before 

use, and pipets were never emptied of their contents by blowing. 

Procedures for Enzyme Assays 

The following assays were performed in 1 ml or 3 ml capacity, 

1 cm light path quartz cuvettes. The extinction coefficient for NADH 

and NADPH at 340 nm is 6.22 x 106 cm2/mole (62). 

(i) Glucose dehydrogenase. Method of Hauge (58). 

Reagents: 

(a) Phosphate buffer, 0.2 M, pH 6.0 ......... 1.5 ml 

(b) 2,6-dichlorophenolindophenol (DIP) solution 

1.2 µmole/ml in water 

(c) Glucose, 0.6 M 

(d) Extract 

(e) Water . 

The reaction is started with the addition of glucose after 

0.1 ml 

0.1 ml 

0.1 ml 

1.2 ml 

3.0 ml 

incubation 

of the mixture at 25 C and the reduction in optical density monitored 

at 600 nm. Both the soluble and the particulate fractions were 

tested for activity. The oxidation of 1 µmole of glucose corresponds 

to a change in optical density of 5.0/min. This assay was also 

performed using NAD and NADP as electron acceptors and followed at 
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340 nm. The activity detected with NAD was greater at pH 8.0, hence 

TRIS-HCl buffer, 0.1 M, pH 8.0 was substituted for the phosphate buffer 

in routine assays. 

(ii) Glucose-6-phosphate dehydrogenase assay. Method of DeMoss (39). 

Reagents: 

(a) TRIS-HCl buffer, 0.1 M, pH 8.0 + 

10 mM S-mercaptoethanol 1.5 ml 

(b) NADP, 2.7 mM 0.2 ml 

(c) MgC1 2 .6H20, 0.1 M 0.1 ml 

(d) Glucose-6-phosphate, 0.2 M 0.1 ml 

(e) Extract (diluted if necessary in buffer) 0.1 ml 

(f) Water . . . . . 1.0 ml 

3.0 ml 

The reaction was started by the addition of G6P, solution (d), after 

incubation of the mixture at 25 C. The control contained no G6P. The 

activity in the presence of NAD was also measured. 

(iii) L-arabinose dehydrogenase. Method of Doudoroff (42). 

Reagents: 

(a) TRIS-HCl buffer, 0.04 M, pH 8.6, with 4 mM neutral 

glutathione and 0.4 mM NAD 2.5 ml 

(b) L-arabinose, 0.375 M 0. 2 ml 

(c) Extract diluted in 0.02 M phosphate buffer, pH 6.8 

containing 0.5 mM EDTA 0.3 ml 

3.0 ml 
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The reaction was started after incubation at 25 C by the addition of 

L-arabinose. A mixture containing no substrate served as the control. 

For convenience, another assay method was devised which yielded 

s~milar results and was used throughout this study. 

Reagents: 

(a) TRIS-HCl buffer, 0,1 M, pH 8.6 + 

10 mM S-mercaptoethanol 

(b) NAD, 5 mM . . . . . 

(c) L-arabinose, 0.6 M 

(d) Extract (diluted if necessary in TRIS buffer) 

(e) Water . 

After incubation at 25 C, the reaction was started by the 

1.5 ml 

0.1 ml 

0.1 ml 

0.1 ml 

1. 2 ml 

3.0 ml 

addition of 

arabinose. The control contained no substrate. The following compounds 

were also tested for dehydrogenase activity using this system: 

D-galactose, D-glucose, D-gluconate, D-mannose, D-fructose, D-ribose, 

D-xylose, and D-arabinose. Other experiments performed were (A) the 

substitution of NADP for NAD, (B) the addition of 0.1 ml of a 0.1 M 

MgCl2·6H20 solution, and (C) the omission of S-mercaptoethanol from 

the buffer. 

(IV) Galactose dehydrogenase 

The activity of this enzyme was measured using the methods for 

L-arabinose dehydrogenase. 
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(v) Isocitrate dehydrogenase assay (30). 

Reagents: 

(a) TRIS-HCl buffer, 0.2 M, pH 7.5 

(b) MnC1 2 , 40 mM 

(c) NADP, 10 mM 

(d) di-sodium isocitrate, 10 mM 

(e) Extract and water 

The addition of isocitrate to the preincubated 

reaction. The control contains no substrate. 

mixture 

(vi) Citrat~ synthase assay. Method of Srere et al. 

Reagents: 

0.1 ml 

0.05 ml 

0.05 ml 

0.05 ml 

0.75 ml 

1. 00 ml 

starts the 

(124) . 

(a) · TRIS-HCl buffer, 2 M, pH 8 .1 . . . . . . . . . . . . 0 .1 ml 

(b) 5,5'-bisthiol (2-nitrobenzoic acid) DTNB; prepared 

fresh in 0.5 M potassium phosphate buffer, pH 7.0, 

2 mM •• 0.1 ml 

(c) acetyl-S-Co A, 1 mM 0 .1 ml 

(d) Potassium oxaloacetate, 5 mM 0 .1 ml 

(e) Extract and water 0.6 ml 

1.0 ml 

All the components except acetyl-S-Co A and oxaloacetate are mixed and 

preincubated for 1 to 2 min. Acetyl-S-Co A is then added to the system 

and any increase in absorbance at 412 nm (due to acetyl-S-Co A deacylase 

activity) is measured. After the change in absorbance has become 

linear, oxaloacetate is added and the subsequent initial rate of 
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increase in absorbance is recorded. At 412 nm the .molar absorbancy 

index of the p-nitro benzoate anion is 13,600. Calculation of this 

mercaptide ion concentration is made using the equation C=A/e x D 

where: C=molar concentration; A=absorbance (l A412 /min); e=extinction 

coefficient (13,600 M- 1cm- 1); and D=dilution factor. 

(vii) Malate dehydrogenase assay (103). 

Reagents: 

(a) Phosphate buffer, 0.25 M, pH 7. 4 0.1 ml 

(b) NADH, 1. 5 mM . 0.05 ml 

(c) Oxaloacetate, 7.5 mM, pH 7.4 0.05 ml 

(d) Extract and water 0.8 ml 

1.00 ml 

The reaction is started by the addition of oxaloacetate. The decrease 

in optical density between 30 and 34 sec after the start of the 

reaction is linear and is used to calculate the enzyme activity. 

NOTE: The equilibrium of the reaction lies far to the left (malate 

formation) and, for this reason, the reaction is usually studied by 

measuring the oxidation of NADH in the presence of oxaloacetate. 

(viii) 2-ketogluconate reductase and 5-ketogluconate reductase. 

Method of De Ley (35). 

Reagents: 

(a) Glycine-NaOH buffer, 0. 04 M, pH 10 

(b) NADP, 0.001 M in buffer 

(c) MgCl2·6H20, 0.05 M ..• 

1. 5 ml 

0.35 ml 

0.1 ml 
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(d) Sodium gluconate, 0.1 M 

(e) Extract and water 

0.5 ml 

0.55 ml 

3.00 ml 

Sodium gluconate is used to start the reaction after incubation of the 

other reactants at 25 C. A mixture without substrate served as the 

control. This assay is actually a measurement of the reverse reaction 

which is favored by the high pH. Both the soluble and particulate 

fractions were tested for this activity. 

(ix) 6-phosphogluconate dehydrogenase assay. Method of 

Pontremoli and Grazi (110). 

Reagents: 

(a) Glycylglycine btiffer, 0.05 M, pH 7.6 

(b) NADP, 0.01 M . 

(c) MgCl2°6H20, 0.1 M 

(d) D-gluconate-6-phosphate, Na salt, 0.15 M . 

(e) Extract and water . . . . . . 

0.5 ml 

0.03 ml 

0.2 ml 

0.01 ml 

0.26 ml 

1. 00 ml 

After incubation at 25 C, the reaction was started by the addition of 

6PG or NADP. The control contained no 6PG. 

(x) Glucokinase assay. Method of Hylemon and Phibbs (64). 

Reagents: 

(a) TRIS-HCl buffer, 0.1 M, pH 8.0 + 

10 mM S-mercaptoethanol 

(b) D-glucose, 0.5 M 

( c) ATP, 0 . 1 M 

0.5 ml 

0.05 ml 

0.05 ml 



(d) MgCl2·6H20, 0.3 M 

(e) NADP, 5.0 mM ... 
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(f) G6P dehydrogenase (Sigma) diluted 1:3 in 

above buffer . . 

(g) Extract (diluted if necessary in buffer) 

0.033 ml 

0.06 ml 

0.007 ml 

0.3 ml 

1. 000 ml 

The reaction is started after incubation at 25 C by the addition of 

glucose, solution (b). The controls included reaction mixtures with 

the omission (singly) of ATP, glucose, and G6P dehydrogenase. Activity 

was also measured over a range of pH values using TRIS-HCl (pH 9.0 to 

7.6), BES (pH 7.4 to 6.6), and S~renson's citrate-NaOH (pH 6.6 to 5.6) 

(121). 

(xi) Gluconokinase assay. 

Reagents: 

(a) TRIS-HCl buffer, 0.1 M, pH 8.0 + 

10 mM B-mercaptoethanol 

(b) D-gluconate, Na salt, 0.5 M 

(c) ATP, 0.1 M . 

(d) MgCl2·6H20, 0.3 M 

(e) NADP, 5.0 mM ... 

(f) 6PG dehydrogenase (Sigma) diluted 1:3 in buffer. 

(g) Extract (diluted if necessary in buffer) 

0.5 ml 

0.05 ml 

0.05 ml 

0.033 ml 

0.06 ml 

0.007 ml 

0.3 ml 

1. 000 ml 

The reaction is started after incubation at 25 C by the addition of 

gluconate, solution (b). The controls included reaction mixtures 
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with the omission (singly) of gluconate, ATP, and 6 PG dehydrogenase. 

(xii) Fructose diphosphate aldolase assay. Method of Rutter and 

Hunsley ( ll5). 

Reagents: 

(a) Buffer-K-SH solution: Glycylglycine, 0.1 M, 

pH 7.5 (neutralized with KOH); potassium acetate, 

0. 2 M; S-mercaptoethanol, 0. 05 M 0. 5 ml 

(b) FOP-sodium salt, 0.02 M, pH 7.5 

(c) NADH, 0.002 M in 0.001 M NaOH 

(d) a-glycerophosphate dehydrogenase/triose 

phosphate isomerase diluted 1:5 in distilled 

water at 0 C 

(e) Extract 

(f) Water 

0 .1 ml 

0. 1 ml 

0.01 ml 

. 0.1 ml 

0 .19 ml 

1.00 ml 

The reaction is started by the addition of substrate or extract. A 

mixture without FDP is used to correct for non-specific NADH oxidation. 

It is assumed that the production ·of 2 nanomoles of NADH reflects the 

cleavage of 1 nanomole of fructose diphosphate under these conditions. 

(xiii) Phosphofructokinase assay. A modification of the method of 

Ling et ~· (82). 

Reagents: 

(a) TRIS-HCl buffer, 0.1 M, pH 8.0 + 

10 mM S-mercaptoethanol 

(b) ATP , 0 . 1 M . . . . . . . 

0. 5 ml 

0.05 ml 



( c) MgCl 2 · 6H2 0, 0. 3 M 

(d) NADH, 0.002 M .. 
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(e) FDP aldolase (Sigma) diluted 1:10 in buffer 

(f) a-glycerophosphate dehydrogenase/triose-P 

isomerase diluted 1:3 in buffer 

(g) Fructose-6-phosphate, 0.2 M 

(h) Extract and water . . 

0.03 ml 

0.06 ml 

0.01 ml 

0.01 ml 

0.05 ml 

0.28 ml 

1. 00 ml 

The reaction is initiated by the addition of F6P. The control mixture 

contained no substrate. NOTE: ATP inhibits the phosphofructokinase 

of heart muscle and yeast, but NH 4+ ions markedly counteract this 

inhibition (90). Therefore, another assay was performed which 

incorporated 0.1 ml of a 0.01 M (NH4) 2S04 solution into the reaction 

mixture. Since no stimulation of activity resulted, it is plausible 

that there were enough NH4+ ions in the coupling enzymes preparation 

to reverse inhibition by ATP. 

(xiv) 6-phosphogluconate dehydratase assay. Method of Wood (157). 

Reagents: 

(a) Solution I of KDGP aldolase assay 0.08 ml 

(b) MnC1 2 , 3 mM • 0.01 ml 

(c) 6-P-gluconate, Na salt, 0.15 M 0.01 ml 

(d) Extract and water . 0.15 ml 

0.25 ml 
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The reaction is begun with the addition of 6PG. The control is a 

mixture without substrate. This assay is also carried out with 1.0 ml 

cuvettes aligned with a pinhole beam mask on the spectrophotometer. 

$ince this enzyme appears to be labile, it was always assayed immedi-

ately after completion of the extract preparation. L-arabonate and 

D-galactonate were also tested for activity using this procedure. 

(xv) KDPG aldolase assay. Method of W. A. Wood (personal communi-

cation). 

Reagents: 

(a) Solution I: 0.1 ml of 0.01 M NADH solution; 0.2 ml 

of 0.5 M imidazole buffer, pH 8.0; 0.7 ml H20; 

0.02 ml crystalline lactic dehydrogenase 

(b) Extract and water 

(c) KDPG . . . . . . . 

0.08 ml 

0.15 ml 

0.01 ml 

0.24 ml 

The addition of KDPG starts the reaction after incubation at 25 C. 

Since the volume of this assay was only one quarter the capacity of 

the 1.0 ml cuvette used, a pinhole beam mask was placed between the 

spectrophotometer light source and the cuvette holder to insure that 

the light beam passed only through the fluid containing portion of 

the cuvette. A control for NADH oxidase activity was included. 



APPENDIX C - PAPER CHROMATOGRAPHY 

Alkaline silver nitrate detection method. This is the method 

of Trevelyan, Proctor, and Harrison (138) as modified by 

Dr. Robert Wheat, Department of Biochemistry, Duke University, 

Chapel Hill, North Carolina. 

Procedure: 

1. Add 0.1 ml saturated silver nitrate solution to 25 ml 

of acetone. 

2. Spray dry paper with silver nitrate-acetone solution and 

redry 5 minutes in a hood having a reasonable rate of 

air flow. 

3. Dip paper in a solution of 0.5 N KOH in 95% ethanol (2.8 g 

or 29 - 30 pellets KOH/100 ml ethanol). The paper becomes 

very fragile in this reagent, so one end should remain dry 

for ease in handling. 

4. After about 3 min, dip paper in 1.0% Na2S203 until the 

background has faded. The time interval between steps 

3 and 4 will determine the density of the spots. 

This method will detect a wide range of sugars and sugar derivatives: 

aldopentoses, aldohexoses, ketopentoses, ketohexoses, methyl pentoses, 

reducing disaccharides, keto acids, aldonic acids, uronic acids, and 

phosphoric esters. The sensitivity is 1 - 5 ug (5~. 

Aniline hydrogen phthalate detection method (107). The dried 

chromatograms are sprayed with a solution of aniline (0.93 g) and 

104 
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phthalic acid (1.66 g) dissolved in acetone (100 ml). The papers 

are then heated at 105 C for 10 min and examined for visible color 

and for fluorescence under long wavelength (365 nm) ultraviolet 

.light. Aldopentoses and 2-keto hexonic acids appear red; 5-keto 

hexonic acids yield a brown color; aldoses are yellow-orange ~5). 

o-phenylenediamine detection method (33). The spray reagent 

consists of 400 mg o-phenylenediamine dissolved in 0.65 ml concen-

trated HCl, 3 ml H20, and 16 ml 95% ethanol ~3). After spraying, 

the paper is heated for 3 min at 100 C. Overheating should be 

avoided. This reagent exhibits greenish fluorescence with keto 

groups. 
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GROWTH AND METABOLISM OF AQlJASPIRILLUM GRACILE 

by 

Barbara Ellene Laughon 

(ABSTRACT) 

Several aspects of the growth and metabolism of Aquaspirillum 

gracile ATCC 19624 were investigated including its relationship to 

oxygen, ability to grow on defined media, and carbohydrate catabolism. 

Although previously reported to be microaerophilic, A. gracile was 

demonstrated to be aerobic by comparing growth responses in varying con-

centrations of oxygen. A defined medium for the growth of~· gracile 

ATCC 19624 was developed which contained mineral salts, succinate, 

glutamine, leucine, phenylalanine, aspartate, and biotin. Biotin 

appeared to be an essential growth requirement. 

~· gracile is one of the few spirilla that yield acid reactions 

from sugars, but its sugar catabolism has not been previously investi-

gated. Only D-glucose, D-galactose, and L-arabinose are attacked. The 

soluble portion of extracts of glucose-grown cells was found by spectro-

photometric methods to contain enzyme activities characteristic of the 

Entner-Doudoroff and the Embden-Meyerhof-Parnas pathways. Much lower 

specific activities occurred in succinate-grown cells. No activity for 

6-P-gluconate dehydrogenase was detected. Inducible dehydrogenase activ-

ities for arabinose and galactose occurred in cells cultured on either 

sugar. Glucose-grown cells contained not only glucokinase and glucose-6-

p dehydrogenase activities but also glucose dehydrogenase activity. 



Gluconate dehydrogenase activity was not detected but gluconate kinase 

activity was present, Paper chromatographic analysis of the spent cul-

ture supernatants from glucose-grmm cells indicated an accumulation of 

gluconic acid and this hypothesis was confirmed by a more specific enzy-

matic assay for gluconate. Preliminary evidence is presented for the 

accumulation of galactonic and L-arabonic acids in galactose and L-

arabinose cultures, respectively. 
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