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ABSTRACT 

The motility of C lostridium acetobutylicum P262 and its relationship to 

solventogenesis were investigated. Motility was monitored in a typical 

batch fermentation process using sulphuric acid casein whey permeate 

as substrate. The motile behaviour of C .  acetob utyl ic u m  was 

characterized by "runs" wherein the cells were observed to swim in a 

long, smooth line, then the cells "tumbled" by thrashing around for a 

few seconds before running again. The "runs" were particularly 

associated with the early phase of sugar utilization and acid production, 

while "tumbles" were associated with the onset of solventogenesis. 

During solvent production, the cells tumbled more frequently and the 

runs progressively became shorter and slower. The proportion of 

cells in the culture which exhibited motility increased to almost 1 00% 

up to 13h after inoculation, but decreased considerably after this time. 

Assays for positive chemotaxis (chemoattraction) and negative 

chemotaxis (chemorepulsion) were performed to identify the 

chemoeffectors of C. acetobutylicum. Motile cells of C. acetobutylicum 

were observed to migrate towards glucose, galactose, and lactose. 

These sugars were identified as attractants. Acetate and butyrate 

elicited a dual response. Cells were repelled from the dissociated form 

and attracted towards the undissociated form above a minimum 

threshold concentration. Chemoattraction to butyric acid was observed 

at a threshold concentration of 9 x 1 0-2 M which is similar to the 

concentration of undissociated butyric acid inside the cell ( 1 . 3 x 1 0-2 

M) at which solventogenesis is reported to be initiated, suggesting that 

the intracellular butyric acid concentration is the likely switch for 
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solventogenesis to commence. The solvents acetone, butanol and 

ethanol were identified as repellents. 

The behavioural response of C. acetobutylicum towards the sugars, 

acids and solvents demonstrates that the motility observed during 

fermentation is a chemotactic response. Chemotaxis appears to 

provide survival advantage to C. acetobutylicum. 

A non-motile mutant was isolated by mutagenesis using ethyl methane 

sulfonate. This mutant was morphologically indistinguishable from the 

motile parent strain, such that it possesses flagella in typical number 

and shape as those of the parent, and is capable of producing clostridial 

forms and endospores. This type of mutant is a paralyzed mutant and 

the mutation may be a defect in any of the genes that code for flagellar 

rotation. 

The non-motile mutant was capable of solvent production suggesting 

that motility is not a regulatory mechanism for the switch to solvent 

production, but merely a behavioural chemotactic response. However, 

the maximum butanol concentration achieved, the initial rate of 

butanol production, the yield, and the sugar utilization observed with 

the mutant were poorer than those of the parent strain. These confirm 

the positive relationship between motile, chemotactic cultures and 

solvent production. The low butanol production by the non-motile 

mutant suggests that the mutant has a lower butanol tolerance than does 

the parent. 
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Inhibition studies have shown that both growth and solvent production 

of C. acetobutyl icum are subject to  end-product toxicity . Growth 

i n hibit ion stud ies confi rmed that  the non-motile mutant w as l ess 

tolerant to solvents than was the parent .  

A deficiency in membrane-bound ATPase activity was observed with 

the non-motile mutant but not in the parent strain .  This deficiency in 

ATPase activity, lack of motility, and lower butanol tolerance may 

exp l ai n  the l ow butano l  producti on by the mutan t. 

On a percentage basis, greater i nh i bi tion of solvent production was 

observed in the parent than in  the mutant suggesti ng that bu tanol 

toxicity duri ng the so l vent production phase i s  more profound i n  the 

presence of another target s i te ( i .e .  ATPase) in addition to the cell 

membrane .  It was further suggested that during growth ,  bu tanol 

i n hib i t ion due to membrane disrupt ion was more importan t  than 

inh ibition of ATPase . 

Thus,  chemotaxis prevents C. acetobutyl icum from being confined in a 

toxic s i tuation.  Moti le cel ls are more solventogenic because they can 

chemotac tical ly respond to changes in their envi ronmen t, and are less 

susceptib le to product inhibition . 
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CHAPTER 1 

INTRODUCTION 

Part I BACKG ROU N D  AND OBJ ECTIV ES OF THE THESI S  

T he fini te supply of  fossil  fuels and the  oil crisis of the mid- 1 970s 

sparked new interest in the microbial production of chemicals, such as 

butanol ,  that can be used as alternative fuel .  However, the production 

of acetone-butanol-ethanol (ABE) by fermentation is limited not only 

by high subs trate costs but also by severe product inhibition and 

inefficient butanol recovery systems. These l imitations need to be 

relieved before the process can economically compete with cheaper 

chemical synthetic processes using petrochemical feedstocks. 

The 'biotechnology' of the ABE fermentation  typically  employs 

biological and engineering approaches to overcome i ts limitations. In 

the engineering approach ,  technologies are being developed and 

intensified such as continuous reactor systems (using free cell s ,  

immobilized cells and cell recycle), and novel cost-efficient extraction 

of solvents from the fermentation broth. Product recovery processes 

can be integrated with optimized fermentation processes to achieve 

both efficient substrate util ization and increased solvent production .  

The biological approach entails fundamental studies on the organism 

Clostrid ium acetobutylicum to understand the factors involved in the 

onset and maintenance (i .e. regulation) of solvent production. I t  also 

involves understanding the physiological and molecular nature of acid 

and solvent toxicity and tolerance.  Genetic manipulation u sing 
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mutation and/or recombinant DNA technologies are carried out  not 

only to elucidate the regulatory mechanisms of solvent production, but 

also to develop s train s  with superior solvent producing ability, 

versatile substrate utilization or increased solvent tolerance. 

Many reactor designs have been applied to the fermentation process, 

while novel ones are continually being devised. Likewise, many of 

the biological aspects of the fermentation, namely, acid production ,  

solvent production , end-product inhibition and cell differentiation 

have been investigated. However, with regard to cell differentiation ,  

one  morphological s tage that makes the ABE fermentation a 

fascinating phenomenon has been recognized but not investigated on its 

own merits - the motility of c. acetobu tylicum. 

Spivey (1978) observed a relationship between vigorous motility and 

strong solvent production in the industrial strain c. acetobutylicum 

P262. The absence of motility a t  any time d uring the inoculum 

development stage was a clear indication that poor solvent yields would 

result despite a normal cell population .  Spivey, however, found the 

biochemical basis of this relationship obscure .  Recently , the 

relationship has been confirmed after significantly higher butanol 

concentrations and production rates were obtained by ensuring the u se 

of a highly motile culture during inoculum development (Gutierrez, 

1985; Gutierrez and Maddox, 1987). 

Thus, the present study was conceived to explain the 'obscure' 

relationship between motility and solvent production  in c. 

acetobu tylicum .  Some fundamental studies o n  the motility of  other 
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bacteria such as Escherichia col i  and Salmonel l a  typhimuriu m  were 

applied to C .  ace tobu tyl i c u m  i n  order to characterize i ts motile  

behaviour. Furthermore, this study hoped to  contribute additional 

knowledge of the physiology of C. acetobutylicu m  which may aid in 

i dentifying the regu latory devices involved in solvent production, and 

in understanding the mechanism of butanol tolerance. 



Part I I  TH E AC ETON E-BUTANOL- ETH ANOL (ABE) 

FERMENT ATION 

4 

The purpose of this section is to review some recent studies leading to 

an understanding of the physiology of  C .  aceto b u tyl i c u m  and to 

highlight those aspects which are rel evant  to the present study. A 

broader overview of the ABE fermentation can be obtained in recent 

reviews by Linden et  al ( 1986); Ennis et  al ( 1986); Jones and Woods 

(1 986); McNeil and Kristiansen ( 1986); and Awang et al ( 1988). 

1.11.1 History of the ABE Fermentation 

The development of the ABE fermentation holds a real historical  

significance which is well documented (Gabrie l ,  1928; Gabriel and 

Crawford,  1930; Prescott and Dunn,  1959; Rose, 1961; Hastings, 1978; 

Compere and Griffith, 1 979; Jones and Woods, 1986). Butanol was 

first discovered as a fermentation product by Pasteur in 1 861 . In 

1905, Schardinger discovered acetone as an additional product (Jones 

and Woods, 1986). The ABE fermentation process was developed at 

the turn of the century due to the shortage of natural rubber. With 

this shortage, the English company S trange and Graham Ltd recruited 

the services of Weizmann,  Perkins, Fernbach and Schoen to investigate 

the production of the synthetic rubber. They decided then that the best 

route for production of butadiene or isoprene was from butano l  or 

isoamyl alcohol  (Gabriel and Crawford , 1930). This led to the 

development of a microbial fermentation process for bu tanol  

production u ti lizing Fernbach's isol ate which was able to ferment 
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potatoes, but not maize starch. Between 1 9 1 2  and 1 9 1 4, Weizmann 

isolated a culture which produced higher concentrations of butanol and 

acetone than that of Fernbach's cu lture. This organism is now known 

as Clostridium acetobutylicum. 

During World War I, the emphasis on butanol production decreased 

while the demand for acetone sharply increased, since acetone was used 

to dissolve cordite in the manufacture of explosives. The fermentation 

process, initially established in England, was subsequently moved to 

the U .S .A. and Canada. The demand for acetone decreased after the 

war, but with the development of the automobile industry , butanol  

production gained importance again due to  its use in the manufacture 

of solvent (buty l  acetate) for nitrocellulose lacquers. 

Apart from production problems such as contamination by phage and 

bacil li  (Beesch, 1 953 ;  McCutchan and Hickey, 1 954; Walton and 

Martin ,  1 979),  the ABE fermentation industry was active u ntil after 

World W ar II . I t  s tarted to decline,  however, due to the 

unprecedented growth of the economically attractive petrochemical 

processes, and the increased use of grains and molasses for human and 

animal consumption. In the 1 960's, the fermentation-based processes in 

Europe and North America were terminated .  The National Chemical 

Products in South Africa continued to operate unti l  1 98 1  (Jones and 

Woods ,  1 986). 

Today, acetone and butanol are produced by synthetic processes from 

petrochemical s .  Acetone is  produced by either the cumene 

hydroperoxide process or the catalytic degradation of isopropano l .  
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B utanol  is produced by either the oxo process from propylene or the 

aldol process from acetaldehyde (Moreira, 1983). 

1.11.2 Organisms 

Almost  all specIes of the genus Clostrid i u m  carry ou t  the A B E  

fermentation and are commonly known as 'butyl' organisms. The 

c lassification of these organisms is sti l l  in a confused state because of 

the lack of sufficient data necessary for a thorough taxonomic study. 

However, two species have been developed for solven t  production, 

namely, Clostridium acetobu tylicum and Clos tridium beijerinckii. C. 

ace tobu tyli c u m  ferments s tarch,  hexoses ,  o r  pentoses t o  bu tanol, 

acetone, and ethanol in the general ratio of 6:3: 1 (Spivey, 1978), while 

C. beijerinckii produces solvents in approximately the same ratio as the 

former, but isopropanol is produced in place of acetone. George et  al 

( 1983) revealed that the strains labelled 'C. bu tylicum', such as those 

l i s ted in  the American Type Cu l ture Collection , are actual ly C .  

beijerinckii and, therefore, the species is no longer recognized, nor is 

it considered a synonym for an existing species. 

Other species isolated recently which could be poten tially usefu l  for 

solvent production include C .  aurantibutyricum which produces both 

acetone and isopropanol in addition to butanol (Cummins and Johnson, 

197 1), and C. tetanomorphum which produces butanol and ethanol only 

(Nakamura e t  aI ,  1979). 
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C. acetobutylicum has been extensively used for ABE production.  It  is 

described as a Gram-posi tive, anaerobic s traight  rod (baci l lus)  

measuring 0.6-0.9 Jlm by 2.4-4.7 Jlm (Smith and Hobbs, 1974). The 

vegetative cells are motile with peritrichous flagella. Division occurs 

by transverse fission resulting in  chains of organisms which break 

apart into single cel ls  in l iquid medium during fermentation .  

Subterminal ovoid spores are formed which usual ly distend the bacil li .  

Optimum growth of the organism occurs at a temperature of 300C 

(Smith and Hobbs, 1974), at pH 6.5 and in the Eh range of -250 mV to 

-400 mV (Spivey, 1978; Gottschal and Morris , 198 1b). 

1.11.3 Fermentation Substrates 

c. acetobu tyl icum can ferment a variety of sugars (Compere and 

Griffith, 1979; Mes-Hartree and Saddler, 1982). Conventional starch 

(such as corn, wheat, millet, rye) or molasses used to be u ti lized as raw 

material for the commercial ABE fermentation. Cheaper alternative 

raw materials are now being studied including whey (Maddox, 1980; 

Gapes et aI, 1983; Schoutens, 1984; Welsh and Veliky, 1984; Ennis and 

Maddox, 1985); lignocellulosic materials (Saddler et aI, 1 983; Yu et aI, 

1984; Marchal et aI ,  1984; Yu et aI, 1985); Jerusalem artichokes 

(Marchal et aI, 1985); sulfi te waste l iquor (Wayman and Yu, 1985); 

and steam treated peat (Forsberg et aI, 1986). 
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1 .11.4 Course of Fermentation 

The normal batch fermentation process using C .  acetobu tyl icum is  

characterized by two distinct phases (Prescott and Dunn,  1959; Spivey, 

1 978). Initial ly,  there is an aci dogenic phase where the organism 

grows rapidly, producing acetic and butyric acids over the period of 7-

18 h. The pH of the culture decreases from pH 6.8 to pH 5.1. The 

second phase, called the solventogenic phase, occurs from 18 h to 36-

60 h. The growth rate decreases and acids are ass imi lated and 

metabol ized to solvents ,  resu l t ing in  an increase in pH (pH 

"breakpoint") .  I t  has been suggested that the uptake of acids functions 

as a detoxification process initiated in response to the accumulation of 

acid  end-produc ts resu l t ing in  condi tions  inh ib i ting to growth 

(Hartmanis et aI, 1 984). Hydrogen and carbon dioxide gases are 

released during the fermentation , and release becomes maximal during 

the solventogenic phase. 

Microbial activity ceases eventually due to the accumulation of toxic 

concentrations of solvents (approx .  20 gil ) .  Thus ,  the fermentation can 

be considered to proceed in three phases (Awang et aI, 1 988). 

Sugar is u t i li zed throughout the fermentati on .  The maXImum 

theoretical solvent yield for C. acetobutyl icum has been calculated at 

0.39 gig sugar u ti l i sed (Jones and Woods, 1 986). Typical solvent 

productivities of batch fermentation processes are in the range of 0.2 -

0.6 gll .h depending on the operating conditions (Spivey, 1 978; Ennis 

and Maddox, 1985; Yu et aI, 1 985). 
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1.11.5 Biochemical Pathways 

The biochemical steps (Fig. 1 . 1 )  involved in the production of fatty 

acids, solvents, carbon dioxide, and hydrogen in C. acetobutylicum are 

now well established (Thauer et aI , 1 977;  Lenz and Moreira, 1 980; 

Doelle, 1 975;  Gottschalk and Bahl, 1 98 1 ;  Kim et aI ,  1 984; Papoutsakis ,  

1 984; Hartmanis and Gatenbeck, 1 984; Petitdemange and Gay,  1 986;  

Rogers, 1 986; Jones and Woods, 1 986). 

Hexose sugars are metabolized, via the Embden-Meyerhof glycolytic 

pathway, to pyruvate. Two mol of ATP and 2 mol of NADH + H+ are 

produced per mol of sugar fermented. Pentose sugars are metabolized 

via the pentose phosphate pathway (Zeikus ,  1 980; Volesky and 

Szcnesny, 1 983)  and converted through a series of steps, to fructose-6-

phosphate and g lyceraldehyde-3-phosphate, which enter the glycolytic 

pathway.  A net yield of 5 mol of ATP and 5 mol NADH is obtained 

from 3 mol of pentose. Through a phosphoroclastic reaction, pyruvate 

is cleaved by pyruvate ferredoxin oxidoreductase in the presence of 

coenzyme A (CoA) to form acetyl-CoA, C02 and reduced ferredoxin . 

Acetyl-CoA serves as the precursor for all the fermentation products .  

Two acetyl-CoA molecules undergo a condensation reaction to form 

acetoacetyl -CoA initiating a cyclic mechanism that leads to the 

formation of butyric acid . As the pH drops due to acid formation ,  

acetoacetyl-CoA is d iverted from the normal cyclic mechanism and i s  

utilized via a transferase system for the production of  acetoacetate. In 

an irreversible step, acetoacetate is decarboxylated to produce acetone. 
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Fig 1.1 Biochemical pathways in C. acetobutylicum. (Jones and 

Woods, 1986). Reactions which predominate during the solventogenic 

phase of the fermentation are shown by thick arrows. 
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Fig. 1.1 

B iochemical pathways in C .  acetobutylicum (Jones and Woods ,  1 986). 

Enzymes are indicated by letters as follows: 

(A) glyceraldehyde-3-phosphate dehydrogenase; 

(B) pyruvate-ferredoxin oxidoreductase 

(e) NADH-ferredoxin oxidoreductase 

(D) NADPH-ferredoxin oxidoreductase 

(E) NADH-rubredoxin oxidoreductase 

(G) phosphate acetyltransferase (phosphotransacetylase) 

(H) acetate kinase 

(1) thiolase (acetyl eoA acetyltransferase) 

(1) 3-hydroxybutyryl-CoA dehydrogenase 

(K) crotonase 

(L) butyryl-eoA dehydrogenase 

(M) phosphatebutyryl transferase (phosphotransbutyrylase) 

(N) butyrate kinase 

(0) acetaldehyde dehydrogenase 

(P) ethanol dehydrogenase 

(Q) butyraldehyde dehydrogenase 

(R) butanol dehyrogenase 

(S) acetoacetyl-CoA : acetate!butyrate eoA transferase 

(T) acetoacetate decarboxylase 

(U) phosphoglucomutase 

(V) ADP-glucose pyrophosphorylase 

(W) granulose (glycogen) synthase 

(X) granulose phosphorylase 
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As the cyclic mechanism i s  diverted to form acetone, butyric acid 

formation ceases.  Consequently the NAD+ regenerating sequence 

from two electron-accepting reactions ( the reduction of acetoacetyl

CoA to �-hydroxybutyryl-CoA and the reduction of crotonyl-CoA to 

butyryl-CoA) are also stopped.  Thus, to regenerate NAD+ the 

organism reconverts butyrate to butyryl-CoA, and then reduces the 

latter to butanol. Simultaneously, further sugar metabolism is directed 

to butanol  rather than butyrate production, and ferredoxin IS 

regenerated via NADH, rather than hydrogen production . 

Ethanol i s  produced as the reaction branches off from acetyl-CoA, 

releasing CoA as acetyl-aldehyde is formed. Acetylaldehyde is further 

reduced to ethanol. This series of reaction involves the oxidation of 2 

mol of NADH+ + H to NAD+. 

1 . 11.6 Regu l ati on of Sol ven t Pro d u ction.  

The regulation of solvent  production involves triggering the metabolic 

transition from acid production to solvent production and maintaining 

this solventogenic phase. Numerous investigations have been directed 

towards elucidating the factors controlling solventogenesis ,  but it is 

evident that the exact mechanisms are still not completely understood 

(Gottschal and Morris, 1 98 1 a; Gottschal and Morris, 1 98 1 b; Andersch 

et aI, 1 982; B ahl et aI, 1 982a; Monot et aI, 1 982; Monot et aI, 1 984; 

Fond et aI, 1 985 ; Long et aI ,  1 984b). These factors include the 

external pH, concentration of acetic and butyric acids in the medium, 

internal pH, nutrient limitation, and retention of reducing power .  
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11.6.1 External pH 

The effect of culture pH has been implicated in many reports as a key 

factor in the production of solvent, but some of these reports are 

conflicting (Bahl  et aI, 1 982a; Andersch et aI , 1 983 ;  Monot et ai, 

1 984). I t  has been observed that cultures maintained at high pH values 

produce mainly acids, while cu ltures maintained at low pH values 

produce mainly solvents. However, the pH range over which solvent 

formation may occur appears to vary depending on the strain and 

culture conditions used (Jones and Woods, 1 986). Solvent production 

may occur over a pH range of about pH 3 . 8  to 5 . 5  (Bahl et aI , 1 982a; 

Nishio et aI ,  1 983 ;  Monot et aI , 1 984). In laboratory conditions, the 

industrial strain C. acetobutylicum P262 produces solvents within a 

higher pH range of pH 5 .0 to 6.5 (Jones et aI, 1 982; Jones and Woods, 

1 986). 

Gottschal and Morris ( 1 98 1  b) reported that although a low pH may be 

prerequ isite, low pH itself is not the trigger for the shift fro m  

acidogenesis to solventogenesis .  The addition o f  a non-metabolizable 

acid 5 ,5-dimethyloxazolidine-2,4-dione which could mimic the effect 

of acetate and butyrate did not induce solventogenesis as much as did 

acetate and butyrate. The onset of solvent production has been shown 

to be accelerated when C.  beijerinckii VPI 1 2436, maintained at pH 

6 .8 ,  is supplemented with acetate and butyrate (George and Chen, 

1 983) .  S imilar results have been observed by Hol t  et al ( 1 984) when 

C. acetobutyl icum ATCC 824 produced solvents at pH 7.0 when the 

2.0% (w/v) glucose minimal medium was supplemented with 1 00 mM 

each of  acetate and butyrate, or when the glucose concentration was 
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increased to 4.0% (w/v) .  Hence, the increasing concentrations of 

acetate and butyrate which accompany the decrease in pH can be 

implicated as another key factor affecting solvent production. 

11.6.2 Acid End-Produ cts 

The acetic and butyric acids formed during the fermentation are weak 

organic acids which are able to diffuse passively across the cell 

membrane in their undissociated (protonated) form (Thauer et  aI, 

1977 ;  Herrero et aI, 1985) .  At low concentrations, the accumulation 

of acid end-products and the as sociated decrease in pH lead to a 

decrease in growth rate until growth eventually ceases, although sugar 

utilization and cell metabolism continue (Herrero, 1983;  Herrero et  aI, 

1985) .  At higher acid concentrations,  the pH gradient across the 

membrane collapses, resulting in complete inhibition of cellular 

metabolism. Hence, i t  has been suggested that solvent production is  a 

detoxification mechanism of the cell to avoid the inhibitory effects of 

high concentrations of acids (Costa, 1981; Bahl et aI, 1982a; George 

and Chen, 1983 ;  Hartmanis et aI, 1984; Long et aI, 1984a). 

Monot et al  (1983)  have suggested that the concentration of 

undissociated butyric acid plays a central role in the regulation of 

solvent production. Cell growth was inhibited by undissociated butyric 

acid at a concentration of 0 .5 gil to 0.8 gil while solvent production 

was induced by a concentration of 1.6 gil to 1.9 gil (Monot et  aI, 

1984). 
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However, since the undissociated acid is a biochemical ly  inert 

compound, i t  seems likely that i t  is the elevated concentrations of 

butyric and acetic acids inside the cell ,  rather than outside the cell ,  

which are more important (George and Chen, 1 983 ;  Gottwald and 

Gottschalk, 1 985 ; Huang et aI , 1 985 ;  Terrraciano and Kashket, 1 986) .  

The intracellular concentration of undissociated acids is affected by the 

external acid concentration and the in tracel lular p H  value .  

Considering the metabolic steps from butyryl -CoA v ia  butyryl 

phosphate to butyrate, an elevated butyrate concentration could result 

in elevated concentrations of butyryl-CoA and butyryl phosphate. 

Gottwald and Gottschalk ( 1 985)  have suggested that this situation 

would lead to a drastic decrease in the CoA and phosphate pools, and 

that this is the signal for solvent production. 

11.6.3 Interna l  pH 

The regulation of internal pH (pHi) in any organism is essential for the 

stability and functioning of metabolic enzymes . However, instead of 

maintaining a constant pHi, bacteria which produce weak acids ,  such as 

acetic and butyric acids, maintain a constant pH gradient (alkaline 

interior) (Riebeling et aI , 1 975; B aronofsky et aI , 1984; Herrero et aI, 

1985) .  In fermentative bacteria, the pH gradient across the membrane 

is maintained by the extrusion of protons ,  at the expense of ATP, 

mediated by the proton- translocating ATPase system. S ince the 

membrane is rather impermeable to ions, such as protons and hydroxyl 

ions ,  proton translocation leads to the generation of a proton motive 

force. The proton motive force is a metabolic energy intermediate 
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which is  composed of an electrical component (the membrane 

potential) and a chemical component (the pH gradient) .  To compensate 

for the expense of A TP during proton translocation , the proton motive 

force may be translated into other forms of energy to drive energy

requiring cellu lar processes such as motility, phosphotran sferase 

transport system for sugars, transmembrane transport of proteins,  and 

others (Hellingwerf and Konings, 1 985). 

When acetic and butyric acids are produced by C. acetobutyl icum, the 

external pH decreases and most of the acids are present in the 

undissociated form. These accumulate inside the celJ (through passive 

diffusion) and lower the pHi . In studies using different  strains of C .  

acetobutyl icum,  i t  has been observed that under conditions when the 

external pH decreases, the pHi also decreases appropriately , thus 

maintain ing  a more or less constant pH gradient (Gottwald and 

Gottschalk, 1 985 ;  Bowles and El lefson ,  1 985 ; Huang et aI ,  1 985 ; 

Terraciano and Kashket, 1 986) .  Furthermore solvent production 

appears not to occur when the pHi decreases below a minimum value 

(Gottwald and Gottschalk, 1 985). This  suggests that maintenance of a 

pH gradient i s  important to maintai n the pHi above a threshold value 

for solventogenesis to occur (Terraciano and Kashket, 1 986) .  

The internal pH, the pH gradient across the membrane and the rate of 

acid production wou ld  affect the in tracel lular concentrations of acids 

(Fond et aI, 1 985) .  High concentrations of undissociated acids can act 

as protonophores resul ti ng  in  the col lapse of the pH gradient and 

metabolic functi ons (Baronofsky, 1 984; Herrero et aI ,  1 985) .  Hence, 

solvent production is  considered an efficient detoxi fication mechanism 
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(Costa, 1 98 1 ;  B ahl et aI, 1 982a; George and Chen, 1 983 ;  Hartmanis et 

aI, 1 984; Long et aI, 1 984a). Moriot et al ( 1 984) modified the pHi by 

using the ATPase inhibitor, d icyc1ohexylcarbodiimide (DCCD) to 

effect changes in intracellular concentrations of undissociated acids .  

Lowering of  the pHi by  inhibiting the membrane-bound ATPase 

resul ted  in an increased production of acetone and butano l .  

Huesemann and Papoutsakis ( 1 986)  also observed that solvent 

produ c ti on  was enhanced by the add i t ion  of unc oupler 

carbonylcyanide-p-trifluoro-methoxy-phenylhydrazone (FCCP). 

Although many s tudies have determined the pH gradient of C .  

acetobutylicum, the actual significance of these measurements in the 

regulation of the shift to solvent production s till  waits to be 

determined. 

Clearly ,  if a pH gradient is not maintained the pHi will become too low 

for any metabolic functions to occur. Thus, it is possible that when the 

pHi approaches the "danger level" , the cell responds by shifting from 

acidogenesis to solventogenesis .  Kim and Zeikus ( 1 985) and Lovitt et 

al ( 1 988)  have suggested that pHi may regulate hydrogenase and 

alcohol dehydrogenase activities such that at more neutral pHi values 

the organism regulates for hydrogen and butyrate consumption .  

However, i t  i s  not yet known whether the synthesis o f  solvent

producing enzymes is  regulated by the concentration of butyric or 

acetic acids or protons or their specific production rates. 
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11.6.4 R eten t ion of R e d u ci ng Power 

During the acidogenic phase, excess reducing equivalents (NADH) are 

produced, w hich must be rapidly reoxidized to allow glycolysis to 

proceed. NADH ferredoxin oxidoreductase mediates electron transfer 

from NADH to generate reduced ferredoxin which is coupled w ith 

hydrogenase to release molecular hydrogen . This situation IS 

u nfavorable for solventogenesis to occur, since the formation of 

butanol and ethanol depends on the availability of reduced pyrimidine 

nucleotides. In the solvent-producing phase, less hydrogen is produced 

and it appears that the switch in carbon flow from acidogenesis to 

solventogenesis is linked to the decrease in hydrogen production. 

Theoretically ,  inhibi tion of hydrogenase should result in increased 

solvent produc tion to use up accumulating reducing power. In a 

reversible reaction, NADH will be formed from reduced ferredoxin ,  

and this excess NADH will be  oxidized by  alco hol formation (Jones 

and Woods, 1 986; Rao and Mutharasan, 1 989). 

Therefore, approaches to increase solvent production by controlling 

electron flow have been directed towards inhibiting hydrogenase . 

Approaches used , which successful ly inhibited hydrogenase, include 

maintaining a positive head- space pressure (Maddox et aI , 1 98 1 ;  

Doremus et aI, 1 985) ;  use of carbon monoxide (Kim et aI, 1 984; Datta 

and Zeikus,  1 985 ; Meyer et aI , 1 985) ;  and use of methyl and benzyl 

viologen dyes (Rao and Mutharasan, 1 986, 1 987 , 1 988 ;  Kim and Kim, 

1 988) .  
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Possibly, the rol e  of the pHi i n  regulat ing hydrogenase and alcohol 

dehydrogenase activ i tes, coupled to the role of the i n tracel lu lar acid 

concentration in the value of the pHi , may provide a uni fying theory to 

describe the shift from aci dogenesis to solventogenesis .  

11.6.5 N u t .·i ent  L i m i t a t i o n  

Studies using batch and continuous cu l tures have demonstrated that the 

carbon source shou ld  be in excess to favor the sh i ft from aci d  to 

solvent production (Gottschal  and Morris, 1 98 1  a; Bah l  et  aI, 1 982b; 

Monot et aI, 1 983 ;  Long et aI , 1 983 ; Fond et aI ,  1 984; Long et aI ,  

1 984a; Ennis and Maddox, 1 987) .  Gl ucose l imi tation probably resul ts 

i n  deficiency of A TP which i s  required for solvent production . 

There have been confl i c ti ng  reports regard ing  the ro l e  of  other 

n utrient l im i tations  i n  the regu lation of solvent producti on ,  and the 

s ituation is rather con fusing .  

Monot and Engasser ( 1 983)  reported that strong so lvent  production 

occurred after exhaustion of n i trogen from the med ium. In contrast, 

Long et al ( 1 984a) concl uded that n i trogen l imi ted cu l tures did not  

produce solvents .  Their results showed that there must  be a minimum 

n i trogen co ncen trati on remai n i n g  after the growth  phase for 

so lventogenesis to occur. In contrast agai n,  resu l ts of experiments i n  

which the ratio o f  ni trogen to  g l ucose was varied suggested that an 

excess of n i trogen is detrimen tal to solvent production,  and that as the 

ratio of n i trogen to g l ucose decreases ,  the rate of solvent production 
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may be enhanced (Roos et aI , 1 985) .  Hence, the possible role of 

n i trogen limi tation in solvent production remains to be clarified. 

B ahl et al ( 1 982b) observed that solvents could be produced in batch 

and continuous cultures under conditions of phosphate limitation .  

They suggested that under these conditions, the level of eoA may be 

decreased with in  the cell, which could serve as an important factor for 

the induction and maintenance of solvent production. In fact, recent 

evidence suggests that although solventogenesi s  can occur under a 

variety of nutrient-l imited condi tions, such limitation is not essential 

(Clarke and Hansford , 1986) .  Thus, i t  is doubtful whether nutrient 

l imitation plays any major role in the shift from acidogenesis to 

solventogenesis. 

1 .11.7 Solven togenesis  a n d  ATP G enera t i on 

A low net ATP production i s  generated during fermentation by 

anaerobes . The conversion of glucose to acetate and bu'tyrate typically 

results in a net production of 3 .25 mol ATP per mol of glucose 

(Thauer et ai, 1 97 7) .  The ATP produced i s  ut ilized in biosynthesis 

leading to cell growth and in membrane energization via the proton 

translocating ATPase to generate a pH and electrical gradi ent across 

the cell membrane (Herrero, 1 983 ;  Jones and Woods , 1 986) .  D uring 

acid product ion , much of the ATP is d iverted to membrane 

energi zation so as to maintain a critical in ternal pH of the cell . This  

d iversion of  ATP probably explains the decrease in  growth rate prior 

to solventogenesis .  The solvent- producing phase yields only 2 mol of 
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ATP per mol o f  glucose which could explai n the accompanymg 

reduction in growth rate. 

1.11.8 So]ventoge n e s i s  a n d  Cel l  D i fferent iat io n  

C .  acetobutyl icum exhibits d istinct morphological variations during the 

course of the fermentation process (Spivey, 1978) .  The degree of 

variation differs in d ifferent strains.  In the industrial strain P262, cell 

differentiation can be used as a conven ient i ndex to monitor the 

progress of the fermentation (Spivey, 1978). 

The morpholog ical changes in strain P262 have been studied and 

correlated with growth and solvent production (Jones et aI, 1982; Long 

et aI, 1983; Long et aI , 1984b) . Jones et al (1982) observed that the 

cells appeared as long chains with sluggish motil i ty immediately after 

inoculation into the molasses fermentation medium. As the acidogenic 

phase starts, the growth rate increases and short phase-dark dividing 

rods,  which are highly motile, appear. Cel ls remain moti le for about 

24h-30h . Motili ty s tarts to decrease before the pH breakpoint, and the 

cell starts to accumulate granulose, a glycogen- like storage product 

(Jones et  aI, 1982; Long et aI , 1984a; Reysenbach et aI, 1986) .  Spivey 

(1978) noted that there is a relationship between motility and good 

solvent production . The absence of motil i ty at any time of the 

inoculum development procedures resulted in poor solvent yields .  

The shift to  solventogenic phase is  characterized by the formation of 

swol len,  phase-bright, cigar-shaped 'clostrid ial forms '  which are 
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believed to be responsible for solvent production (Jones et aI ,  1 982; 

Long et aI, 1 983) .  The clostridial forms continue to accumulate 

granulose and produce an extracellular capsule or slime layer (Long  et 

aI , 1 983 ; Reysenbach et aI, 1 986) . 

Granulose accumulation has been observed to occur when growth is 

i nhibited in  the presence of excess carbon source, and i s  believed to be 

essential for sporu lation.  However, the i solation of sporu lation  

granulose-deficient mutan ts has suggested the contrary (Reysenbach ,  

1 987) .  Haggs trom and Forberg ( 1 986) have suggested that the 

polysaccharide polymer which comprises the capsule acts as a sink for 

the storage of non-reduced compounds when excess reducing power is 

needed during the production of bu tyric acid and butanol , and as a 

reserve carbohydrate source. 

The abi lity to form endospores has been associated with strong solvent 

production (Beesch, 1 953 ;  Prescott and Dunn ,  1 959). Gottschal and 

Morris ( 1 98 1  a) observed that the abi l i ty to produce solvents i n  

continuous culture is lost when there is a loss in the ability to form 

spores .  However, the isol at ion of a sporulation mutant, which was 

blocked after the clostridial stage, demonstrated that sporulation is not 

necessary for so lvent  production (Long et aI ,  1 984b) . This was 

confirmed when asporogenous mutan ts ,  sel ected during  continuous 

culture, were not affected in their solvent production (Meinecke et aI, 

1 984). I nhibition of DNA synthesis (Long et aI, 1 984b) blocked the 

i n i tiati on of sporu l a t ion bu t not solven t production ,  formation of the 

c lostridial s tage, granu l ose accumu la ti o n ,  or capsule formation ,  

indicat ing that these events are independent of each other. 
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1 .11.9 Prod u ct I n h i b i ti on 

One of the problems associated with the A B E  fermentation process is 

th a t  it s u ffers  from prod uct inh ibition ( Herrero, 1 983 ;  Costa and 

Moreira, 1 983) .  At the completion of batch fermentation, the solvent 

concentration in the broth rarely exceeds 20 gil (S pivey,  1 978 ;  

Moreira e t  aI , 1 98 1 ) . Considering a typical solvents yield o f  30% , the 

maximum initial carbohydrate concentration in the fermentation broth 

is approximately 60 gil . This di l ute sol ution leads to high energy 

demands during prod uct recovery (by d i sti l l ation) . 

B u tanol , acetic  acid , and butyric acid are the most toxic p rod ucts of the 

fermentation (Lin and B l aschek , 1 982; Moreira et aI, 1 98 1 ;  Costa and 

Moreira, 1 983 ;  Kuhn and Linden, 1 986).  Cel l  growth was inhibited by 

50% when butanol was added at 7 to 1 3  gil . Concentrations of acetic 

acid and butyric acid causing a 50% inh ibition of cel l growth were 

determined as 8 .0 gil and 6 .0 gil ,  respectively (Costa and Moreira, 

1 983) .  Hence, butanol ,  acetic acid and butyric acid are inhibitory to 

cell growth at level s normal l y  produ ced d uring fermentation. Leu ng 

and Wang ( 1 98 1 )  reported concentrations of added acids res u lting in 

50% inhibition of growth which were about  twice the levels  observed 

by Costa and Morei ra ( 1 983) .  Thi s di fference was attributed to the 

different methods u sed to stabi lize the pH of the fermentation media 

d uring the acid cha l lenge. 

Unl ike bu t anol , eth anol  and acetone are not inh ibitory at 

concentrations typica l l y  prod uced du ring the fermentation (Moreira et 

aI , 1 981; Costa and Morei ra, 1 983). 
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It has been observed that there is a threshold concentration of products 

below which growth inhibition does not occur. Above the threshold 

concentrati on ,  there is a l inear decrease i n  growth rate wi th an 

i ncrease in  product concentration (Costa and Moreira, 1983) .  Added 

solvents are considered to have a less toxic effect on growth than those 

produced natural ly during the fermentation.  This suggests that some 

synergism occurs among the fermentation products and it is probably 

the total concentration of products which is importan t i n  determining 

the toxic effect on growth rate. The d i fference in product  

concentrations wi th in  and outside the cel l  may also i n fluence their 

toxic effects. 

11 .9 .1  Mech a n ism of So l ven t - a n d  A c i d  - Tox i c i ty 

The exact mechani sms of toxici ty of so lvents and acids are not yet 

known. Thei r inh ib i tory " target sites " appear to be differen t ( Herrero, 

1983) .  Organic acids s uch as acetic and bu tyric acids  are known to 

behave as uncouplers due to their proton - ionophoretic  properties. 

Protons are al l owed to en ter the cel l from the medium and thus 

counterac t the proton pump mechan i sm and i n terfere wi th  the 

establ i shment and mai ntenance of a functional pH gradient across the 

membrane ( Herrero , 1 983 ; Herrero et a i , 1 985) .  The proposed 

mechanism by which organ ic acids act as uncouplers inc ludes the 

following steps ( Herrero et aI, 1 985) :  

1. parti ti on of the undi ssoci ated form of the acid in the membrane 

bi l ayer 

2. passi ve d i ffusion of  the undi ssociated acid i n to the cytoplasm 
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3 .  dissociation of  the acid i n  the relatively higher cytoplasmic pH 

4.  effective anion exclusion, leaving behind a proton and reducing 

the prevai l ing pH gradient. 

It  h as been suggested that when the internal pH of the cell i s  reduced 

the cell attempts to restore it by pumping  out more proton s  at the 

expense of A TP that must be consumed via ATPase for membrane 

energization .  As a consequence, less energy i s  avai l able for 

biosynthesis .  The altered i nternal pH also inhibits enzyme functions .  

I t  i s  i n  th is  regard that the shift from acidogenesis to soJventogenesis 

has been suggested as a detoxifying mechanism of C. acetobu tyl icum 

(Bahl et  a i ,  1 982a; George and Chen , 1 983 ;  Hartmanis et  aI ,  1 984). 

Alcohols have been known to di srupt the phospholipid component of 

the cell  membrane (chaotropic effect) and thereby inhibit membrane

l inked cel l u l ar functi ons (Herrero, 1 983 ;  Ingram and B uttke, 1 984; 

B aer et aI ,  1 987). Ingram and B uttke ( 1 984) suggested that the short

chain  alcohols ( 1  to 3 carbons) solidify or freeze the membran e  by 

intercalating between and restricting m'ovement of the fatty acid chains .  

Longer-chai n  alcohols  (4 to 9 carbons)  fl uidize the membran e  by 

anchoring at the phospholipid head groups and increasing  the distance 

between the fatty ac id chai n s .  

Vollherbst- Schn eck e t  a l  ( 1 984) observed that i n  the  presence of 

butanol there was an increase in the ratio of saturated to unsaturated 

fatty acids in the membranes of C .  acetobutyl icum ATCC 824. The 

alteration in the composi tion of the cell membrane seems to be the 

biological response of the microrganism to offset the fluidizing effect 
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of butanol .  Th i s  response is simi lar to the response of cel l s  when 

grown in elevated temperatures (Baer et aI ,  1 987; Lepage et aI ,  1 987) .  

The butano l  tolerance of SA-2 mutant derived from C. acetobutylicum 

ATCC 824 was attri buted to i ts abi l i ty to synthesize an increased 

amount of  saturated fatty acids ,  thus main tain i ng  a more stable 

environment for cel lular functions (Baer et aI ,  1 987) .  

The sequence of inh ib i ti on  and d isruption of several i nterrel ated 

cel lu lar functions affected by butano l  and the relationship of these 

events are not known (Bowles and Ellefson , 1 985 ;  Jones and Woods,  

1 986) .  Thus ,  butanol appears to have complex ,  mul tiple effects . 

S tudies on the effects of butanol on C .  acetobutyl icum A TIC 4259 

demonstrated that by d isrupti ng membrane fluidity, butanol inhibi ted 

the abil i ty of the cell to maintain the i n ternal pH, partial ly inhibited the 

membrane ATPase, caused collapse of the in tracel lu lar ATP leve ls ,  

and caused a decreased glucose uptake (Bowles and El lefson,  1 985) .  

Gottwald and Gottschalk ( 1 985) ,  l i kewise ,  observed that the pH 

gradien t i s  abol i shed in  the presence of  growth- l imi ti ng  butano l  

concentrations. Kuhn and Linden ( 1 986) found that at toxic levels of 

butano l  ( 1 8  gil) there was a two-order-of-magnitude increase in  the 

in itial rate of passive proton i n flux, attri buted to membrane leakiness. 

Another membrane- l i nked functi on affected by bu tanol i s  sugar 

uptake. Ounine et a l  ( 1 985) reported that uptake of glucose and xylose 

decreased i n  the presence of inhibi tory butanol concen trations and that 

the inh ibi tory effect of bu tanol was more pronounced i n  cells grow n  

o n  xylose. Hutkin s  and Kashket ( 1 986) demonstrated that g lucose is 

transported in C. acetobutyl icum by a phosphoenolpyruvate (PEP) -
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dependent phosphotransferase system. B utanol d id not  inh ibi t  this 

transport system but rather caused leakage of phosphoenolpyruvate 

and 2-deoxyglucose-6-phosphate . These resu l ts lend support to the 

v iew that the loss of membrane integrity (membrane l eakiness) is the 

primary cause of butanol toxicity in c .  acetobutyl i cum (Ku hn and 

Linden, 1 986; Linden , 1 987) .  

11.9.2 B u t a n o l  Tolerance 

To minimize the problem of sol vent toxici ty ,  two approaches h ave 

been employed, namely, an engineering approach and a b io logical 

approach (Rogers , 1 986) .  The engineering  approach invol ves the 

e l imi nation of the toxic products and their i n h ibitory effect by 

continuous extraction of the product from the fermentation  broth . 

Appendix 1 provides a c lose examination of the i ntegration of 

continuous in -si tu or i n- l ine  solvents recovery processes with batch or 

continuous fermentati on processes . The biological approach ,  wh ich  

seems to lag behind the engi neering efforts , i nvolves an understanding 

of the physiological and molecular nature of solvent toxicity as a tool 

for further development of solvent or acid- tolerant organisms. 

Three mechani sms have been used general ly to amplify the tolerance 

of c .  aceto b u tyl i c u m  to butanol ,  namely, c lassical mutation,  

continuous cu l t ivation ,  and seria l  tran sfer i n  batch cu l ture w i th 

i ncreasing concentrati ons  of butanol (Lin and B l aschek,  1 982;  

Lemmel , 1 985 ;  Soucai l le et  aI ,  1 987). There i s  some evidence that 

bu tanol tolerance can be en hanced by manipu lation of growth 
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condit ions duri ng fermentation .  Kuhn and Linden ( 1 986) reported a 

two-fold i ncrease in  butanol tolerance after enrichment of the growth 

medium with a s aturated fatty acid .  However, the i solation of a 

butanol- to lerant  mutant which can al so produce h igher concentrations 

of butano l  has  not been successful ,  probably ,  due to the complex 

genetic control of solvent tolerance (Rogers, 1 986) . 

1.11.10 Genet ics  a n d  Stra i n  Improvement 

This section i s  a brief attempt of an overview of the genetic s tudies on 

C.  acetobutyl icum.  More comprehensive treatment of  th i s  subject  can 

be obtained from reviews by Rogers ( 1 986), Jones and Woods ( 1 986) 

and A wang et a l  ( 1 988). Genetic studies on obligate anaerobes, such as 

the c lostridia,  h ave l agged behind those of aerobic organisms (Jones 

and Woods, 1 986) and , therefore, deserve attention .  Knowledge of the 

genetic system of c. acetobutyl icum may provide a tool to alleviate the 

l imi tations to the economical use of the ABE fermentat ion .  Using 

genetic mani pul ation ,  the butanol to lerance, substrate range, and 

solvent yield may be improved . 

Mutation and se lection have been used to obtain mutants  of c .  
ace to b u ty l i c u m  for genetic s tudies and improved i ndus trial  

performance. Recent studies indicate that direct mutagens such as the 

alkylating agents N-methy l -N
'
-nitro-N-ni trosoguanidine (MNNG) and 

ethyl methane-su lfonate (EMS) are the most effective mutagens for C. 

a c e to b u tyl i c u m  (B owring and Morris ,  1 985 ;  Lemmel,  1 985 ) .  

Mutagens such a s  u l traviolet  irrad iation and mi tomycin h ave been 
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found to be relatively ineffective. This suggests that Clos tridi u m  

species may be deficient  i n  error-prone DNA repair such as the SOS 

repair in  E .  co l i  (Jones and Woods, 1 986;  Awang e t  a l ,  1 988) .  Most 

mutants of C. acetobutylicum which have been utilized in physiological 

s tudies h ave been obtained u sing EMS.  These mutants include 

auxotrophic mutants (Bowring and Morris,  1 985 ;  Jones et  aI, 1 985) ;  

antibiotic resistant mutants (Bowring and Morris ,  1 985 ; Long et  aI ,  

1 984b); granu lose mutants,  capsu le  mutants ,  sporulation mutants (Long 

et a I ,  1 984b) and phage resistan t mutants (Ogata and Hongo, 1 979). 

The relative effectiveness of the mutagen may be affected by strain 

differences or cu l ture procedures .  Therefore , optimal conditions 

shou l d  be evaluated and developed before carrying out  any strain 

improvemen t program uti l izing mutagens .  

Chemostat selection can also be used to obtain mutants but  i t  has not 

been applied to C .  acetobu tylicum (A wang et aI ,  1 988). S trains which 

u tilize substrates more effic ient ly may be selected by applying 

conditions of nutrient l imi tation in a chemostat. 

Mutation and select ion strategies in C. acetobutylicum st i ll wait to be 

refined before they can be appl ied to improve the ABE fermentation . 

Recent  studies on genetic engineering i n  c .  acetobu tyl i cu m  h ave 

mostly been concerned with the developmen t of  gene transfer and 

c loning methods .  The genetic transfer techniques that can be applied 

include conjugation (Ou l tram and Young, 1 985 ;  Reysett and Sebald , 

1 98 5 ) ;  pro topl  as t tran s formati on (Lin and  B l aschek , 1 9 84) ;  
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transfection (Reid et a i ,  1 983) ;  and protoplast fu sion (Jones et a I ,  

1 985) .  Transduction has not been reported but several phages which 

can infect solvent-produci ng clostridia may be developed as c loning 

vectors for C. acetobutyl icum (Jones and Woods, 1 986). 

Conjugation between bacteria requires e it her large, self-transmissible 

plasmids or mobi l i zation plasmids which promote transfer of smaller 

expression vectors . C .  acetobutyl icum has  been reported to possess 

large and smal l  plasmids (Truffaut and Sebald, 1 983) but self- transfer 

to, or main tenance of plasmids in ,  thi s  species has not been reported . 

In addition, these plasmids are sti l l  cryptic as no known function can be 

ascribed to their presence. Conjugative transfer of broad host-range 

plasmids from vari ous streptococcal species has been accomplished 

(Oul tram and Young, 1 985;  Yu and Pearce, 1 986). 

Successfu l  transformation in  C.  acetobutyl icum has been hampered by 

a number of problems. First ly ,  there i s  a lack of DNA uptake by any 

method except protop last transformation (Jones and Woods ,  1 986) .  

Secondly,  there i s  a strong deoxyribonuclease (DNAse) activity i n  

Cl ostri d i um species which l imi ts the isolation of both plasmids and 

c hromosomal DNA,  and i n terferes w i th DNA uptake (Urano et  ai ,  

1 983 ;  Luczak et aI , 1 985) .  Heati ng of protoplasts at 550C for 1 5  min 

was uti l i zed by Lin and B laschek ( 1 984) to i nhibit DNAse activi ty and 

they successfu l l y transformed the bu tano l - to lerant strain SA- I to 

kanamycin resi stance using the Baci l l us subti l i s  plasmid pUB 1 1 0. 

Transformat ion of C .  ace to  bu ty I ic  u m P262J protoplasts w ith 

bacteriophage DNA (transfection) has been demonstrated by Reid e t  al 
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( 1 983 ) .  However, the frequency of transfectio n  could no t  be 

determined due to lack of expression of transfection  as plaques on 

regeneration medium. Transfection sti l l  wai ts to be optimized as a 

system for genetic transfer, and development of a cosmid process may 

be necessary (A wang et ai , 1 988) .  

Jones et al  ( 1 985) demonstrated protoplast fustion  of C.  acetobutylicum 

P262 auxotrophs ,  produci ng stable recombinan ts and segregating  

biparenta l s .  The iso lati on of  stable recombi nants i ndicates that the 
I 

organism is capable of undergoing homologous recombination at a 

frequency simi lar to that obtained with aerobic species such as B .  

subti l i s .  Jones and Woods ( 1 986) have suggested that plasmid transfer 

with Clostridi um species can be faci l itated by protoplast fusion, and i t  

cou ld be uti l ized to protect plasmids from the h igh DNAse levels 

produced by C. acetobutyl icum strain s.  

It  i s  essential to resolve the technical problems i nvolved in gene 

transfer and expression before gene cloning can be successfully applied 

to C .  acetobutyl icum . Cloning foreign genes in  this  organism may 

impart new desi rable i ndustrial characteristics whi l e  c loning  genes out 

w i l l  ai d in stud i es of its genome. A number of genes from 

saccharol ytic sol vent-producing clostridia have been cloned and 

expressed in the Gram-negative Escherichia co l i .  These include the 

genes for � -i sopropyl malate dehydrogenase and hydrogenase from C. 

bu tyricum (Ishii et a i , 1 983 ;  Karube et  ai , 1 983) ;  a ferredoxin gene 

from C. pas teu ri anum (Graves e t  ai , 1 985) ;  and ce l l u l ases from C .  

thermocel l um (M i l let et a i ,  1 985) .  A number of chromosomal genes 

from strai n P262 have been cl oned in E. col i . These include genes 
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involved in  cel l u lose- , hemicel l u lose- and starch degradation,  genes 

involved in complementation of E. col i  arg and his mutations, and the 

glutamine synthetase gene (Usdin et aI, 1 986; Zappe et aI , 1 986) .  The 

g lutamine syn thetase gene plays a 'role i n  nitrogen metabolism 

regulation which is important for solvent production and sporulation 

in C. acetobutylicum (Long et aI, 1 984b). 

Genetic manipu lati on i n  C. acetobutyl icum will be useful in  expanding 

its substrate range, improving i ts efficiency of substrate utilization, and 

possi bl y i ncreas ing end-product tolerance. So lvent tol erance appears 

to be under complex genetic control (Rogers, 1 986) .  However, 

assuming that there are sensi tive targets with in  this complex system, 

genetic manipul ati on may be able to change or replace these targets in 

order to increase butanol to lerance. 



Part III MOTILITY A N D  C H EMOTAXIS IN BACTERIA 

C hemotaxi s ,  defined as the movement towards or away from 

chemicals,  i s  a universal biological sensory response. Man is attracted 

to perfume and repelled by rotting food ; the s lime mold D ictyostelium, 

which at one stage in development is comprised of single amoeboid 

cells, moves toward cycl ic adenosine monophosphate (AMP) which 

i nfluences cell aggregation and differentiation ; leukocytes move 

toward i nvaders and destroy them by phagocytosis (Koshland , 1 980, 

1 982). 

Moti le bacteria migrate through concentration gradients of attractant 

(positive chemotaxis) and repellents (negative chemotaxis)  (Adler, 

1 975).  B acterial chemotaxis was discovered by Pfeffer and Engelman 

i n  the 1 880's (Koshland, 1 980). Pfeffer demonstrated chemotaxis by 

placing a capillary containing an attractant in  a beaker with uniformly 

d istributed bacteria .  After an appropriate i n terval of time, he  

examined the capillary under the microscope and observed that the 

bacteria swam in to the capillary in numbers far in excess of what 

would be expected by simple random motion. Owing to i ts simplicity , 

chemotaxis  has been the most intensively studied behavioural system 

(Weibull ,  1 960; Adler, 1 975 ;  B erg, 1 975 ;  Chet and Mitchel l ,  1 976 ;  

Koshland, 1 980, Parkinson, 1 98 1 ;  B oyd and S imon, 1 982, Koshland,  

1 982; Macnab and A izawa, 1 984; Ordal, 1 985) .  A wide variety of 

bacterial species have been examined for their chemotactic abil i ty but 

the most  w idely i nvestigated are the Gram-negati ve  bacteria 

Escherichia coli and Salmonel la  typhimurium (Adler, 1 966; Enomoto, 

1 966;  Adler and Templeton, 1 967; Adler et a1 , 1 973 ;  S ilverman 
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and Simon, 1 976;  Melton et  aI, 1 978 ;  Kihara and Macnab, 1 979 ;  

Clancy et  aI, 1 98 1 ;  Chelsky and Dahlquist, 1 980; S tock et  a I ,  1 984; 

B rass and Manson, 1 984; Kehry et aI , 1 985) .  Other species, such as 

B acil lus  subtilis ,  which is  Gram-positive, have been shown to h ave 

chemotactic mechanisms very similar to those of the Gram-negative 

species (de long et aI , 1 976; Ordal et aI, 1 977; Shioi et aI, 1 97 8). 

1.111 .1  B acter i a l  Mot i l i ty III a C h emical  G rad ien t 

There are several distinct types of bacterial moti l i ty, including 

flagellar, spirochetal and gliding (Macnab and Aizawa, 1 984). To 

date, the most extensively s tudied is motility generated by external 

organelles called flagella. Flagellated bacteria are capable of 

translational movement through a homogenous liquid medium without 

requiring an interface in order to exert thrust . Speeds of swimming 

bacteria range from 20 to as much as 60 �m/sec (Macnab and Aizawa, 

1 984). Demonstration of this movement can be done microscopically 

by eye, recorded by microcinematography, or followed as motility 

tracks that form on photographic fi lm  after time exposure (Berg and 

B rown, 1 972; Vai tuzis and Doetsch, 1 969). Quantitative and faster 

observations of motility have been facilitated by the invention of the 

tracking microscope (Macnab and Koshland ,  1 972; Lovely and 

Dahlquist, 1 974) . Schneider and Doetsch ( 1 974) developed a method 

for velocity measurements using a videotape recording technique 

which avoids the problems of the other methods .  
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In the absence of  a s timulus ,  bacteria such as E .  c o l i and �. 
typh i m uri u m  exhibit two types of motion known as "runs"  and 

" tumbles" . When the organism "runs" ,  it swims in a smooth, straight 

line for a number of seconds, then it "tumbles" by thrashing around 

for a fraction of a second. It again swims in a straight line, but in  a 

new randomly chosen direction (Berg and Brown, 1 972) .  An 

individual cell ,  therefore , exh ibits a three-dimensional random 

movement (Armstrong e t  a I ,  1 967 ; Dahlquist e t  aI , 1 972). 

In the presence of gradients of chemical stimuli, the probability per 

unit time (rate) of undergoing a tumble depends on the direction in  

w hich the cell moves in  the gradient. For a cell moving towards an 

i ncreasing concentration of attractant, the tumbling frequency is less 

than in the absence of the gradient. A cell encountering increasing 

concentration of repellent tumbles more frequently (Berg and Brown, 

1 972; Macnab and Koshland, 1 972; Tsang et aI ,  1 973) .  By varying the 

tumbling frequency in this manner, there is a net flux of the cells in  

the favorable direction. S ince the bacteria are not able to tum directly 

toward the favorable  direction ,  they increase the time spent going in 

favorable direction by suppressing tumbling. 

B acteria sense gradients of chemicals in time (temporal) rather than in 

space (spatial) (Macnab and Koshland, 1 972). Temporal sensing has 

been determined by mixing bacteria quickly with increasing or 

decreasing concentration of attractant (Macnab and Koshland, 1 972) or 

repellent (Tsang et aI ,  1 973)  and then immediately  observing the 

alteration of tumbling frequency .  After a short time of response 

(increased tumbling w ith repel lents ,  decreased tumbling w ith 
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attractant) ,  the tumbling frequency was observed to return to the 

unstimulated state. It  was concluded that the cells maintain a record of 

their c hemical  environment over the recent past  (s imi lar to 

" memory" ) .  If t he  current environment is  detected to  be  more 

favorable than the previously recorded one, tumbles are suppressed; if 

it  is  more unfavorable, tumbling is enhanced. This " memory" is  

continual ly  u pdated, after which  a comparison  of  the current  

environment with  the record is  made. If there is  no difference, the 

behaviour returns to a random swimming pattern. 

Thus the chemotactic response to temporal stimuli consists of two 

phases - an excitatory phase that leads to modification of tumbling 

frequency,  fol lowed by an adaptation phase where the cell  updates i ts 

record of the chemical environment during the recent past. 

1.111.2 The B acteria l  F l a2e l l a  

Flagella are long, thin external appendages embedded in  the cell wall 

and the cytoplasmic membrane of the bacteria ( Berg, 1 975) .  They 

extend 1 5-20 !-lm from the cell surface (Silverman and S imon, 1 977).  

Flagella  are arranged in the bacteria in different manners, depending 

on the species. The simplest arrangement is a single flagellum at one 

end of the cell ,  or both ends, as in Spiri llum and Pseudomonas (polar 

flagellation) .  Flagel la  may originate from random points around the 

cell surface as in E.  coli and s.. typhimurium (peritrichous flagel lation). 

The vegetative cel ls of C. acetobutyl icum,  likewise, are motile with 

peritricholls flagella (Prevot, 1 966). 
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111.2.1 M orph o l ogy a n d  F u n ct ion of F lage l l a r  Compon ents 

Electron mIcroscopy has  revealed that each flagellar organelle i s  

composed of three morphological ly d istinct  substructures - the 

fil ament, the hook and the basal structure (Dimmitt and S imon ,  1 97 1 ;  

DePamphil is  and Adler, 1 97 1 ;  S ilverman and Simon, 1 977) .  Fig 1 .2 

shows the general morphology of the fi l ament - hook - basal body 

complex and the orientation  of these components with regard to the 

cell membrane. 

The flagel l ar fi lament is a long, thin ,  relatively rigid helical s tructure 

which extends ou t  of the cel l .  The maximal length depends upon the 

culture condi tions but it generally  ranges from 1 6-22 J.1m. The typical 

filament measures 20 nm i n  di ameter and has a wavelength of 2.3 J.1rn 

(DePamphi I i s  and Ad ler ,  1 97 1 ) .  I n  E .  coli and 5.. typhimurium,  and 

n u merous other bacteri a, the fi lament i s  comprised of identical 

subunits of a s ingle protein called flagell in (Abram and Koffler, 1 964). 

These subun i ts assemble in a polar manner in to the characteristic 

cylindrical structure of the fi lament. The fi lament acts as a semi

rigid propeller. 

The flagell ar hook is a short ( about 90 n m) curved structure which 

connects the base of the fi lament to the basal body (DePamphilis and 

Adler, 1 97 1 ) . The hook has s l ightl y  greater diameter than the filament 

and is made up of a d ifferent type of protein than the flagel lin .  Very 

l i ttle is known about  the function of the hook. It is thought to act as a 

"un iversal joint"  at the base of the fi l ament, that is ,  i t  allows the 

efficient transmission of rotational motion of the motor (located in the 
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Fig 1 .2 S chematic represen tation  of the flageU ar:- basal body 

complex of  .s..  typhi m uri u m  and E .  co l i .  The major componen ts of  the 

flagellar-basal body complex and their orien tations  with respect to the 

inner and o u ter membranes are shown .  (S tewart and D ahlqui s t, 

1 987) .  
Abbreviations :  

LPS lipopolysaccharide layer of the ou ter membrane; 
-

PTG peptidoglycan layer of the ou ter membrane. 

. , 
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membrane plane) to the filament so that the filament rotates about an 

axis appropriate for propelling the cell (Berg and Anderson,  1 97 3 ;  

Silverman and Simon, 1 977). 

The basal body is  a complex structure involved both in the attachment 

of the flagellar organelle to the cell membrane and in the generation of 

motion .  As shown in Fig 1 .2, i t  consists of a small central rod which 

passes through  a system of rings. In Gram-negative organisms, there 

are four rings designated as L,P,S and M which appear to have specific 

orientations  within the cell wall and membrane. In Berg's model of 

the flagel lar rotary motor, the M ring serves as the rotor - it rotates 

freely in the cytoplasmic membrane. Attached to the M ring is the rod 

that serves as the drives haft - it ends at the "universal joint" (hook). 

The S ring is mounted rigidly in the cell wal l  proximal to the M ring, 

and can therefore function as the stator (stationary part of the motor). 

The motor is driven by generating torque between the M and S rings. 

I n  the Gram-posit ive H-. s u b t i l  i s ,  w hich lack s  the ou ter 

lipopolysacch aride l ayer, there are only two rings (Dimmit and Simon, 

1 97 1 ) . 

I II.2.2 M o l ec u l a r  B iology of  Flage l l a r  C omponents  

There are over 30 genes necessary for the assembly and operation of 

the bacterial flagellum (Macnab and Aizawa, 1 984) . Fig 1 .3 shows the 

organization of these genes in E .  co l i  and S .  typhimurium.  There is  

almost total homology between the two species (Adler et a I ,  1 973 ;  
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DeFranco et aI, 1 979).  The genes belong to three c lasses - fia, mot and 

che. Macnab and Aizawa ( 1 984) have listed all of the genes in E .  coli 

and 5.. typhimurium with their corresponding products and functions .  

Mutations or deletions at  most of the loci result in nonflagellated cells 

ifla- phenotype, genes are designated as fia, fib, or hag) (Armstrong 

and  Adler, 1 969). In most cases, such mutants lack any detectable 

flagellar precursors . Mutants exhibiting a mot- phenotype (genes 

designated mot)  have morphologically normal flagella ,  but are 

'paralyzed' ( incapable of rotating them) . C h e - mutants (genes 

designated che) are motile but have abnormal bias in the direction of 

flagellar rotation and are incapable of chemotactic response to any 

stimuli .  A mutation in a structural gene for one of the signal 

components (tsr, tar, trg , tap) generally affects response only to those 

stimuli mediated by a specific signal component (Parkinson, 1 98 1 ;  

Stewart and Dahlquist, 1 987). 

111.2.3 Mech a n i s m  of Flage l l a r  Movement  

The flagellar filament is a rigid structure which does not  flex at all in a 

wavelike manner. Therefore, movement is accomplished with the 

filament propelling the cell by rotating .  Evidence for this mechanism 

has been provided by tethering  experiments which involved the use of 

antibody to flagella to 'fix' the flagella to a glass slide. Such technique 

allowed measuremen t of the rotation resul ting  from the torque 

generated by the flagellar organelle (Silverman and Simon, 1 974;  

Larsen et a I ,  1 974b; Berg, 1 974; Berg, 1 975).  Mutant cell s  of E .  coli, 

which either had straight filaments or unusually long hooks, were used. 
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When the hook or the  fi lament structure was tethered to a microscope 

s lide, the bacteri al body rotated rapidl y .  The rotation could be 

clockwise or counterc lockwise. The regu lation of the direction of 

rotation has been suggested to be the basis for the mechanism of 

chemotaxis (S i lverman and Simon, 1 974) . S mooth swimming, in  

response to an  increase in  a ttractant concentration,  resu l ts from 

counterclockwise (CCW) rotation of flage l la; tumbling in response to 

repellents resu l ts from clockwise (CW) rotation (Larsen et aI, 1 974b). 

Berg ( 1 975)  has proposed that the rotary motion of the flage l lum is 

imparted from the basal body,  which must act in some way l ike a 

motor. It i s  likely that the two inner rings l ocated at the membrane (S 

and M) of E .  co l i  and s.. typhimurium, rotate in relation to each other 

so that the M ri ng acts as the rotor, and the S ring acts as the s tator. 

When there are two or more fl agella, the flage l la  associate or bundle 

together to propel the bacterium from behind. Apparently the bundle 

of flagel l a  survives counterc lockwise rotation of the individual flagella 

but comes apart as a resul t  of clockwise rotation (Macnab and Aizawa, 

1 984 ). 

111.2.4 En ergy S o u rce for Moti l i ty and C h emotax i s  

I n  contras t t o  eucaryotes i n  which the chemomechanical energy 

invol ves ATP, the source of energy for bacterial moti l i ty (rotation) is 

the proton motive force; ei ther of i ts components (a pH gradient or a 
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Fig 1 .3 Distribution of flagellar and chemotaxis genes on the 

genetic maps ( l oa min) of E.  co l i  and s.. typhimurium. E .  coli genes 

are in the left column and the corresponding genes in S .  typhi muri um 

are in  the right column. Vertical arrows repre�ent operons (Stewar.t 

and Dahlquist ,  1 987) .  
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a 
membrane potenti a l )  i s  effective (Larsen et  aI ,  1 974; Manson et aI ,  

1\ 

1 977; Shioi et ai ,  1 980). 

Mutan ts of E .  c o l i  and S .  typh i m u r i u m  defective i n  oxidative 

p hosphory l ati on q ui ck ly  became non-moti le  u nder anaerobic 

condit ions even when given substrates that  can  generate ATP 

anaerobically ,  such as D-gl ucose or D-galactose (Larsen et aI, 1 974a; 

Thipayath asan a and Va len tine ,  1 974) .  I n  the  presence of  

carbony1cyanide-m-ch loro-phenylhydrazone (CCCP), w hich uncouples 

oxidative phosphoryl ati on , there was complete i nh ibi tion of motility 

even though ATP remained present. Exposure to arsenate, which is 

known to reduce ATP levels in bacteri a, resu l ted in cessation of 

motili ty ;  however, moti l i ty was regained after the addition of electron 

donors such as l actate, succinate and phenazine metosulphate containing 

ascorbate . These conc l usions are supported by recen t  findings of 

Ravid and Eisen bach ( 1 984b) usi ng  cel l  envelopes devoid of 

cytopl asmic contents ,  but  which have functional  flage l la .  These 

flagel l a  can be made to rotate when a pH gradient is imposed across the 

cell membrane, i ndicati ng that proton fl ux itself is sufficient to drive 

the motor. 

et �1.  Q 
Chemotaxis, on  the other hand, requ ires ATP (Larsen , 1 974; Aswad ,\ " 

and Kosh land, 1 975) .  Complete i nh ibit ion of chemotaxis has been 

observed under condi tions where cel l s  treated with arsenate remained 

moti le.  This suggests a requirement for ATP in the formation of S 

adenosyl -methionine which is required for the  generation of  tumbles 
et 01 b 

(Larsen, 1 974; Adler, 1 975) .  
" 1\ 
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The work output of the flagellar motor ( i .e .  the angular velocity in 

tethered cell) i s  approximately proportional to the applied proton 

motive force (Khan and Macnab, 1 980; Shioi et aI , 1 980). The torque 

generated by the motor is independent of the load (viscous drag) 

experienced by the flagellum under h igh load conditions in tethered 

cells (Manson et a I ,  1 980). There seems ,  therefore to be a fixed 

stoichiometry of proton flux per revolution of the motor. Values 

from 300 to 1 000 protons per revolu tion have been proposed (Berg, 

1 974). 

How proton motive force is coupled to flagellar rotation is not at all 

clear. A number of models have been proposed to explain how the 

components of the flagel lar motor in teract to ach ieve rotation of the 

filament and how proton moti ve force is u ti lized by the motor 

(Lauger, 1 977 ; Glagolev and Skulachev , 1 978 ;  Macnab, 1 978 ;  Khan 

and B erg, 1 983) .  

The model of Khan and B erg ( 1 983)  presents the most explicitly 

defined mechanism.  In th is  model, there are two channels in a 

membrane-embedded "particle" that serves as the force generating 

unit; these channels mediate the proton flux .  One channel enables 

protons from the outside to associate with or d issociate from proton 

binding sites on the M ring; the other channel makes these proton 

binding sites accessible to the cytoplasm. The S ring serves as an 

elastic connection between the channel complex and the cell wall such 

that when the channel complex is displ aced from its equil ibrium 

posit ion,  the S ring generates a force to restore the position .  

Movement of the channel occurs only when a proton sits in  one of the 
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two binding sites exposed by the channels .  The channel complex 

moves to the right when there is a negative pH gradient (protons 

flowing into the cell) ;  the displacement exerts a force on the outside of 

the M ring. A positive pH gradient (protons flowing out of the cell) is 

expected to push the complex to the left of its equilibrium position and 

turn the motor in the " backward" direction.  In other words ,  the 

flagella turn CCW when the pH gradient drives protons into the cell, 

w hereas when the gradient drives protons out of the cell the flagella 

turn CWo These results suggest a chemotactic response of the cells to a 

decrease in pH. 

1 .111.3 Compo n e n ts of t h e  C h em otaxi s System 

Extensive genetic and biochemical analyses of the chemotaxis 

machinery in E. c o li and S .  typhi muri um have led t o  an intriguing 

pictur.e of how bacteria detect and process sensory information. The 

genes involved in chemotaxis are shown in Fig 1 .3 .  The chemotactic 

response of bacteria involves 3 phases, namely: 

1 .  stimulus detection (chemoreception) 

2. excitation 

3 .  adaptation 

The pathway of information flow through the components of the 

chemotaxis machinery is i l lustrated in Fig 1 .4 (Taylor, 1 98 3 ;  

Eisenbach et aI, 1 985 ;  Stewart and Dahlquist, 1 987). 
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Fig 1 .4 Sensory information pathway through the components of 

chemotaxis in E .  co l i  and S .  typh i m uri um (modified from Taylor, 

1 983 ;  Eisenbach et aI,  1 985 ; S tewart  and D ahlquist, 1 987) .  Tsr, Ta r 

and Trg are the known transducer proteins .  B P  designates soluble 

binding proteins to which chemoeffectors such as ribose, galac tose and 

mal tose bind before transduction. 
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111.3 .1 C h em or e c eptors  

Motile  bacteria are able to detect temporal changes in c hemoeffector 

(attractant or repe l lent) concentrations. Concentration measurements 

are made by means of specific sensory devices call ed 'chemoreceptors' 

(Adler, 1 969, 1 975) .  They are protein molecules located either in the 

periplasmic space or in the inner membrane. The types of receptor 

vary with bacteria l  species. This diversity provides a sampling of 

conditions that wi l l  direct a bacteri um to swim toward favorable 

conditions and away from unfavorable ones. It is assumed that the 

different  receptors i n  di fferent  species reflect differences in their 

metabolism which demand di fferent environmental conditions. A total 

of approximately 20 attractant receptors and 1 0  repe llent receptors 

have been identi fi ed i n  E. co l i ,  and the same diversity appears to be 

present in S .  typhimuri um ,  Table 1 (Adler, 1 975 ; Koshland,  1 980). 

Most of the receptors are highly specific for one or two chemicals but 

can react with a l imi ted range of molecu les a t  lower affinity.  

The chemoreceptors so far identified biochemica l ly  fal l  into three 

distinct categories (Parkinson, 1 98 1 ,  Stewart and Dahl quist, 1 987) .  

The first includes some of the so lub le  peripl asmic binding protein s  

such as the galactose, ri bose, and maltose binding proteins .  These 

binding proteins do not only function as specific sensory devices but 

al so play a role in ac t ive transport . Not al l periplasmic binding 

proteins are chemoreceptors and nei ther is sugar uptake required for 

chemotaxis .  However, these two processes share a common component 

(Adler, 1 969). 
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TABLE 1 . 1  List of receptors for chemotaxis of E .  coli and S. typhimurium 

(Adler, 1 975;  Koshland, 1 980) . 

Potential receptor Other compounds Shown to be Attractant (A) 
for chemoeffector which interact present in: or 
tested strongly with repellent (R) 

Glucitol 

receptor E. coli s.. typhimurium 

,j 
N-Acetylglucosamine ,j 

,j D-Fructose 
D-Galactose D-glucose, D-fucose ,j 
D-Glucose ,j 
D-Mannose D-gl ucose ,j 
Maltose ,j 
Mannitol ,j 
Ribose Allose ,j 
D-Sorbitol ,j 
Trehalose ,j 
Aspartate Glutamate ,j ,j 
Serine Homoserine ,j ,j 
Acetate Valerate, butyrate, ,j ,j 

propionate 
,j Isopropanol Ethano l ,  lsobutano l  

Leucine Iso leuci ne, va l jne ,j ,j 
Indole Skatole ,j ,j 
Phenol ,j 
Benzoate ,j 
H+, OH- ,j ,j 
Mg2+ Ca2+ Sr2+ , ,j 
Mg-Citrate Ca-ci trate ,j 
Citrate ,j 
Ni2+ Co2+ , ,j 
Nitrate ,j 
02 ,j ,j 
Arabinose Fucose, xylose ,j 
S2- ,j 
Fumarate 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
R 

R 
R 
R 
A,R 
R 
A,R 
A 
A 
A 
R 
A 
A 

R 
A 
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The second class of chemoreceptors span the inner membrane. These 

receptor protein s  provide the communication l ink  between the 

periplasmic b inding proteins  and the cytoplasm. They can also 

function as primary receptors. For instance, the Tar proteins of E .  

coli mediate the signal from the periplasmic maltose binding protein, 

and i t  d irectly binds aspartate, one of the strong chemoattractants. 

They also serve as sites of reversible methylation reactions,  which are 

involved in behavioural adaptation to some stimuli .  

The third type of chemoreceptors are involved in responses to sugars 

such  as g lucose  t hat are transported in to the  cel l  by a 

phosphotransferase system. The proteins are those involved in binding 

and phosphorylation of the sugars. 

The existence of some repellent receptors such as those for fatty acids, 

alcohols, hydrophobic amino acids, and several divalent cations, has 

been identified only indirectly us ing competition studies (Tso and 

Adler, 1 974). Competition experiments to classify repel lents have 

been performed using the chemical-in-plug method wherein plugs of 

agar containing repellents create a clear area within a semi-solid plate 

of bacterial  suspension (Tso and Adler, 1 974) . A plug of one 

repellent, A ,  at 50- to 200- fold above its threshold concentration for 

detection i s  placed in  the suspension whi le  a second repel lent, B ,  is 

added at as close to saturating concentration as possible i nto the 

suspension and a p lug .  If the two repel lents use  the same 

chemoreceptor, the response to A should be inhibited ; if  they do not, 

the response should not be affected . 
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111.3.2 Transd  u c e rs 

Transducers are the components of the chemotaxi s  machinery which 

are responsible for transmitting any sensed information to the flagel la 

for action via a possibly common sensory transduction system 

(Eisenbach e t  aI , 1 985) .  The excitation and adaptation phases actually 

constitute this transduction system. However, these steps are so far 

only defined phenomenological ly.  Changes in stimuli concentration 

are sent as a signal to the flagella and this  information affects the 

d irection their rotation . Thi s i s  known as the excitation phase. I t  

occurs wi th in 0 .2  sec in response to  a large s tep change in  the 

concentration of an attractant or a repellent (Eisenbach et aI , 1 985) .  

The transducer proteins are thought to act as the comparator in  stimul i  

concentration . The Tsr and Ta r transducers bind the amino acid  

attractants serine and aspartate and thus act as primary chemoreceptors 

for these compounds (Parkinson, 1 98 1 ; Stewart and Dahlquist, 1 987) .  

Tsr also d irectly mediates the response to repellent stimul i  i ncluding 

leucine. Tar also functions are receptor- transducer for the repellents 

Ni2+ and C02+. The Trg transducer binds with ribose- and galactose-

receptor complexes to act as secondary chemoreceptors . A new gene, 

tap , has been found recently and may encode a transducer for another 

as yet unidentified chemoeffector (Boyd and Simon, 1 982). 
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III.3.3 M e t hyl at ion of Trans d u cers 

The transducer proteins of E .  col i  and s.. typhi muri um are subjec t  to 

post-translational methylation and the degree of methylation reflects 

the cell ' s  past environment (Springer et aI , 1 977) .  Hence, the 

transducers are often referred to as methyl-accepting  chemotaxi s  

proteins (MCP). The transducers are methylated at glutamy l  residues 

to form carboxymethylesters . Methyl groups donated by S-adenosyl 

methionine are added by a methyltransferase which i s  encoded by the 

che R gene. The methyl groups from the transducers are removed by 

the che B gene product, a methylesterase. che R Mutants are unable to 

methylate and h ave a smooth- swimming phenotype (Springer and 

Koshland, 1 977) .  che  B Mutants are not able to de-methylate, 

therefore, have unusual ly high levels of methylation and exhib i t  a 

tumbly phenotype (Stock and Koshland, 1 978).  

During adaptation ,  which usually requires several seconds to a few 

minutes for completion, the unstimulated behaviour of the bacterial 

cell is restored i .e. smooth swimming with occasional brief periods of 

tumbling (Koshland, 1 980). In E.  coli and s.. typhimurium,  binding of  

an attractant to  a transducer causes i t  to generate a CCW signal to the 

flagella;  methylation of the MCP counteracts or turns off this  signal so 

that the original signal level is reestabl ished and the b ias of the 

flagell ar motors returns to the prestimulus  behaviour. Repe l lents 

cause CW rotation of the flagel la,  and are associated with decreased 

methylation (Boyd and Simon, 1 982). 
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In B .  subtilis, attractants cause decreased Mep methylation level s  while 

repellents cause increased levels of methylation (Goldman et aI, 1 982). 

A d apta t io n s  to oxygen  and  s u g ars  tran sp orted b y  t he  

phosphotransferase system in E .  co l i  and S .  typh im u ri u m  are not 

mediated by the MCP (Taylor, 1 983) .  However the methylation

mediated transduction pathway and the methylation- independent 

pathway may converge before reaching the motor "switch" (a site 

w hich is  closely associated with the flagellar motor and determines its 

direction of rotation).  

111.3.4 E x c i ta tory Sign a l i ng 

D ue to the absence of information about  the s teps that enable 

communication between the transducers and the " switch" ,  a signal 

mechanism h as been proposed to be generated or modu lated by the 

transducers and w hich interacts with the "switch " .  The exact nature of 

this signal is  sti l l  unclear. Eisenbach et al ( 1 985)  examined different 

excitatory signals and eliminated irrelevant mechanisms in an attempt 

to define what affects the motor directly.  

111.3 .4.1  D i rect Interact ion Between the M C P  and the S witch 

Direct communication necessitates a close physical contact between the 

Mep and the switch .  In such a case there should be high levels of 

Mep molecules in the membrane area around the flagel lar motor. 

However, Engstrom and Hazelbauer ( 1 982) found that the MCPs were 
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distributed uniformly in  al l  points of the membrane. This mech anism 

was further ruled out when Ravid and Eisenbach ( 1 984a) observed that 

flagell ar rotation in membrane envelopes devoid of cytoplasm was not 

affected by addition of chemoeffectors . 

111.3 .4.2 E lectr ica l  Sign a l i ng 

Membrane potential i s  the transmembrane electrical component of the 

proton motive force (the pH gradient being the chemical component) . 

Communication uti l izing changes in  membrane potential (�'If) have 

been considered because some eucaryotic cells (such as Paramecium) 

transmit these signals from one part of the cell to  another (Kung and 

S aimi ,  1 982) .  This also occurs in some large ,  non-pertirichous 

bacteria.  Chemotaxis in Spirochaeta aurantia and phototaxis (response 

to light ) in  Rhodospiri 1 l um rubrum are inhibited when the �'If values 

are c lamped close to zero (Eisenbach et aI, 1 985). 

Early evidence indicated a correlation between � 'If and chemotactic 

behaviour in E.  col i and .s.. typhimurium (Szmelcman and Adler, 1 976;  

Snyder et aI , 1 98 1 )  and B .  s u bti l i s  (Mi l l er and Koshland , 1 977) .  

Additi on of chemical agents to  these organisms which change the 

membrane potential also altered their swimming behaviour. For 

instance, in B .  subti l i s ,  addition of valinomycin (to a potassium-free 

medium) resulted in an increase in �'If (hyperpolarization) and led to a 

smooth swimming response fol lowed by an adaptive return to random 

behaviour. Addition of an attractant to B .  su bti l i s  resulted in  a similar 

swimming pattern as above but no change in  the membrane potential 

was observed (Miller and Koshland, 1 977) .  Conflicting resul ts as to 
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the effect of chemoeffector on membrane potential have been observed 

in E .  col i .  Szmelcman and Adler ( 1 976) detected changes in .1'1' in  

response to  attractan ts ,  but  Snyder et  al ( 1 98 1 )  did no t  fin d  such 

changes. However, Eisenbach ( 1 982) has shown that the discrepancies 

were the consequence of differing experimental condi tions.  

If  .1'1' is the signal , i t  may be expected that a l l  receptor signals go 

through the fl. 'V. However, such i s  not  the case since addition of a 

number of chemoeffectoTs has been shown to cause changes i n  

behavioural response without any change i n  .1'1' in  B .  subti l i s  (Miller 

and Koshland , 1 977) .  To test if modu lation of .1'1' is the signal , 

Eisenbach et al ( 1 985) clamped i t  i n  order to determine if chemotaxis 

would be inhibi ted . Vali nomycin ,  a strong ionophore in the presence 

of K+, was added to change the .1'1' in E .  co l i  and B .  subti l i s .  Under 

conditions where the K+ concentration was either high (.1'1' was close 

to zero) or low (fl.'I' was c lamped but not dissipated) ,  the bacteria were 

st i l l excitabl e  and adaptable and chemotaxis was s till normal .  

Therefore ,  fl. 'If was ru led out as the exci tatory signal in  bacterial 

species of small size. 

111.3.4.3 S ign a l i ng by I n t race l l u l ar pH 

Changes in  i n tracel l u lar or extracellu lar pH have been observed to 

resul t  in transducer-medi ated behavioural respon se (Repaske and 

Adler, 1 98 1 ;  Ki hara and Macnab, 1 98 1 ) . A decreased external pH 

after the addition of weak acid (acetate, benzoate, salicylate) evoked a 

repel lent ( tumbl i ng) response i n  wild-type cel l s  of E .  co l i .  This 
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tumbling response also correlated with changes in intracel l ular pH 

(pHi) . Kihara and Macnab ( 1 98 1  ) have proposed a "proton receptor" 

theory wherein the receptor protein is protonated and altered in such a 

way as to ini tiate a signal to the motor. Sensory information from the 

receptor is transduced through the Tsr protein ( Repaske and Adler, 

1 98 1 ;  Sclonzewski et aI, 1 982). Tsr has two pH-sensitive regions that 

mediate responses to intracel lular pH. The Tsr protein undergoes a 

change in conformation induced by pH which may be simi lar to that 

observed when (other) repellents are added (or attractants removed), 

such that there is  a corresponding s ignal  for the excitation and 

adaptation phases . Tar also has internal and external pH-sensitive 

regions which elicit responses that are opposite to those associated with 

Tsr. Decreasing pH causes an attractant response by the Tar protein .  

Such inverted response i s  observable only i n  tsr mutants. 

To verify if intracellu lar pH was the signal , Eisenbach et al ( 1 985)  

u sed 0. 1 M benzoate to produce acid  accumulation and equil ibrium 

between the i ntracel l u lar and extracel l u l ar pH in  E .  co l i .  This 

condi tion  promoted  a h ighly buffered in trace l lu lar conditi on .  

However CCW rotation o f  the flagella i n  E .  coli  was sti l l  evoked i n  the 

presence of serine .  Hence, these workers have concluded that 

i ntracellu lar pH appears to be involved in excitatory signaling only in 

the case of weak acid/base taxis. Repaske and Adler ( 1 9 8 1 )  recognized 

the in terrelationsh ip  of membrane potential , pH gradient and  

intracel lular pH.  They suggested that the effects ascribed to sensing of 

a �\jf could resu l t  from an altered pHi. 
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111.3.4.4 S i2n a l i n2 by Cytopl asm ic Prote i n s  

The most l ike ly  mechanism for exci tatory signa l ing  i s  through  

cytoplasmic protei ns that are products of the chemotaxis genes. Che R,  

Che B ,  Che Y ,  Che Z, Che A and Che W are a l l  cytoplasmic proteins 

that cou ld ,  in pri nc ip le ,  participate in s igna l  generati o n  and  

i nactivation ,  o r  that could serve as the signal itself. Thi s  mechan ism 

further i nvo lves d iffusion of the signal  through the cytoplasm to the 

flagell ar switch (Eisenbach et aI , 1 985 ;  Stewart and Dahlquist, 1 987) .  

However, Che R and Che B are un likely candidates because che R ,  che 

B and che RB deleti on mutants sti l l  exhibit normal exci tatory response 

to attractants. (che R mutants l ack methyl-trans ferase activ i ty and 

show predominan t ly  CCW rotation w h i le che B mutants lack 

methy lesterase activi ty and exhibit predominantly CW rotation). 

Non-chemotactic mu tants (che)  are capable of flagel l ar rotation but 

exhibit aberrant swi mming patterns c h arac terized by too few or too 

frequent tumbl ing epi sodes. 

Point mu tation and deleti ons in che Y cause extreme CCW (smooth) 

bias in the swimming behaviour of E. c o l i  and S,.. typh i m u ri u m  

(Parkinson,  1 98 1 ) . C he  Y (protei n) has been proposed as a " tumble 

factor" . Eisenbach and Ad ler ( 1 98 1 )  have prepared cel l envelopes of 

S .  typh i muri um that have flage l l a  wh ich rotate exc l usively CCW.  

Addi tion of purified Che Y from E .  co l i  to these envelopes swi tc hed 

the rotation to CW (Ravid and Eisenbach ,  1 984a). Clegg and Koshland 

( 1 984) a l so observed that overproduction of Che Y in E.  col i  resu l ted 

i n  extreme CW bias to fl age l l ar rotation.  Simi lar results were obtained 
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when these C he  Y genes were overexpressed in host cell s  that l ack 

transducer protein s .  These resul ts ,  therefore, suggest that Che Y 

protein interacts directly with the flagell ar switch and does not require 

additional components to mediate this interaction . 

Poin t  mutations and deletions i n  che Z cause extreme CW bias of 

flagel lar rotation , which produces a tumbly phenotype (Parkinson,  

1 98 1 ) . Che Z i s  thought to  facilitate rapid i nactivation of the " tumble 

factor" (C he  Y) which leads to an i ncrease in the CCW bias of the 

motor. However ,  Ei senbach et aL  ( 1 985)  suggested that C he Z is 

probably not a CCW signal but rather is i nvolved in  releasing Che Y 

from the switch si nce fl age l la  i n  cel l envelopes devoid of cytoplasm 

rotated CCW even in the absence of Che Z. 

che A and che W Mutants are smooth swimming mutants which seldom 

tumble due to extreme CCW bias i n  flagel la rotation (Parkinson ,  

1 9 8 1 ) .  Only strong repe l len t  stimu l i  such as  benzoate can effect CW 

transient response i n  such mutants;  other less potent stimuli cannot do 

so . Little is  known about che A and che W gene products. Che A and 

Che W proteins do not seem to be required for CW flagellar rotation 

per se  but they may be necessary for translating  MCP - mediated 

signals to the flage l l ar swi tch .  S tewart and Dahlquist ( 1 987) observed 

that che A mutants were defecti ve i n  regu lati on of methylesterase 

activity i n  response to repel len t ,  which suggests a signaling role for 

Che A.  Some che W mutants have overmethylated MCP, suggesting 

that the Che W protei n is  i nvolved in  regu lation of  methylesterase as 

well .  
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111.3.5 T h e fl age l l a r  Swi tch 

The switch is conceived as the component which receives signals 

generated by the chemoreceptors durin g  exci tation . The che C and 

che V gene products may be the flagel lar site for the receptor signals 

(Parkinson , 1 9 8 1 ) . Mutations at the che C and che V loci resu lt in 

either excessively high or low tumbling rates which could be due to 

inability to respond correctly to the incoming receptor signals. 

Using transductiona l  crosses , che C and che V mutations were found to 

map in ita A and Ita B loci, respectively (Armstrong and Adler, 1 969; 

Si lverman and Simon, 1 973) .  These loci are a l tered in  subtle ways by 

mutations i n  che C or che V, thereby permitting synthesis  of flagel la 

whi le interfering  with normal rotationa l  response and resul ting in a 

chemotaxis  defect. Parkin son ( 1 976) and Rubik and Koshland ( 1 978)  

found that the che C and che V switch mutants can sti l l  respond to 

chemical stimu l i  but exh ibit  h igher than normal thresholds .  A che C 

mutant of S .  typhim uri um exhibi ts i nverted chemotactic response 

(Khan et a I ,  1 97 8). CW rotation of their fl agel l a  resul ts in smooth 

swimming and addition  of attractan t, which normal l y  resul ts in CCW 

rotation, leads to tumbl ing (Boyd and Simon, 1 982). 

111.3.6 M ethylat ion - I n d epend ent A d apta t i on 

In  various organisms , behavioural  response to oxygen (aerotaxis), l ight 

(phototaxi s), prol ine taxis and electron acceptor taxis are mediated by 

proton moti ve force, ins tead of MCP (Tay lor, 1 983) .  In che R and che 
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B mutants of E . co l i  and s .  typhi muri um,  adaptation to  oxygen was 

shown to be normal but a l l  methylation - dependent adaptation was 

impaired. Chemotax is  towards glucose and o ther sugars transported 

by a phosph o tran sferase system also i nvo lves a methylation

independent adaptation  (Nirvano and Taylor, 1 982). "Protometer" is  

the (putative) sensor that detects changes in  the proton motive force 

(Glagolev, 1 980) .  Phosphorylation or adenylation  of the signaling 

protein in phosphotransferase chemotaxis, or of the protometer, are 

possible mechanisms for methylation - independent adaptation (Taylor, 

1 983) .  

The methylati on-dependen t and methy lati on- independent  sen sory 

transduction pathways probably converge at a point  before reaching 

the flagel l ar motor swi tch . Inclusion of the Mep - independent 

pathways, namely proton motive force-dependent pathways and the 

phosphotransferase pa thway, adds diversi ty to the sensory transduction 

pathway. 

It has been suggested that behavioural responses media ted by the 

proton motive  force occ ur  pri mari ly  to gu ide cells away from 

environments which cannot support opti mal energy production .  In an  

environmen t where proton moti ve force can be generated, moti le 

bacteria are guided by responses mediated by methylation-dependent 

pathways. 

Taylor ( 1 983)  concl uded that specia l ized responses of bacteria lead 

them to select one energy source over others and enable them to 

modify chemotactic responses to ensure that chemotaxis does not trap 
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bac teria in an environmen t which cannot supply an optimal rate of 

ATP produc tion .  

1 .111.4 Ch emota x i s  i n  Clostridi u m  a n d  Other Bacteria 

A review by Weibul l ( 1 960) li sted the different genera of bacteria used 

in earl ier investigations of chemotactic response. These include: 

Aerobacter, B aci l l us ,  Beggiatoa, B ordete l l a, Chroma ti um, Clostridium, 

Corynebac teri um, Escherichia, K lebsie l l a, Leptospira, Micrococcus, 

Pas teure l l a, Pseudo monas, Pro teus, R h i zo bi u m, R h odospi r i l l um, 

Salmonel l a, Serratia, Shigel la, Spiri l lum and Vibrio. 

S tudies on C l o s tri d i um  date back to 1 893 when B eijerinck used 

microscopic techniques to study bacterial aerotaxis .  V arious bacteria 

were introduced i nto a test tube partial ly fil led with distil led w ater or 

replaced by 0. 1 % agar .  A fter about 24 h, moti le  aerobic organisms 

formed turbid i ty between the bottom of the tube and the surface of the 

liquid .  Removal of oxygen resu l ted in a band toward the surface .  

Clostridia formed a band of moti le  organisms at the bottom of  the  tes t  

tube, leav ing t he  res t of the l iquid clear. Aside from this aerotactic 

response, no other s tudies on behavioural response, such  as  

chemotaxis ,  of the moti le, obligate anaerobic clostridia h ave appeared . 

Moti l i ty i n  C .  acetobutyl icum has been observed during the  ABE 

fermentation (Spivey, 1 978 ;  Jones e t  a I ,  1 982; Long e t  a I ,  1 984a) bu t  

has no t  been percei ved as  a chemotactic response. 
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Recent studies on  chemotaxis using non-peritrichous bacteria such as 

Spiri l l um (Krieg et aI, 1 967), Pseudomonas (Moench and Konetzka, 

1 97 8 ;  Craven and Montie ,  1 983 )  and Spirochaeta (Goulborne and 

Greenberg, 1 98 1 )  have dealt main ly  with the basic mechanism of 

chemotaxis.  The role and significance of chemotaxi s  have been s tudied 

i n  the denitrifying bacteria such as P seudomon as  aerugi n osa ,  P .  

fluorescens ,  and P.  stutzeri (Moulton and Montie, 1 979; Kennedy and 

Lawless, 1 985)  and in the symbiotic n i trogen-fixing bacteria such as 

Rhizobium mel i loti (Ames et a I ,  1 980), R .  Jeguminosarum (Bowra and 

Dilworth , 1 98 1 ) , R .  tri fo l i i  and Bradyrh izobi um japonicum (Parke et 

aI , 1 985) .  Resul ts suggest that chemotaxis offers a mechanism by 

which denitrifiers successfully compete for available N 03 - and NOT 

and may facil i tate the survival of n aturall y  occuring populations of 

some denitrifiers . Similarly, attraction to sugars and amino acids and 

plant phenolics present i n  most exudates may provide competitive 

advantage in nodulation by nitrogen-fixing bacteria. 

It appears that solven togenesis during the ABE fermentation and 

bacterial chemotaxis share some common features. As fields of study, 

they are both widely investigated . 

As  physiological phenomena, they both require signal (s) to occur and 

the nature of the signal(s) sti l l  waits to be identified . The proton 

motive force or either of its components (membrane potential and pH 

gradient) may be a common component of the two phenomena. Proton 

motive force is generated in strictly fermentative bacteria, s uch as C .  

acetobu tyl i cum ,  through proton extrusion across the membrane  to 
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maintain a functional pH gradient, and thereby drive energy-requiring  

metabolic processes. In  motile bacteria, the proton motive force is 

converted into mechanical force that rotates the bacterial flagella. 

The intracellular pH has been proposed as a possible signal ,  transmitted 

by the transducers to the flagella, which determines the d irection of 

flagellar rotation . In the ABE fermentation , the intracellu lar pH has 

been proposed as a signal for the transition from the acidogenic phase 

to the solven togenic phase. 

The cell membrane plays a vital function in both chemotactic and 

solvent-producing cell s .  The flagel la, chemoreceptors and transducers 

are located in the cel l membrane. B utanol seems to be most toxic to 

the cell membrane ,  thereby inhibiting membrane-l inked  cel lu lar 

functions. 

Although metabolism of attractan t i s  not required in  chemotaxis ,  

chemotaxi s  has  been suggested to  provide survival advantage to 

bacteria by leading them towards sources of energy (such as sugars) 

and guiding them away from toxic substances (such as phenol and 

acids) . Likewise, the shift to solvent production appears to provide 

survival advantage to C. acetobutyl icum as it acts as a detox ification 

mechanism to avoid the inhibitory effects that would occur when acid 

and products reach toxic levels .  

The purpose of  this thesis ,  therefore, is to investigate this perceived 

link between motility and solventogenesis in C. acetobutylicum. 
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C HAPTER 2 

GENERAL M ATERIALS AND METHODS 

2 . 1  MICROO R G A N I S M  

Clostridi um acetobutyl icum P262 was obtained as  a spore suspension 

from Professor 0 R Woods,  Un ivers i ty of Cape Town ,  Cape Town,  

Sou th Africa. 

2 . 2  C ULTUR E  M EDIA 

A Semi-Synthetic Medi um, SSM, (Ennis and Maddox,  1 985) was used 

i n  various experiments. The composition is shown below: 

Glucose 

Yeast extract 

Ammonium acetate 

L-Cystei ne hydroch loride hydrate 

NaCl 

K2HP04 

KH2P04 

MgS04 

MnS04.7H20 

FeS04.7H20 

Distilled water 

Concen tration (gil) 

50.0 

5 .0 

2.0 

0.5 

1 .0 

0.75 

0.75 

0.2 

0.0 1 

0.01 
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The yeast extract was obtai ned from GIBCO Diagnostics (Wisconsin ,  

U .S .A.) .  

The slopes used for production of spores were prepared either from 

Reinforced C lostri d i al Agar, RCA ( B B L  Microbiology Systems,  

Cockeysvi l le ,  M ary land ,  U . S .A) or Su lph uric acid -case in  Whey 

Permeate Agar, WPA. The whey permeate was obtained from the New 

Zealand Dairy Research In stitu te (Palmers ton North , New Zealand) .  

For RCA, Agar (Davis Gelatine New Zealand Ltd, Chri stchurch, New 

Zealand) was added to give a final agar concentration of 1 7  gil . This 

served to min imi ze shatteri ng of agar, due  to gas production, and 

swarming of co lonies .  The WPA was prepared by adding agar to whey 

permeate at 1 7  gil and adjusting the pH to 6.5 using  aqueous ammonia 

prior to autoclavi ng .  

The Cooked Meat  Medium, CMMG, (Difco Laboratories, Michigan, 

U .S .A.)  used i n  inoculum development was supplemented with glucose 

at 1 0  gil . 

2 . 3  CHEMI C A LS 

All  chemicals  u sed were of analytical grade. Those which were 

commonly used i n  the experiments, and their sources, are l i s ted below. 

Sigma Chemical Company 

(St. Louis, Missouri , U .S .A.)  

Glucose 

Galactose 

Lactose 



BDH Chemicals Ltd 

(Palmers ton North ,  New Zealand) 

May & B aker Ltd 

(Victoria, Australia) 

Ajax Chemicals 

(Sydney, Austral ia) 

2 . 4  A N A E R O B I C  I N C U B ATION 
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Acetic acid 

B utyric acid 

B utanol 

Ethanol 

Acetone 

Orthophosphoric acid  

L-cysteine hydrochloride 

MgS04 

FeS04·7H20 

Ammonium acetate 

NaCl 

KH2P04 

K2HP04 

MnS04.7H20 

Cul tures which requ ired anaerobic incubation were pl aced in  anaerobic 

jars manufactured by Bai rd and Tatlock Ltd (Chadwel l Heath, Essex , 

U .K . )  or  B BL Microbi o l ogy Systems (Cockeysvi l l e ,  Maryland,  

U .S .A.) .  

Anaerobic condi t ion was obtained by US Ing a B BL G asPak 1 00 

disposable envelope which generates hydrogen and carbon dioxide.  

Developmen t of anaerobic atmosphere was checked with a B B L  G asPak 

anaerobic i ndicator. The pa l l adium catalyst i n  wire gauze capsu le w as 
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rejuvenated either by flaming unti l  red hot or placing i n  an oven at 

1 60- 1 S00C for 2 h, prior to use . 

2 . 5  HEAT S H OC KING 

All  spore stock cultures were rev ived by heat shocking an aliquot of 

0.2 ml i n  20 ml CMMG at 750C for 2 min .  Thi s  was followed 

immediately by cooling  in iced water for 1 min .  

2 . 6  PRODUCTION O F  SPORES A N D  CULTURE 

M A I NT EN A N C E  

The stock culture was heat shocked a s  described i n  Section 2 .5 .  The 

culture was then incubated anaerobically at 370C until vigorous gassing 

was observed (24-48 h). 

S lopes of  RCA or WPA were streaked with the rev ived culture and 

incubated anaerobically at 370C. Spore formation  was monitored by 

B artholomew and Mittwer' s spore staining technique using malachite 

green (Harrigan and McCance, 1 966) .  After 8 d ays incubation, the 

sporulated cul tures were aseptically scraped off i n to s terile disti lled 

water and d ispensed at 2 ml into steri le screw-capped Kimax test tubes 

( 1 6  x 1 00 mm). The haemocytometer spore counts from RCA and 

WPA were approximately 2.4 x 1 07 and 5 x 1 05 per ml, respectively .  

The spore suspensions were maintained at 40C. 
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2 .  7 C U LTUR E  C ON DITION S  

Cultures were grown in  3 stages as follows: 

a) An aliquot of s tock culture (0.2 ml) was inoculated in to 20 ml of 

CMMG and heat shocked at 750C for 2 min. This was followed 

by cooling in iced-water for 1 min . The cul ture was incubated 

anaerobica l ly  at 370C for 1 6- 1 9  h after which time highly 

motile cells were present. 

b) One ml of the culture was transferred to 20 ml of SSM. This 

was incubated at 240C for 1 6- 1 9  h. 

c) Ninety nine ml of freshly autoclaved SSM was then inoculated 

with 1 ml of the above culture and incubated at 34oC.  

2 . 8  STERILIZATION OF M EDIA A N D  G LASSWA R E  

All culture media were sterilized in the autoclave a t  1 2 1 0C for 1 5  min.  

Pipettes, test  tubes and bottles were sterilized i n  the hot air oven at 

1 600C for 2 h .  

2 . 9  A NA L YT I C A L  M ETHODS 

2.9.1  pH M ea s u rem e n t  

All  pH measurements were done using a Metrohm pH meter E520 

(Metrohm A .  G . ,  Herisau , Switzerland) .  
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2.9.2 Cel l  Cou n ts 

Total cell  counts were performed using a standard h aemocytometer 

(Assistant, West Germany) u nder 400 x magnification. B oth vegetative 

cel ls  and spores, if any, were counted. 

2.9.3 A n a lysi s  o f  S ol vents  a n d  Acids 

Solvent and acid fermentation products were determined by gas 

chromatography (GC) using a Shimadzu GC ( Shimadzu Corporation ,  

Kyoto, Japan , Model GC-8APF) equipped with a flame ionization 

detector. A stainless steel column ( 1  m x 0. 1 5  cm i nternal diameter) 

packed with Porapak Q was used at a carrier gas (nitrogen) flow rate 

of 60 ml/min .  The column was maintained at 2000C, and the i njector 

and detector temperature at 2200C.  Samples were i njected at 2 III 

aliquots. 

Concentrations were calculated by measurement of peak height, u sing 

an internal standard i n  the sample, and comparison with a standard 

solution of similar known solvents and acids composition. The in ternal 

standard u sed was sec-butanol (50 gil) in 20% vlv orthophosphoric 

acid,  added at the rate of 0. 1 ml  to 1 .0 ml  of sample or standard 

solution .  The standard solution was composed of butanol  (5 gil )  

ethanol (2 gil) ,  acetone (2 gil) ,  butyric acid (2 gil) and acetic acid (2 

gil) .  

A response factor was calcul ated for each solvent and  acid component 

in the parallel standard as follows: 
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where :  

i s  the average of  the ratio of  peak heights o f  internal 

standard : solvent or acid from duplicate injections. 

i s  the concentration ratio of the internal standard : solvent 

or acid in the standard solution. 

The response factors were used to calculate the concentration of 

solvents and acids in the sample. 

where : 

c = Rf . IS c . (�) 
I S H 

c, is the concentration of solvent or acid in the sample (gil ) .  

ISc, i s  the concentration of the internal standard in the sample. 
c H  

I S H' 
i s  the ratio of peak heights of solvent or acid: internal 

standard . 

2.9.4 A nalysis of SU2ars 

Quantitative analysis of glucose or lactose was performed using a 

Waters Associates Model ALC/GPC 244 h igh performance l iquid 

chromatograph (HPLC) with a Model 5 90 solvent delivery system and 



70 

Model U6K septumless i njector (Waters A ssociates, Inc . ,  Milford, 

Massachusetts, U .S .A.) .  

A Sugar-PAK 1 carbohydrate column (Water Associates) was used. 

The colu mn was operated at 900C using a solvent system of calcium 

acetate (20 mg/l) at a flow rate of 0.5 ml/min. 

The detector was a Waters Associates differen tial refractometer Model 

R401 .  

Cul ture s upernatan ts were su i tably d i l u ted to  gIve a sugar 

concentration around 5 gil. The samples were filtered through a 0.45 

�m membrane using a Swinney Filter Ki t (Millipore Corporation) 

before injecting at 25 �l volume. 

Calculation of sugar concentration was done by measurement of the 

peak heigh t  and reference to the peak height of standard sugar 

solution.  

A + 5% error was estimated . 



C HAPTER 3 

C HEMOT AXIS I N  

CLOSTRIDI UM A CETOB UTYLIC UM P262 

3 . 1  INTRODUCTION 

7 1  

A series of distinct  morphological and cytological changes occur i n  

certain strain s  of c .  acetobutyl icum,  including the industria l  strain 

P262, during fermentation (Spivey, 1 978 ;  Jones et aI, 1 982; Jones and 

Woods, 1 986)  suggesting a possible rel ationship between solvent 

production and cel l  differentiation. 

The initial acidogenic phase coincides with the exponentia l  growth 

phase. I t  is characterized by the presence of highly moti le ,  actively 

dividing phase-dark cells. A few hours before the pH-breakpoint  active 

growth ceases, motility decreases and the cell begins to accumulate 

granu lose (Jones et aI, 1 982; Long et aI, 1 984a; Reysenbach et aI ,  

1 986) .  The shift to the solventogenic phase is accompanied by the 

conversion of the vegetative rods to swollen phase-bright c lostridial 

forms which continue to accumulate granulose and produce c learly 

defined extracel lu lar capsules. The formation of clostridial forms is  

normally fol lowed by spore formation which includes devel opment of 

forespore septum and mature endospores .  Formation of mature 

endospores is  not  usual ly observed in  industrial fermenta tions ,  

probably due to inhibition of  further development by  the accumulation 

of toxic concentrations of butanol (Jones and Woods, 1 986). 



72 

Studies have been carried out to i nvestigate the link between induction 

of solvent production and i nduction of cell d i fferentiation in C .  

acetobutylicum (10nes et  a I ,  1 982; Long et  a I ,  1 984a, Long et al 1 984b, 

Haggstrom and Forberg, 1 986 ;  Reysenbach et aI ,  1 986) ,  while the 

number of clostr id ial forms has been d irectly related to solvent 

concentration (10nes et aI , 1 982). Cells that failed to differentiate to 

clostridial forms underwent degradative changes . The development of 

the clostridial s tage in C.  acetobutylicum P262 has also been associated 

with the production of capsules (Jones et aI, 1 982; Long et ai, 1 984b). 

However, Haggstrom and Forberg ( 1 986) observed that  capsule 

production in  strain ATCC 824 occurred not only during the solvent

production phase but also during the exponenti al and - acid-production 

phase. The onset of endospore formation has been shown to be not 

essential for solvent production (Jones et aI , 1 982; Gottschal and 

Morris ,  1 982; Long et aI, 1 984b; Meinecke et aI ,  1 984) .  Solvent 

production could  stil l  occur in mutants b locked in granu lose 

accumulation, capsule production and sporulation.  

Studies concerning motil i ty of C .  acetobutyl icum lag behind those of 

other morphological stages despite a possible relationship suggested by 

Spivey ( 1 978) .  Vigorous motility which developed in the first stage of 

inoculum development correlated with good solvent production. The 

absence of motil i ty at the first stage (after heat shocking), or indeed at 

any time in the subsequent stages, was a clear indication of poor solvent 

yields despite a normal cell population .  This relationship was 

confirmed when significantly higher concentrations of butanol and 

higher production rates were observed when transfers between s tages 

of inoculum development were made while the cells were highly motile 

(Gutierrez, 1 985) .  
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Spivey ( 1 978) found the biochemical basis of this relationship obscure .  

However, such a rel ationship could be explained by the phenomenon of 

chemotaxis (Appendix  2). Chemotaxis is defined as movement towards 

or away from chemicals and is a ubiquitous biological phenomenon 

(Adler, 1 975 ;  Koshland, 1 980). 

Motile bacteria are known to detect temporal changes in concentrations 

of specific chemicals, behaviourally  respond to these changes, and then 

adapt to the new concentration of the chemical stimulus .  In positive 

chemotaxis, bacteria migrate towards attractants while in negative  

chemotaxis,  bacteria swim away from repell ents . Typical attractants 

for various bacteria include sugars and some amino acids (Mesibov and 

Adler, 1 972; Adler et aI, 1 973 ; Moulton and Montie, 1 979) .  Repellents 

include alcohols  and weak acids (Tso and Adler, 1 974) .  In an 

environment lacking a stimulus, the movement of a motile bacterium is 

characterized by a series of "runs" in smooth , rather straight l ines for a 

few seconds, and " tumbles " ,  when the ce l l  thrashes around for a 

fraction of a second . Cells  migrating towards increasing concentration 

of attractant swim in longer runs and tumble less frequently. In the 

presence of increasing repellent concentration, bacteria  tumble more 

often. 

Due to the simplicity of bacterial cells  compared to higher organisms, 

bacterial c hemotaxis  as a behavioural response has been widely 

investigated in an effort to provide an explanation for more complex 

behavioural systems. 

In this study, the moti li ty of C. acetobutylicum has been investigated 

during a typical batch fermentation process .  Chemotaxis experiments 
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were performed using various fermentable  sugars and fermentation 

products to obtain data which could help explain  the motile behaviour 

of the organism during the fermentation process .  

3 . 2  MATERIALS AND METHODS 

3.2.1 Chem otax is Med ium 

The chemotaxis medium (CM) used for the assays consisted of the 

following: 

Potassium phosphate buffer, pH 5.0 

Sodium thioglycollate 

Resazurin 

Concentration 

0.01 M 

0.5 gil 

0.005 gil 

The medium was maintained anaerobic by flushing with carbon 

dioxide. 

The C M  agar used for the plugs in certain assays was prepared by 

solidifying eM with agar at 30 gil . The semi-solid CM was prepared 

by adding agar to the CM at 2.5 gil . 

3.2.2 Ferm entat ion  M e d i u m  

Sulphuric acid - casein whey permeate obtained from the New Zealand 

Dairy Research Insti tute (Palmers ton North , New Zealand) ,  and 

prepared according to Matthews et al ( 1 97 8 ) ,  w as u sed as the 
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fermentation substrate. Before being autoclaved , the permeate was 

supplemented with yeast extract at 5 gil and adjusted to pH 6.5 with 

aqueous ammoma. 

3.2.3 C h em icals, Gases, a n d  O t h er M ateri als 

Al l  chemicals used for chemotaxis assays were of analytical grade. 

Sources of g lucose, l actose, galactose, acetic acid, butyric acid ,  butanol, 

ethanol ,  and acetone are described in  Section 2.3 . Resazurin,  sodium 

acetate, sodium hydroxide, and potassium ethylenediaminetetraacetate 

were obtai ned from B D H  Chemicals Ltd (Poole ,  U .K . ) ;  sodium 

thioglycol l ate was from Difco Laboratories (Michigan , U .S .A . ). 

Oxygen-free ni trogen gas (N2) and carbon dioxide gas (C02) were 

suppl ied by New Zeal and I ndustrial Gases Ltd (Palmerston North ,  New 

Zealand) .  

Micropipettes were obtai ned from Clay Adams, B ecton , Dickinson and 

Company (Parsipanny, N.J . ,  U .S .A.) .  Parafi l m  seal was obtained from 

American Can Company (Greenwich, Connecticut, U.S .A.). 

3.2.4 A n a erobic  M a n ipu l a t i o n s  

An anaerobic cabi net (Forma Scientific Inc . ,  Ohio, U .S .A . )  was used 

for anaerobic manipulations .  The oxygen- free atmosphere was 

achieved by using N2 and C02 at a ratio of 80 : 20, respectively. 
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3.2.5 I nocul um Preparation for Batch Fermentation 

C. acetobutylicum P262 was grown in 3 stages to develop the inoculum 

for fermentation : 

a) The stock culture was heat shocked as described in Section 2.5 . 

The culture was incubated anaerobically at 340C until cells were 

highly motile ( 1 9  h) .  

b) Five ml of the cu lture were transferred to 95 ml of fermentation 

medium (Section 3 .2.2). The culture was incubated at 340C for 

22 h to obtain highly  motile cel ls .  

c) The fermentation medium (5.2 liters) was inoculated with 1 00 

ml of the moti le cu l ture. 

3.2.6 B a tch Ferm entat ion 

Fermentation was performed in a 7 - l i ter Microferm fermen ter (New 

B runswick Scientific Co. ,  New B runswick, New Jersey , U . S . A. )  

containing 5 .2 liters of  w hey permeate prepared as described in Section 

3 .2.2 .  The vessel containing the medium was assembled onto the 

fermenter uni t  immediate ly after autoc1aving.  D uring cooling, sterile 

oxygen-free N2 gas was passed across the surface of the medium, and 

this gassing was continued after inoculation unti l  v isible gassing due to 

bacterial growth was observed. Fermentation was carried out at 340C 

without any agitation or pH control .  
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3.2.7 Preparation of Ch emotactic Cel ls 

For chemotaxis experiments, C. acetobutylicum was grown in 2 culture 

stages: 

a. The stock culture was inoculated into 20 ml CMMG and heat 

shocked as described in Section 2.5 . The culture was incubated 

at 370C until highly motile cells were present ( 1 6- 1 9  h) .  

b .  A 5 ml sample of the cul ture was transferred to  95 ml of SSM 

and incubated at 300C for 1 7  h to obtain highly motile cells .  

Cells were harvested by centrifugation at  3 ,000 x g for 10 min at  room 

temperature. The pellet was gently suspended in  5 ml of CM. Cells 

were washed in CM five times for positive chemotaxis experiments and 

two times for negative chemotaxis experiments. The final pellet w as 

suspended in CM to give an OD650 equivalent to approximately 1 08 

cells per ml . B etween 70 and 90% of the harvested cells remained 

motile for at least 1 h .  

3.2.8 Pos i t i v e  C h emota x i s  

A modified 'chemical-in-capillary' method (Fig 3 . 1 )  was used for 

positive chemotaxis (Adler, 1 973) .  The chamber was formed by 

placing a bent (V-shaped) melting-point capi l lary tube between a 

microscope slide and a cover slip. This was filled with approximately 

0.2 ml of the bacterial suspension. The capillary tubes  for containing 

the attractant solutions were 5-�1 micropipettes wi th an internal 

diameter of 0. 1 7  mm. After filling with attractant dissolved in eM,  

one end was sealed with parafilm, and the  tube was inserted into the 
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chamber. The assay was performed at 200C in the anaerobic cabinet. 

After the appropriate incubation period of 30 or 45 min ,  the contents 

of the capil laries were ejected into 10  ml of peptone water (5 gil) .  The 

cells were counted using a haemocytometer. Control tubes fil led with 

CM alone were used to assess the background motility.  To assess 

reproducibil ity of the method, nine capil laries were used to measure 

the response to 1 0- 2  M glucose (Appendix 3) .  The standard error was 

30%. This is  rather high but not unusual ly so for this method 

(Mesibov and Adler,  1 972). The results reported are the average of  

those obtained on at  least three different days.  

3.2.9 N e2a t i v e  C h em ot a x i s  

For negative chemotaxis ,  experiments were performed using a 

modified "chemical in p lug"  method (Tso and Adler, 1 974). The test 

chemicals were added in to molten eM agar just before the agar set 

(about 400C). The agar was poured into p lates and a llowed to solidify 

before incubating overnight in anaerobic jars. The agar plugs were cut 

using a stainless steel borer with a diameter of 10 mm. 

Washed (chemotactic) cell s  were p lated in semi-solid eM. The plugs 

were p laced in this suspension as i l l ustrated in Fig 3 .2. The set-up was 

incubated at 300C for 30 min.  Plugs containing CM alone were used as 

controls .  
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3.2.10  C h e m i c a l  A n a lyses 

Analyses for solvents and acids were performed as described in Section 

2.9 .3 .  Lactose was determined quantitatively as described in Section 

2.9.4. 

3 . 3  R E S U LT S  

3.3.1 B a tc h  Ferm e n t a t ion 

The motility of C.  acetobutylicum P262 was monitored closely during a 

typical batch fermentation process using a substrate of whey permeate. 

Figure 3 .3  shows the initial 28 h of the process. The inocu lum 

consisted of 1 00% motile cel l s .  Upon inoculation, most cell s  became 

nonmotile, but after 2 h of fermentation, motility was restored, with 

cells moving in long, fast runs without changing direction. The cells 

again became nonmotile after 2 h but had fully recovered by 6 h .  The 

moti l ity was again characterized by long, fast  runs, with very l ittle 

tumbling being observed . The reason for the hiatus in motility is  not 

c lear, but it  may be peculiar to the substrate used; i .e . ,  a compound 

other than lac tose may be the initial carbon source, followed by lactose 

u ti lization . Virtually 1 00% of the cell s  remained motile until after 1 3  h 

of fermentation, but the motility changed from running to tumbling 

during this time. Most cel l s  exhibited both running and tumbling 

motions, so the fraction of tumbling cells can be taken as the tumbling 

frequency . Running cells  were associated with the early period of the 

lactose utilization, acid production, and pH decrease. The frequency of 

tumbling increased as solvent production commenced and the runs 
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became short  and s low. After 10 h of fermentation, only tumbling was 

observed. The proportion of motile cel ls in the population decreased 

considerably by 1 4  h, but some individual cells remained motile for 

much longer. After 24 h, the vas t majori ty of cell s  were in the 

clostridial form. 

3.3.2 Optim u m  C on d i t ions for C h emota xis  of C .  aceto b u tylic u m  

I n  order t o  identi fy attractants and repel lents, i t  was first necessary to 

determine the cond i tions and chemicals needed for optimum motility 

and chemotaxis of C .  aceto b u tyl i c u m .  When grown under the 

conditions described in Section 3 .2.7 cel l s  from the exponential phase 

were the most moti le. 

A medium which supported moti l ity and which contained only known 

chemicals ,  so as not to al low growth during the assay, was necessary to 

study bacterial moti l i ty .  A wash medium designed for E .  col i  (Adler 

and Templeton , 1 967 ; Adler, 1 973) was used for C .  acetobutyl icum.  

This consis ted of potassium phosphate buffer (pH 7 .0) 1 0-2 M; MgS04, 

1 0-3 M ;  and potassium ethylenediaminetetraacetate (EDTA),  1 0-4 M.  

However, moti l i ty of  cel l s  harves ted after centrifugation ceased 

immediate ly upon suspension in medium containing EDTA. 

Assay conditions simi lar to those of growth conditions were provided 

by adjus ting the pH of the wash medium to pH 5.0 (approximate pH 

when moti le  cel l s  were harves ted) .  However the moti l i ty of C .  

acetobu tyl icum ce l l s  was not maintained in  wash medium at pH 5 .0. 
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Under the condi tions used , EDTA seemed to inhibit the moti li ty of C .  

acetobutylicum. 

After deleting EDT A, further modifications to the wash medium were 

made. MgS04 was deleted since, as for E. col i  (Adler, 1 973),  MgS04 

did not seem to be required by C .  aceto b u tyl i c u m  for moti l i ty or 

chemotaxis .  Addi tions of sodium thioglycollate at 0.5 gil, resazurin at  

0 .05 gil and flu shing with C02 were made to ensure anaerobic 

conditions. 

In this way, moti l i ty was main tai ned and this sol u tion was subsequently 

used as chemotaxis medium.  Assays were performed at 200C to retard 

cell differentiation .  

Cel ls prepared us ing the modified conditions remained motile  for at  

least 1 h .  

In  the pos i tive chemotaxis assay, the number of  cel ls  which migrated to 

the capil l aries was counted using a haemocytometer instead of a p late 

count method, to avoid fai l ure to obtain colony forming units .  Each 

chemical concentrati on was sampled four times for counting. 

3.3.3 Rates of Acc u m u l a t i on Towards Sugars 

The rates of accumu lation of C .  acetobu tyl icum cells towards glucose, 

l actose and galactose were determined by incubating the capil l aries 
. 

containing different  sugar concentrations for different time periods to 

optimize the chemotaxis  assays. Results show that the number of cell s  



.::t 60 
0 
,..-i 

» 50 H 
ro 

rl 
rl 
• .-1 
P. 40 ro 
u 
� 

• .-1 
ro 30  • .-1 
H 
Q) 

4J 
U 
ro 20 o:l 

10  

Fig 3 .4 

45 60 

T ime ( min ) 

Rate of bacteri a l  migration towards g lucose: 

84 

. , O M (contro l ) ;6 , 1 0-2 M; . , 1 0- 1 M. ( 1 0- 1 M gl ucose is equal to 

1 8 .0 gil) .  



.::r 
0 M 

>, 
H 
ro 

rl 
rl 
·rl 
P. 
ro 
u 
� ·rl 
ro 

·rl 
H 
(j) 
� 
u 
ro 

Il::) 

Fig 3 . 5  

60 

50 

40 

30 

20 

1 0  • 

45 60 

T ime ( min ) 

Rate of bacterial migration towards galactose: 

85 

. , OM (contro l ) ;  0 , 1 0-3 M; 6 , 1 0-2 M; . , 1 0- 1 M.  ( 10- 1 M 
galactose i s  equal to 1 8 .0 gil ) .  



70 .-----------�------� 

60 

.=:r 50  0 
.-i 

» 
H 40 ro 

rl 
rl 
• ..-1 
0-
ro 30 u 
c:: 

• ..-1 
ro 

. ..-1 20 H 
Q) 
4-l 
U 
ro 

o:l 1 0  

o 30 45  6 0  

T ime ( m in ) 

Fig 3 . 6  Rate of bacteria l  migration  towards l actose: 

86 

• , O M  (con tro l); 0 , 1 0-3 M; 6, 1 0-2 M; • , 1 0- 1 M. ( 1 0- 1  M l ac tose 

is equal to 34.2 gil) .  



87 

attracted to g lucose increased l inearly for up to 30 min of incubation 

after which a decline was observed (Fig 3 .4) .  When the capi l lary 

contained no attractant, a relatively small number of bacteria entered 

the capil lary . This 'background' accumulation occurred presumably by 

random swimming. An incubation period of 30 min was chosen for the 

chemotaxis assay using glucose. 

Fig 3 . 5  shows the rate of accumulation of cell s  towards galactose. 

Migration of cel l s  declined after about 30 min. The chemotaxis 

experiments for galactose were, therefore, performed for 30 min .  

The rates of  accumulation towards different concentrations of lactose 

are shown in Fig 3 .6 .  The cell s  appeared to be attracted to l ac tose at a 

more or less constant rate unti l  the number of cel l s  migrating declined 

after 45 min of incubation. Chemotaxis assays for lactose were thus 

performed by incubating for 45 min. 

3.3.4 Pos i t i v e  C h emota x i s  

The chemotactic response of  C .  acetobutyl i cum towards d ifferen t  

fermentable sugars was investigated . The concentration - response 

curves for glucose, galactose and lactose are shown in Fig 3 .7 .  Al l  

three sugars were attractants. The threshold concentration for each 

sugar was determined as the l owest concentration w hich gave an 

accumulation of cell s  in the capi l lary significantly greater than that of 

the background (Adler, 1 973), as judged by a t - test (Appendix 4) .  

There was also a peak concentration of each sugar where the response 

was maximal . The results are shown in Table 3 . 1 .  
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Table 3 . 1  Response values for sugars. 

Sugar Threshold Peak Relative 

concentration (M) concentration (M) response 

Glucose 1 x 1 0-7 1 x 1 0- 1 2.0 

Galactose 1 x 1 0-4 1 x 1 0-2 1 .9 

Lactose 1 x 1 0-5 1 x 1 0-2 1 .7 
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The mInImUm concentrations where motile cell s  were observed to 

accumulate were I x 1 0-7 M for for glucose; 1 x 10 -4 M for galactose; 

and 1 x 1 0-5 M for l actose. The t - tests suggest that the n umber of 

cells which migrated to these concentrations were significantly greater 

than those present in the capi l lary containing no attractant. Thus, the 

respon se was to a concentration gradien t. Values for the rel ative 

response (Table 3 . 1 )  were also determined to normalize for day-to-day 

differences in  moti l i ty and to allow comparison between attractants . 

The relative response was calculated as the ratio of cell accumulation at 

the threshold concentrati on to the backgrou nd accumulation . Glucose 

and gal actose seem to have greater chemoattracting abi l i ty for C .  

acetobutylicum than does l actose. 

Simil ar experiments were performed usmg the metabolic products 

acetone, butano l  and ethanol ,  bu t none of these solvents was an 

attractan t. 

For acetate and bu tyrate , in i ti a l  experiments were performed u sing 

buffers of 0. 1 M concentrati on at various pH val ues. The buffers were 

sodium acetate - acetic acid and sodi u rn hydroxide - butyric acid for 

acetate and butyrate, respectively. The resu l ts for acetate and butyrate 

(Table 3 .2 and Tab le 3 .3 ,  respectively) show that positive c hemotaxis 

occurred towards those buffers of decreasing pH values .  S tatis tical 

analysi s  of the data using ANOV A (analysis of variance) confirmed that 

the observed differences for acetate and butyrate were significant at  ex. 

= 0.05 (Appendix 5 and Appendix 6, respectively) .  
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Table 3 .2 Chemotactic response of C. acetobutylicum to acetate at various 

pH valuesa. 

IiI Concentration of 

undissociated 

acid, CH3COOH 

(M) 

4.0 0.0849 

4.5 0.0640 

5.0 0.0360 

5 .5 0 .01 5 1  

6.0 0.0053 

Controlb 

a All buffers were 0. 1 M 

Concentration of 

d issociated 

acid, CH3COO-

(M) 

0.0 1 5 1  

0.0360 

0.0640 

0.0849 

0.0947 

b CM (Section 3 .2. 1 )  was used as control 

Accumulation of 

bacteria in capillary, 

( 104) 

39  

35 

27 

20 

1 3  

1 1  



92 

Table 3 .3 Chemotactic response of C. acetobutylicum to butyrate at  various 

pH valuesa. 

IiI Concentration of 

undissociated 

acid, 

CH3(CH2)2 COOH 

(M) 

4.0 0 .0868 

4.5 0.0676 

5 .0 0.0398 

5 .5  0.0 1 73 

6.0 0.0062 

Controlb 

a All buffers were 0 . 1 M 

b eM (Section 3 .2. 1 )  

Concentration of 

dissociated Accumulation of 

acid, bacteria in  capillary, 

CH3(CH2)2COO - 0(4) 
(M) 

0.0 1 32 37 

0.0324 24 

0.0602 2 1 

0.08 1 7  1 5  

0 .093 8 1 5  

1 8  

" ,  

,. 
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The concentrations of dissociated and undissociated species of acetic and 

butyric acids present in the buffers, as calculated by the Henderson

Hasselbach equation (Conn and Stumpf, 1 976) are shown in Tables 3 .2 

and 3 . 3 ,  respectively .  Calculations were based on pKa values of 4.75 

for acetate and 4.82 for butyrate. 

When similar experiments were performed u smg only inorganic 

buffers ,  such as phosphate, no differences were observed for different 

pH values (Table 3 .4) .  No pH effect was detected even in the presence 

of 0. 1 M glucose. Thus, C. acetobutylicum exhibits positive chemotaxis 

towards the undissociated forms of acetic and butyric acids, and the 
on effed 

effect i s  not entirelYAof pH value. The concentration - response curves,  

performed at pH 4 .0  are shown in Fig 3 . 8 ,  while the threshold 

concentrations and relative response values are given in Table 3 .5 .  In 

contrast to the sugars (Fig 3 .7), saturation points were not observed in 

the concentration range likely to be attained under physiological 

conditions. 

3.3.5 N eea t i v e  C h em ot a x i s  

Negative chemotaxis was determined by using a modified "chemical in 

plug" method (Section 3 .2.9). Typical results are shown in Fig 3 .9 

where movement of cells repelled by the chemical was indicated by 

clear zones around the plugs containing the repellent. Agar plugs 

containing acetate and butyrate at different pH values were used to 

determine the chemotactic response of C. acetobu tylicum cells to these 

acids .  For acetate (pH 4 .0) and butyrate (pH 4 .0) , both at O . 1 M, 

negative chemotaxis was not observed . Acetate (pH 6 .0) and butyrate 
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Table 3 .4 Effect of pH on chemotaxis. 

Chemical in capil lary Bacteria in capillary, 1 04 

0.01 M phosphate, pH 4.0 1 1  

0.0 1 M phosphate, pH 5 .0 1 4  

0.01 M phosphate, pH 6.0 1 0  

deionized water, pH 7.0 9 
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Table 3 .5 Response values for acetic acid and butyric acid 

Chemical Threshold Relative 

concen tration response 

(M) 

Acetic acid, pH 4 .0 9 x 10-4 1 .9 

B utyric acid, pH 4.0 9 x 10-2 2.0 
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a 

b 

Fig 3 .9  Negative  chemotaxis assay using modified "chemical in p lug"  
method (Tso and Ad ler, 1 974) showing typical clear zones around plugs 
containing repel l ents . 

a) From top c lockwise:  two plugs of CM as controls ;  pH 4.5 ; pH 4.0. No 
clear zones were present as acetic acid at pH 4.0 and pH 4.5 was found 
to be an attractant (Section 3 . 3 .4). 

b) From top c lockwise :  CM (control) ; pH 6.0;  pH 5 . 5 ;  pH 5 .0. Clear and 
mottled zones were observed around plugs w ith acetate buffer as 
dissociated acids were found to be repellents (Section 3 .3 .5 ) .  Photos 
which could show better contrast between the suspension and clear 
zones were difficul t  to obtain .  
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Table 3 .6  Threshold concentrations for some chemorepellents. 

Chemical Threshold concentration (M)a 

Acetate (pH 6.0) 8 .5  x 10-7 

B utyrate (pH 6.0) 8.7 x 1 0-8 

Butanol I x 10- 1 1  

Ethanol 1 x 10- 1 2  

Acetone 1 x 1 0-9 
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a Concentrations are expressed as dissociated acids, calculated by 

using pKa values of 4.75 and 4.82 for acetate and butyrate, 

respectively. 
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(pH 6.0), both at 0 . 1 M, were observed to be repellents. Clear zones 

ranging in size from 0.5 to 5 .0 mm were observed for the dissociated 

acids. 

The solvents acetone, butanol and ethanol were likewise observed to 

repel cells .  Mot tled, irregular clearing was formed around the 

solvents,  rather than discrete clear zones. 

V alues of threshold concentrations varied considerably from day to 

day. For this reason, experiments were performed on  up to eight 

different days, and the lowest values observed are shown in Table 3 .6 .  

3 . 4  D I S C US S I ON 

The need to optimize the assay conditions for motility and chemotaxis 

of c. acetobutyl icum cells demonstrated different requirements from 

those of other bacteria. The addition of EDT A to the chemotaxis 

medium, as done with E .  coli (Adler, 1 973),  was not essential with C .  

acetobu tyl i c u m .  On  the contrary, the cessation of motility i n  the 

presence of EDT A suggests an inhibitory effect of this agent in c .  
acetobutylicum.  Similar effects have been observed using Rh izobiu m  

species (Parke e t  aI, 1 985) .  To summarize, the conditions required for 

optimum motility of c .  ac e t o b u tyl i c u m  P262 are : p H  of 5 .0 ;  

temperature of  200C to retard cell differentiation to clostridial forms 

which are less motile and chemotactic; and s tringent anaerobic 

conditions. 
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This  study h as demonstrated that motility of c .  acetobu tylicum cells 

during the fermentation process is a chemotactic response and that 

motili ty changes from being predominantly runs to predominantly 

tumbles. The runs are associated with the early period of lac tose 

u tilization and acid production, concurrent with a pH decrease. S uch 

runs are characteris tic of positive chemotaxis (Adler, 1 973,  1 975), and 

the sugars and undissociated acids have now been shown to be 

attractan ts . As the fermentation proceeds ,  the moti l i ty becomes 

characterized by tum bles. Thi s  is associated wi th solventogenesis, and 

the solvents have now been shown to be repel len ts . The resu l ts 

strongl y  suggest that the moti l ity of c .  acetobu tyl i cum cells during 

fermentation is a chemotactic response and this may help to explain the 

relationship between moti l i ty and solventogensis. 

A l l  the changes i n  chemical composition of the environment are 

detected by specifi c  receptors or sensors, and the sensed information is 

transmitted to the fl agella for action through the sensory transduction 

system (Adler, 1 969;  Boyd and Simon, 1 982; Eisenbach et aI, 1 985 ; 

Stewart and Dahlqui st; 1 987). I n  E .  coli and �. typhimurium, receptors 

for the attractants glucose and galac tose have been identified (Adler, 

1 969 ; Stewart and Dah lqu is t, 1 987) .  The gal actose receptor is a 

periplasmic bind ing  pro tein which has also a role in  transport of 

gal actose. The chemoreceptors for g lucose are the proteins involved in 

the phosphotransferase transport of sugars. Attraction to l ac tose in E .  

coli has been suggested to resul t  from chemotaxis toward the galactose 

and probabl y  g lucose which are produced from h ydrolysis of lactose. 

Receptors for ethanol and i sobutanol in E .  coli and �. typhimurium have 

also been i denti fied al though indirectly using competing chemicals  
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(Tso and Adler, 1 974; Koshland , 1 980) . The receptor for the weak 

acids acetate, propionate, butyrate, benzoate and salicylate, which in E .  

coli are repellents, have been recently reassigned, not in terms of an 

external or membrane-bound receptor (as in the case of the attractants), 

but in terms of a 'proton receptor', located either within the cytoplasm 

or on the cytoplasmic side of the membrane, which when protonated is 

altered in  such a way as to initiate a signal to the flagellar motor. 

Decreases in in tracellu lar pH, therefore, act as a signal for the 

behavioural (repellent) response to weak acids in E. col i  (Kihara and 

Macnab, 1 98 1 ;  Repaske and Adler, 1 98 1 ) . 

All bacteria may share the same general types of receptors although 

even the very similar E.  co l i and .s.. typhi murium differ slightly, and it 

is not surprising that more distantly related organisms show greater 

differences in specific receptors. It is possible that C .  acetobutylicum 

has the same receptors towards the sugar examined and the weak acids 

as has E. coli. 

Chemotaxis is  not a consequence of the metabolism of attractants or 

toxicity of repellen ts (Tsang et aI, 1 973 ; Koshland, 1 980). There is no 

one- to-one correspondence of every compound that serves as an 

attractan t  or repellent with a rational explanation. However, positive 

chemotaxis becomes a futi le event if the compound is  not transported 

and utilized. In the case of C. acetobutylicum, chemoattraction seems to 

offer the organism a competitive advantage in natural environments .  

Sugar taxis must  allow the cell s to  compete effectively, for source of 

energy, against other organisms found in their natural h abitat, such as 

" 

, 
" 

, . 
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soil where spatial or temporal chemical gradients occur. Such selec tive 
, 

advantage has been suggested for several species of Rhizobium (Parke 

et aI, 1 985) and Pseudomonas (Kennedy and Lawless, 1 985) .  

The dual response to the acids (attraction towards the undissociated 

form and repulsion from the dissociated form) is an interesting result, 

and differs from that observed in E .  coli .  I n  the l atter organism ,  weak 

acids such as acetic acid and butyric acid are repellents, and this 

repellent effect is increased at lower pH values, that is ,  there is no 

attractant effect of the undissociated acid (Kihara and Macnab, 1 98 1 ;  

Rapaske and Adler, 1 9 8 1 ) . This apparent contradiction between the 

two bacteria requires an explanation. 

It is  known that weak acids are transported into the cell in the 

undissociated form (Thauer et aI , 1 977;  Gottwald and Gottschalk, 1 985 ;  

Herrero et a I ,  1 985) .  Due to  the more alkaline pH within the cell, 

dissociation occurs in the cytoplasm, releasing a proton . This lowers 

the intracellular pH, and if the "proton receptor" hypothesis described 

above is correct, the cell would exhibit negative chemotaxis .  On this 

basis , it would be easy to understand why the repellent effect of weak 

acids is increased at lower pH values, in E.  coli . The problem, then , is 

to explain why acids are attractants in C.  acetobutylicum. One possible 

explanation involves describing ,  and interpreting,  the present data in 

terms of the concentration of the undissociated acid, and neglecting the 

anion, on the basis that weak acids are not transported into the cell in 

the charged form. 

" 
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Thus, at low concentrations, weak (undissociated) acids are repellents in 

C.  acetobu tylic u m ,  as they are in E .  col i . At high concentrations,  

however (such as the threshold concentrations given in Table 3 .5),  these 

acids become attractants . Possibly, this is rel ated to the " trigger" 

concentration of u ndissociated acetic and/or butyric acid,  which is  

required for the initiation of solventogenesis (Monot et aI, 1 983 ,  1 984; 

Fond et  aI ,  1 98 5 ;  Terraciano and Kashket, 1 986 ) .  At  these 

concentrations, the acids become further metabolized within the cell ,  

and may thus  be compared with other attractants such as sugars. 

Terraciano and Kashket ( 1 986) observed that the switch from acid to 

solvent production in C .  a c e to b u tyl i c u m  occurred when the 

concentration of undissociated butyric acid inside the cell, (which was 

equal to that in the extracellular medium), reached 1 .3 x 1 0-2 M.  This 

is in the same region as the threshold concentration for chemoattraction 

to butyric acid which is 9 x 1 0-2M (Table 3 .5) .  

Thus ,  although acetate and butyrate may not be used directly as  

nutrients in C.  acetobutylicum, their uptake has been suggested as being 

a detoxification mechanism, by metabolizing them to solvents (Costa, 

1 98 1 ;  Bahl et aI, 1 982a; George and Chen, 1 983) .  On this basis, then, 

an increased intracellular concentration of undissociated acid,  may be 

the signal for initiation of solventogenesis . Whichever it is ,  a 

relationship between solventogenesis and motil ity/chemotaxis is  

apparent. 

A further relationship may involve the mechanism by which the cell 

prevent� the intracellular pH value from decreasing too far. Extrusion 
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of protons i s  via the membrane-bound ATPase complex (Hel lingwerf 

and Konings, 1 980; Herrero et aI, 1 985 ;  Jones and Woods,  1 986) ,  and 

this allows generation of a proton motive force, which is the driving 

force for many energy - requiring metabolic processes such as flagellar 

synthesis, flagellar rotation and chemotaxis (Adler, 1 975 ;  Hell ingwerf 

and Konings, 1 980). 

Chemorepulsion from toxic solvent prod ucts d uring the onset of 

solventogenesis may present a survival mechan ism since bu tanol , 

acetone and ethanol have been shown to inhib i t  grow th of C .  

acetobutylicum (Moreira et a i ,  1 98 1 ;  Lin and B laschek, 1 982; Costa and 

Moreira, 1 983 ; Ounine et ai ,  1 985) .  



CHAPTER 4 

ISOLATION A N D  C H A R ACTERIZATION OF 

N ON- MOTILE MUTANT OF CLO S TRIDIUM 

A CE T OB U T YL I C UM P262 

4 . 1 I N T R O D UCTION 
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One approach that has been used towards understanding the poss ible 

relationship between solvent production and morphological changes in 

C .  acet o b u tyl i c u m  i s  to obtai n mu tants and s tudy their specif ic 

characteri s t i c s .  I s o la t ion  of sporu l a t ion  m u tan ts (sp o - )  of C .  

aceto b u tyl i c u m  P262 has shown that the abi l i ty t o  sporulate i s  not 

required for the development of a normal solventogenic phase (Jones et 

ai ,  1 982;  Long e t  a I ,  1 984b). A rel ationship between production of 

c lostridi al forms and solventogenesis has been ident ifi ed through the 

use of  cis- mutants which were unable to produce solvents, spores, 

c lostrid ial forms,  granu lose or capsu les. 

Reysenbach e t  al ( 1 986)  u t i l i zed sporu l a t ing  and non-sporulat ing 

granu lose-deficien t mutants (grn - )  of C.  acetob u tyl i c u m  P262 to 

dist inguish between the regu lation of granulose accumulation, solvent 

prod uct ion and sporu l at ion . Res u l ts i nd ica ted tha t  gran u l ose 

accumu lation was not essential for sporulation, and that the absence of 

granulose prod uct i on and sporu la t ion  abi l i ty d id n ot affec t  the 

production of  normal leve ls  of solvents .  
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Thi s  chapter describes the iso lation of a non-motile mutant of C .  

acetobutylicum P262, in an attempt to es tabl ish the relationship between 

vigorous fermentation and motile cultures of C. acetobutylicum. 

4 . 2  MATERI A L S  A N D  MET H O D S  

4 . 2 . 1  Cu lture M ed ia 

The composition of Cooked Meat Med ium (CMMG), Semi-Synthetic 

Medium (SSM) and Reinforced Clostridial Agar ( RCA) used in  these 

experiments are described in Section 2.2.  Extra agar was added to 

RCA to i ncrease the concentration to 1 5  gil . 

The composi tion of other media used are given below: 

Semi-Solid Tryptone Agar (TA) used for swarm plates 

Tryptone 

NaCI 

Glucose 

Sodium thioglycollate 

Agar 

Concentration (gil ) 

1 0.0 

5 .0 

5 .0 

3 .0 

0.5 

Nu tr ien t B ro th Yeast  Ex tract Gl ucose Agar (NYG)  u sed for 

characterization of colonies 

Concentration (gil) 

Difco nutrient broth 8.0 



Yeast extract 

Glucose 

Agar 

Tryptone Broth (TB)  used as di luent 

Tryptone 

Sodium thioglycollate 

4.2.2 C h e m i ca l s  

1 .0 

4.0 

3 .0 or 1 5 .0 

Concentration (gil) 

5 .0 

0.5 
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A l l  chemicals  used in  these experi ments were of  analytical grade. 

Ethyl methane su l fonate was obtained from Sigma Chemical Co . (St .  

Louis, Missouri , U . S .A.) .  

4 .2.3 A naerobic  M a n ipu la t ion  

Al l  anaerobic manipulations were carried out  in  the anaerobic chamber 

as described in Section 3 .2.4. 

4.2.4  M u t aee n es i s  

The stock spore suspension was heat shocked as described i n  Section 

2.5 ,  and the cu lture was incubated in anaerobic j ars until highly motile 
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cel ls  were present.  This cul ture (0.05 ml)  was transferred to 95 ml of 

SSM and then incubated at 340C for 24 h. To obtain clostridial cell s  

for mutagenesis ,  the cul ture was further incubated a t  250C for 2 4  h .  

The clostridi al cel ls were harvested by centrifugation a t  4000 x g for 5 

min using bottles previously flushed with steri le nitrogen gas. The cells  

were resuspended in  deoxygenated chemotaxis medi um consisting of 

phosphate buffer and thioglycollate, pH 5 .0 (Section 3 .2 . 1 ) . 

Mutagenesis  w as carried ou t  by treating the ce l l s  wi th a final 

concentration of  5 .0% (v/v) ethyl methane su l fonate (EMS) and 

incubating at 370C inside the anaerobic chamber for 45 min.  The cell s  

were then d i lu ted i n  TB and spread pl ated on RCA. The cultures were 

incubated at 340C for 4 days. 

4.2 .5 Iso l a t i on of N o n - M ot i l e  M u tants  

Pinpoint  co lon ies from cu l tures mu tagen i zed wi th EMS were 

transferred to CMMG and incubated at 370C for 48 h .  Isolates were 

then purified by streaking onto RCA pl ates . Well -isolated colonies 

were picked using steri le toothpicks and transferred to CMMG. The 

cu ltures were incu bated at 370C for 48 h. 

In a modification of the procedure used by Armstrong et al ( 1 967), the 

isolates were spotted on to swarm p lates consisting of soft Tryptone 

Agar, and incubated anaerobically at 340C for 24-48 h.  Isolates were 

screened for the absence of minimal swarming by repeated spotting 

from the center of the colonies to fresh swarm plates .  Respotting was 
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performed up to four times, unti l  the isolates formed co lon ies of an 

approximate diameter of 1 mm. 

Al l  mutants isolated by the procedure were grown in CMMG to ensure 

that their growth was comparable to that of the parent strain .  

4 .2.6 M a i n t en a n c e  of  M u ta n t  

Spores of  the non-moti le mutant were produced from slopes of  RCA, 

and kept i n  d istil led water at 40C as described in  Section 2.6. 

4.2.7 C haracteriza t i on of M u ta n t  

Al l  experiments performed to characterize the non-motile mutant were 

carried out i n  paral lel with the parent P262 strain .  

4 .2.7 . 1  C u l t u re C o n d i t i o n s  

The paren t  and mutant s trai ns  were grown U SIng  the  fol lowing 

procedure .  For the parent strai n ,  a l l  transfers were done whi le  the 

cell s  were highly moti le as observed microscopical ly .  

a) S tock spore suspension was heat shocked in  CMMG as described 

in  Section 2.5 . The cul ture was incubated anaerobically at 370C 

for 1 6  - 1 9  h .  
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b) A range of 0.0 1 ml to 0.05 ml of the cu l ture was transferred to 

20 ml SSM and incubated at 340C until smooth swimming single 

or paired cel l s  were obtained ( 1 7 - 1 9  h, OD650 approximately 

1 . 1 ) . 

c) One ml of the cu l ture was then transferred to 99 ml of SSM.  

The cu lture was incubated a t  340C. 

4.2.7.2 Presence of Fla�e l l a  

The presence of flagel la  was demonstrated using transmission electron 

microscopy . Cu l tures were centrifuged at 3000 x g for 5 min,  the 

supernatant was discarded , and the cel ls were washed wi th deionized 

wa ter .  The ce l l s  were strai ned u s ing  1 % (v/v) potassiu m  

phosphotungstic acid. Bovine serum albumin (0.5%) was added to the 

specimen suspension as a spreading agent.  A drop of the specimen was 

placed on a copper grid (200 mesh) with a Formvar support fi lm .  The 

drop was withdrawn using fi l ter paper to leave a thin fil m  which dried 

at room temperature in no longer than 30 seconds .  The specimens 

were examined in a Philips 20 1 C e lectron microscope with double 

condenser illumination at  an accelerating voltage of 60 kv .  

4.2 .7 .3  M o rph o l o�ic a l  A spec ts 

The production of c lostridial forms was observed u sing a phase-bright 

microscope. Counts were obtained as described for total cel l  counts in 

Section 2 .9.2. 
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The presence of forespores was determined using the method of Smith 

and Ell ner ( 1 956) . 

The formation o f  spores was determi ned ei ther by phase-bright 

microscopy or by s taining a 1 cm2 smear with Bartholomew and 

Mittwer's malachite green for a Breed count (Harrigan and McCance, 

1 966) . 

4 . 2.7.4 Colony C h ara c t e r is t ics 

Distinction between the parent and mutant s trains by swarm and colony 

morphologies was determi ned by cul tivating the organisms in  both hard 

and semi-soft cu l ture media.  The fol lowi ng media were used : 

a) Rein forced Cl ostridi al Agar, RCA 

b) Nutrient Broth Yeast Extract Agar, N YG 

c) Tryptone Agar, TA 

The composition of the media are described in Section 4.2. 1 .  Agar at a 

concen trati on of 1 5 .0  gil or 3 .0 gil was used for hard or semi-soft 

agar, respective ly .  

4 .2 .7 .5  Hea t  Sens i t i v i ty of Spores 

Spores of parent and mutant s trai ns  from 72 h cu l tures in SSM were 

harves ted by centri fugat ion at 1 6,000 x g for 30 min .  The spores were 

resuspended in steri le  disti led water. 
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Heat treatments were carried out by transferring  3 ml of spore 

suspension to a Kimax glass tube ( 1 6  x 1 00 mm). A set of 1 0  tubes, 

closed by screw caps , was heated in a stirred water bath at 750C or 

900C. After the prescribed temperature / time treatment, the tubes 

were cooled in iced-water for 1 min. 

Di lutions were made in 0.0 1 M phosphate buffer, pH 7 .0, before 

p l ating the s urv ivors in RCA.  The cu l tures were incu bated 

anaerobically at 340C. 

4.2.7.6 S o l ven t-pro d u c i ng A b i l i ty 

Fermentations were performed in 100 ml cul tures in  SSM.  Samples 

were taken at appropriate t ime in tervals ,  and analyzed for ac ids ,  

solvents and sugars as described in Section 2 .9 .3  and Section 2.9 .4,  

respectively.  

4 . 3  R ES U LTS 

4.3.1 M u tagen es i s  a n d I so lat ion o f  Non - Mot i l e  M u tant  

Several experiments were performed to develop a procedure by which 

mutation in C. aceto butyl icum P262 grown in conditions described in  

Section 4 .2.7 . 1  could be induced using EMS . At  a final concentration 

of 2 .5% (v/v ) EMS , and using a mid-exponentia l  phase cul ture, no 

reduction in numbers of viable cel l s  was observed. 
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During the attempts to mod i fy the procedure for mutagenesis, it was 

observed that no colonies could be isolated on di fferent media tested i f  

cel l s  were harvested from a cu l ture consisting o f  highly moti le ,  early

exponen tia l  phase ce l l s. This resu l t  suggested that a mutation program 

with C. acetobutylicum P262 should involve the c lostridial s tage and not 

the vegetative stage . Hence, cu l tures were grown for 48 h to obtain 

main ly  c los tridial forms. 

In a prev ious study,  Lemmel ( 1 985) performed the mu tagenesis by 

adding EMS d i rec t l y  to cu l ture media .  In the present work , to further 

increase the mu tagenic effec t of EMS,  the c l ostrid ia l  forms were 

washed and resuspended in phosphate bu ffer, pH 5 .0 (Section 3 2. 1 ) ,  

and EMS was added to a fi nal concen tration o f  5 .0% (v/v) .  Al though 

very l i t t le ki l l  ( less than 1 0%) was obtained, despi te exposure to EMS 

for 1 h ,  an exposure t ime of 45 min was used (Bowring and Morris ,  

1 985) i n  subsequent experiments to achieve some induction of mutation .  

To obtai n non -moti Ie mutants, pi npoi nt  co lonies from mutagenized 

cu l tures were isolated . The isol ates were screened by the swarm plate 

technique (Section 4 .2 .5 )  modi fied from the procedure of Armstrong et 

a l  ( 1 967) .  I f  moti le chemotactic bacteri a are deposi ted on a semi -so l id 

medium con ta in ing an energy source, the bacteria wi l l  migra te from 

the site of inocu lation in one or more rings .  Wi ld- type E. col i  has been 

observed to prod uce three or more ri ngs on semi-sol id tryptone agar 

(TA) .  The ri ngs are i n terpreted as due to consumption of g l ucose, 

fo l l owed by amino ac ids .  Non-chemotact ic mutan ts were observed as 

not capable of forming ri ngs or deve loping l arge swarms, while non-
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motile mutants did not swarm, hence, formed compact colonies, usually 

with defined boundaries. 

The diameter of the colonies as the iso lates were repeatedly spotted 

onto the soft T A were measured and compared with that of the parent  

s train .  The size of the swarm of the parent strain was typically about 

75 mm. There were 57 isolates which consistently fai led to swarm, and 

colony size did not increase to greater than 1 .0 mm d i ameter. 

However, after microscopic examinati on only 1 isolate did not show 

any moti l i ty when grown in CMMG . This non-motile mutant was 

designated as isolate NG 1 2. 

Mutant s train NG 1 2  was characterized for the fo l lowing  properties :  

presence of flage l la, morphol ogical changes during growth,  colony 

characteristics, heat sensi tivi ty of spores, and solvent-producing abi l i ty .  

4 . 3 . 2  Presence of F la2el l a 

Fl age l l a  were nega t i ve l y  s ta i ned ,  U S I ng 1 . 0% po tas s i u m  

phosphotungstate, for el ectron microscopy. Electron micrographs  

showed that the parent s trai n P262 has peri trichous flagel l ation (Fig 

4 . 1 ) . Al though the exact number and length of the flagel l a  were 

difficu l t  to ascertai n ,  i t  is apparent that there are more than 1 6  flagella 

arranged on the sides and ends of each cel l .  The length seems to be not 

much longer than the entire length of the cel l .  

The mutan.t strain NO 12  also possessed flagella (Fig 4.2). A l though no 

c hemical ana lys is  was performed on the flagel la ,  microscopic 
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Fig 4. 1 E l ec t roll l11 i crographs  o f  Lhe paren t s Lra i n  P262 s h o w ing 

the fl age l l a .  (a) ,  x 7 , 800; (b) ,  x 9 ,000 . 
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a 

b 

Fig 4.2 Electro l lm icrographs of  the mu tant strain N O  1 2  showing 

the fl agella.  (a) ,  x 7 , 800; (b) ,  x 9 ,000. 
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examination revealed that those of the mutant complement, 1 . e .  

resemble, those of  the parent strain in  all respects . 

This type of  mutant, therefore, can be classified as a paralyzed mutant  

(mor mutant) .  They possessed flagel la that look normal ,  but are not 

capable of motil i ty (Armstrong and Adler, 1 967). 

4.3.3 C e l l u la r  M o rpho l o2Y 

The morphological changes associated wi th growth of NG 1 2  (Fig 4.4) 

in SSM were determined and compared with those of the parent s train 

(Fig. 4 .3) .  NG 1 2  showed no detectable moti l i ty while the parent strain 

demonstrated runn ing and tumbling responses s imilar to those observed 

in whey permeate (Section 3 .3 . 1 ) . With i n  3 h of inoculation , P262 

exhibited swimming in straight long l i nes (runs) .  Some of the cel l s  

started to tumble after 5 h ,  and some cel l s  remai ned moti le for up to  1 9  

h after inoculati on .  The decrease i n  moti l i ty coincided wi th the 

cessation of active growth (between 8- 1 3  h) .  

I n  a l l  o ther aspects of  morphology,  NG 1 2  and P262 were 

indis t inguishable. Duri ng exponenti al growth , the cel ls  appeared as 

phase-dark rods which were actively d iv id ing ,  thus forming long chains 

of cel ls .  Cel l s  started to break off the chain after 7-9 h, and started to 

develop a swol l en configuration . Th i s  marked the formation of early 

c lostrid ial stage. After 1 0  h, the majori ty of the cel l s  (> 80%) had 

assumed the swol len , cigar-shaped clostrid ial form. 
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NG 1 2  formed forespores to the same extent as did P262. The presence 

of forespore septa was detected short ly before clostridial formation . 

By 10  h, almost a l l  cells had formed forespores, and these eventually 

developed i nto mature spores.  After 40 h ,  the extent of sporu lation in 

the mutant strain did not differ markedly from that of  the parent strain 

(74% and 82%, respectively). 

4.3.4 C u l t ural  C h a ra c t e r i s t i c s  

The dist ingu ish ing properties of  the paren t P262 and mutant NG 1 2  

were examined i n  agar and broth cu ltures . 

4.3.4 . 1  C o l ony M o rph o l ogy 

Comparison of colony growth of the paren t and mutant stra ins  was 

performed after 5 days of incubation in three differen t  media - RCA, 

NYG and TA. In  addition to solid media contain ing  a typical agar 

concentration ( 1 5 .0 gil), semi-solid (soft) media, containing agar at 3 .0 

gil , were prepared to demonstrate any swarm morphology . 

The parent P262 swarmed in  both hard and soft media .  Fig 4.5 a, b, c 

show the colony growth on soft RCA, NYG,  and TA, respectively. The 

bacteria migrated from the point of inocu lation toward the sides of the 

plates and did not leave a dense origin .  The size of the swarm i n  hard 

media ranged from 20 mm to 50 mm in  diameter (Table 4. 1 ) .  In soft 

media, the paren t  formed larger swarms (approximately 80 mm) which 

almost covered the entire surface of the p lates .  Colonies in RCA 
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and NYG had a band of outgrowth which comprised their undulating 

margins .  The surface of  the colony was smooth in  RCA and granular 

i n  NYG.  

The chemotactic behaviour of the parent was well demonstrated in soft 

TA, where two morphologically dist inct rings of colony were formed 

(Fig 4 .5  c) .  The bacteria moved from the si te of inoculation to about 

one- third of the plate forming an inner, granular ring .  The outer ring 

was radially stri ated with edges which appeared powdery . The size of  

the swarm measured from 40-80 mm. For comparison , i n  E .  col i ,  one 

or more rings were reported to be formed on semi-solid TA . When
. 

glucose served as the energy source, one ri ng formed where the cel ls 

consumed a l l  the glucose as they traveled .  When tryptone served as the 

energy source, three or more r ings were formed according to the 

ammo acids consumed (Arms trong et a I ,  1 967 ) .  Swarming ,  

particularly t he  formation of the outer ring, i n  the paren t  stra i n  may 

not only  be an indication of chemotaxis toward n u trients (al though 

C lostridia are known to be proteo lyt ic ,  Smith and Hobbs, 1 974) but 

also of chemotaxi s away from metabolic end-products (Section 3 .3 .5) .  

I n  Proteus ,  swarming has  been suggested as  a negatively chemotactic 

response induced by tox i n s  formed duri n g  growth of the cu lture 

(Hoeniger, 1 964). 

The mutant s tra in  was eas i ly  dist inguishable from the parental strain as 

it expectedly fai led to swarm even in soft media (Fig 4.6 a, b, c) .  The 

s ize of the co lonies on the semi-so l id agar did not differ much from 

those on the hard agar (Table 4 . 1 ) . The mutant formed the same 

colony margin and texture in RCA and NYG as did the parent .  On soft 

TA (Fig 4 .6 c) ,  NG 1 2  formed a smal l compact colony with an entire 
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(smooth) edge, in contrast to the concentric growth of P262 on the 

same medium (Fig 4.5 .c). 

Microscopic examination revealed that cel ls  from colonies of the 

mutant were i ndistinguishable from those of the parent strain . Cells 

from the center of the colonies on RCA and NYG showed high number 

of mature spores. Cel ls  obtained from the outgrowth contained a 

mixture of mostly late clostridial cel ls  (con tain ing  forespores) and 

some mature spores. No spores were observed from cells grown on 

TA medium. 

Spontaneous reversion to motile cells was not observed wi th NG 1 2. 

A summary of the colonial characteristics is given in Table 4 . 1 . 

4.3.4.2 Growth i n  B ro t h  

Another distinguishing cul tural characteristic of the parent and mutant 

strai ns was the growth in broth ( l iquid medium) .  After 8 to 1 0  h of 

growth in SSM,  the parent P262 produced uniform turbidity in the 

medium. In con trast, the mutant NG 1 2  formed a sl ight to moderate 

amount of granular sediment. The bulk of the broth was otherwise 

clear (Fig 4 .7) .  However, upon further growth , vigorous gassing  

occurred (about 1 4  h)  and NG 1 2  cul tures became a s  turbid as those of 

P262. 



Fi g 4 .5 a 

RCA . 

1 2 .1 

C o l o n y  morph o l o gy 0 1' C. acc l o b u tyl i c u m P262 0 1 1  soft 

Fig 4 .5 b Co l u l l), I l l o r p h o l ogy o f  C. ; \cc l o b li tyl i c lI l l 1  P262 011  soft  

N YG.  



Fig 4.5 c 

TA . 
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Co l ony morph o l ogy of C .  aceto b u tyl i c u m  P262 0 1 1  soft 
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Fi g 4.6  a Colol lY  morpho l ogy of m u t a n t  NG 1 2  on s oft RCi\.. 

Fig 4 .6  b Colol lY  morp h o l o gy of m u tant  NG 1 2  o n  soft NYG. 
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Fig 4 .6  c C o l o n y  morpho logy o f  I l lu tan t  NO 1 2  on soft TA. 
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Table 4 . 1  Characteristics o f  colonies of the parent strain P262 and 

mutant strain NG 1 2. 

Medium Colony Morphology 

Parent  P262 Mutant NG 1 2  

RCA (hard) Diameter, 40-50 mm; Diameter, 1 1 - 1 2  mm; 

smooth surface, undulate smooth surface, 

edge undulate edge 

NYG (hard) Diameter, 20-30 mm; Diameter, 1 2- 1 4  mm; 

granular surface, granular surface, 

undulate edge undulate edge 

TA (hard) Diameter, 20-30 mm; Diameter, 1 0- 1 1 mm; 

rhizoid inner ring and smooth surface, entire 

radial ly striated outer edge 

fl ng 

RCA (soft) Diameter, 75-80 mm; Diameter, 1 8-20 mm; 

smooth surface, undulate smooth surface; 

edge undulate edge 

NYG (soft) Diameter, 75-80 mm; Diameter, 1 1 - 1 4  mm; 

granu lar surface, undu late granu lar surface, 

edge undu late edge 

TA (soft) Di ameter, 40-80 111m; Diameter, 1 0- 1 4  mm; 

rhizoid i nner ri ng and smooth surface, entire 

rad ia l ly  str iated outer edge 

fl ng  
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Fig 4.7 Sediment formation of  NO 1 2  ( left) and turbidity of  

P262 (right) after 8h growth i n  SSM. 
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4.3.5 H ea t  Sens i t i v i ty of Spores 

Heat treatment of spores can lead ei ther to destruction or activation of 

germination ,  i . e .  su b letha l  heat can i nduce dorman t  spores to 

germinate .  Usua l l y  temperatures above 1 000e are required to ki l l  

spores. However, spores of Clos t ri d i u m  species have been observed to 

be sensi ti ve at temperatures below 1 000e (Russe l ,  1 982). 

The spores of  the paren t  s train P262 and mutan t NG 1 2  were subjected 

to heat treatmen ts at 7 Soe and 900e. D-val ues (dec imal  reduction 

time) were computed from the s urvi vor curves (900e) using l i near 

regression ana lys is .  

Res u l ts s how th a t  hea t i n g  a t  7 5 0 C  acti v a ted the spores of  both 

organisms to a s i m i lar extent .  Destruct ion of spores was not observed 

even after heat i ng for 30 m i n  (Table 4.2) .  

The t ime-surv i va l  c urves for P262 and NG 1 2  a t  900e are shown in 

Fig 4.8 . In both s tra i n s ,  there was no i n i tia l  i ncrease i n  colony forming 

un i ts as an effect of heat activat ion.  Rather, the spores appeared to be 

des troyed rela t ive ly  q uick ly .  The D-v al ues were calculated as 1 .4 min 

and 1 .3 m i n  for spores of P262 and of NG 1 2, respectively.  I t  was 

conc luded tha t  the spores of P262 and NG 1 2  d ispl ayed simi lar heat 

resistance . 
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Table 4.2 The effect  of heating at 750C on the spores of the parent 

P262 and mutant NG 1 2. 

Time of  heati ng 

(min) 

0 

3 

5 

7 

1 0  

1 5  

20 

25 

30 

Number of survivors (cfu/ml) 

P262 N G  1 2  

3 .0 x 105 5 .0 x 1 05 

5 .2 x 1 06 4 .0 x 1 06 

> 1 x 1 07 > 1 x 1 07 

> 1 x 1 07 > 1 x 1 07 

> 1 x 1 07 > 1 x 1 07 

> 1 x 1 07 > 1 x 1 07 

> 1 x 1 07 > 1 x 1 07 

> 1 x 1 07 > 1 x 1 07 

> 1 x 1 07 > 1 x 1 07 
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The abi l i ty of the non-moti le  mutant NG 1 2  to produce solvents from 

the semi-synthetic med ium contain i ng  gl ucose was investigated and 

compared with tha t  o f  the parent s train P262. The fermentations were 

performed on a 1 00- m l scal e  at 340C. I nocu lation was done at a time 

w hen P262 s howed most ly  run n i ng ce l l s ,  and NG 1 2  cel ls  were 

morphologica l ly s imi lar to P262 cells .  The fermen tation profi les for 

P262 and NG 1 2  are shown i n  Fi g.  4.9 and Fig 4 . 1 0, respective ly ,  

whi le Tab le 4.3 prov ides a summary of the da ta . 

The growth rate of the mutant was lower than that of  the parent .  

However, toward s  the completion of growth,  the mutant  produced the 

same number of cel l s  as did the paren t  (approx.  1 08 cel l s/ml ) . The 

solvent product ion of the mutant was a lso  observed to be lower than 

that of the paren t . As the process proceeded ,  the solvent production 

rate of the m u t a n t  decreased more rapid ly  than that  of the parent , and 

production ceased after  72 h. In con trast ,  so l ven t  product ion by the 

parent continued un t i l  after 1 00 h of  fermentation .  

The paren t  s t ra i n  prod uced 1 8 .2 g/I of  to ta l  so l ven ts  after 1 20 h of 

fermentat ion ,  wll i  Ie  the non-mot i le  s t ra i n  was able to produce so lvents 

a t  a l ower tota l  concen t rat ion of 7 . 1 g/1 . The max imum bu ta n o l  

concentra t ion  observed for the m u tant  was 5 .6 g/l which was less than 

50% of that  o bserved w i t h  i ts pa ren t stra i n .  S ugar ut i l i zation and 

bu tanol yie ld were poorer for NG 1 2  (56.6% and 0 .20, respect ively) 

t han  for P262 (86 .4% and 0.28,  respec t i  vel y ) .  The overa l l fermenter 

prod ucti v i ty obta i ned fo r the mu tan t  was 50% l ower than  that  for the 
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1 35 

Table 4.3 Fermentation parameters for parent strain P262 and 

mutant strai n NG 1 2, after 1 20 h fermen tation. 

).l. 
in i t ial pH 

final pH 

ethanol ,  gil 

acetone, gil 

butanol ,  gil 

acetic acid,  gil 

butyric ac id ,  gil 

g lucose ut i l ized, gil 

yield (butanol), g butanol I g 

glucose ut i l ized 

in i ti a l  rate of butanol production , g/l . h  

overal l  butanol product iv i ty ( 1 20 h)  g/l . h  

P262 NG 1 2  

0.279 0.240 

5 . 67 5 .69 

5 .42 5 .45 

0.7 0.4 

5 .3 1 . 1  

1 2.2 5 .6 

0.6 0.8 

0 0.5 

43 .2 28 .3  

0.28 0 .20 

0. 1 88 0. 1 39 

0. 1 0.05 
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parent although comparable amounts of biomass were produced by each 

orgamsm. 

4 . 4  D I S C U S S I ON 

A non-moti l e  mutant o f  C .  acetobutyl icum P262 has been isolated . Thi s  

m u tant  i s  morpho log ica l ly  i nd is t ingu ishable from the moti le parent  

s tra in .  I t  possesses fl age l la in  typica l  number and shape as  the parent ,  

and is  capable of  forming c lostridial  stage and spores . The isolat ion of  

a non-moti le mutant  could prov ide a too l in  establ i shing a relat ionship 

between moti l i ty and so l ventogenesi s .  

The non-mot i l e  strai n was obtai ned by mutagenesis using EMS . Ethyl 

methane s u l fonate has been used as the mu tagen of c h o ice for the 

i nduction and i so l a t ion  of physiological mutants of  c .  acetobutyl icum 

(Jones and Woods ,  1 986) .  EMS i s  a d i rec t ly  act i ng  a lkyl a t i ng  agent , 

which reac ts with a n uc leot ide so as to generate a d i rectly mispairi ng  

analogue. EMS i nduces predomi n ant ly  base trans i tion ( the repl acement 

of  one pyri m id ine by the o ther or of  one puri ne by the other). I t  ac ts 

by ethylat i ng G (gua n i ne) on  the 0-6 pos i t ion  wh ich  then m ispa i rs with 

T ( thymine) .  Th is res u l ts in transi tion from G-C to A-T (Spr i nger and 

Kusmierek,  ] 982) .  

The di ffic u l t i es encoun tered w h i l e  opt i m i zi n g  cond i t i o n s  for 

mu tagenes i s  of  C .  ace tobu tyl icum confi rm prev ious  observations  that 

mu tants of obl i gate anaerobes are d i fficu l t  to obtain (A wang et  aI ,  

1 988) .  The Ill u ta t ion  protoco l i n  th is  study proved successfu l  when i t  

was developed in  l i ne  w i th the recommendation of  Jones et  a l  ( 1 982) 
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that muta ti on screen ing programs w i th s trai n  P262 should i nvo lve the 

clostr id ia l  s tage and not the vegetat ive cel l s .  No specific mention of 

this observa tion was made w i th other stra ins  of C. acetobu tyl icum, such 

as ATCC 824 and ATCC 39 .236, in which mutagenesis was carried ou t  

us ing mid-exponent i a l  ce l l s (Lemmel ,  1 98 5 ;  B owring and  Morris ,  

1 985) .  S uch a recommendation should no t  be  overlooked for a stra in  

such  as  P262 due  to  i t s  h igh ly  d i fferent ia ted morphological s tages 

(Jones e t  a i ,  1 982; Long et a i ,  1 984a) . 

The non- mot i l e  l11 u tan t  i s  c l ass i fied as a paralyzed mutant ,  that i s ,  a 

mutant which a l t h o u gh fl age l l a ted , i s  non- l11ot i  Ie (Enomoto, 1 966; l ino ,  

1 977).  The mu ta t ion may be a defec t on the mot gene, which control s  

the l ocomoti ve func t i o n o f  fl age l l a w i tho u t  affect i ng the i r  overaH 

s tructure .  S tud ies on .E. co l i  and S. typhi l11u ri um have ident i fied that the 

defect in paral yzed mutants l i es on a n y  of the mot A, mot B, or fla A 

c i s trons ( A rmstro n g  a n d  Ad l e r, 1 967;  I i n a ,  1 977 ;  Park i nson, 1 98 1 ;  

Yamaguch i  e l  a i ,  1 9 8 6 ;  Enomolo, 1 966;  Kuo  and Kosh land, 1 986) .  

The m o l  A and m o l  B c i strons  g ive  r i se to  a s i ng le  phenotype 

(paralyzed ), in con tras t  to the ./la A c i stron wh ich i s  mu l ti func t ional 

and , there fo re , g i v e s  r i se to s e v era l t y pe s  o f  mutan ts ,  namely  

flage l l a ted , paral  yzed o r  non-chemotac t i c  ( Y amagu c h i  et a l  1 986 ;  Kuo 

and K os h l a n d .  1 986 ) .  The m o t  A and m o t  B prote in s  are found in the 

cytop l asm i c  mem bra n e ;  t h e  l oc a t i o n s  of  fla A products are s t i l l  

unknown. 

The genes ment ioned are requi red for fl agel l ar rotati on.  S tudies are 

sti l l  in pro g ress  to defi n e  the exact  ro les of the mot genes. Dean et al 

( 1 984) have s u ggested t h a t  they co n t ro l  pa rt of the i n tact motor 

complex which l ies at the basal  reg i o n  of  each fl age l l um.  I sh i h a ra e t  al  
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( 1 98 1 )  observed that the flagel la  of both a mot- mutant and wi ld-type 

strain of S .  typhi m uri um ( in  the presence of  respiratory i n hibit ion in 

the latter) could be rotated passively by applying an  external rotary 

dri v ing force generated by a flow of v i scous fl uid . However, mor 

mutants of B .  s ubti l i s  remained non -mot i le after applying an  artificial 

proton motive force (Matsuura et a I ,  1 977)  whi le  i n  the wild type, 

moti l i ty which is  i nh i bi ted by starvation of endogenous energy source 

could be react ivated by such means .  These resu l ts suggest that the 

defect in mor mutan ts  i s  not s imply a l oss of proton mot ive force. 

Th i s  i s  confi rmed in the presen t work by the occurrence of relatively 

normal growth and ac idogenic phase in the 117.0 1 - mutant ,  s im i l ar to 

those of the parent strai n ,  demonstrat ing that a proton moti ve force can 

be typica l ly  generated in  the mutant during the effl ux  of end prod ucts 

of metabo l ism and protons (Sect i ons  3 .4). 

The flage l l a  of  m o l - mutan ts seem to mai n ta i n  thei r rotary freedom.  

I-Ience, non-moti l i ty of fl age l l a  on  m o [ - cel l s  cou ld be cau sed by a 

defect i n  the fl agel l a r  motor i tsel f, namely, by a fai l u re i n  the process 

that converts proton mot ive force i n to rotary dri v i ng  force. ( I sh i hara 

et a I ,  1 98 1 ) . 

The isola t ion of the mo[- mutant of C .  ace tobutyl icum which produces a 

lower concentra t ion  of sol ven ts than the mot i le parent  stra i n  has 

confi rmed the re la t ionsh ip between mot i le ,  chemotact ic cu l tures and 

solvent product ion .  The cls- mutan ts of s tra i n  P262 s tudied by other 

workers were unable to form the clostr id ia l  stage and did not produce 

granu lose, capsules or spores . These mutants were unable to produce 

so l vents ,  sugges t ing  that these even ts  are l i n ked by some common 

regu la tory mechan ism (Jones et a i ,  1 982 ;  Long e t  ai , 1 984b) . The 
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i so lat ion of sporu lation mutants blocked i n  granulose and capsule 

production ,  and that are capable of solvent production ,  indicates that 

solventogenesis ,  granulose accumulation and capsule formation are not 

sporu l at ion - specific events .  These pathways probab ly  function 

i ndependen tly of each other (Jones and Woods, 1 986) .  I n  the present 

study, the mar mutan t was morpho logical ly ind istinguishable from the 

motile parent. It was able to produce the clostridial s tage and sporulate 

to a similar exten t as the parent,  and the spores exhibi ted s imi lar heat 

res i s tance. However, there is no ev idence that  moti l i ty is d irectly 

invo lved in the regu l ation of  so lvent prod uction,  that is, moti l ity does 

no t  seem to be a tri gger for so l  ven togenes is ,  bu t  i s  s imply a 

behav ioural response. This behav iour could provide a basis for a 

method  for pred ic t i ng  s o l ven t  produc tion  d uri n g  the A B E  

fermen tation .  

The lower level of  sol vent production in the mar mutant could not  be 

attributed to the d i fference i n  the heal res is tance of spores used to start 

up a cu l ture, as the spores of the 171 0 [ - mu tant  s howed the same 

sen si t iv i ty to heat as did the spores of the parent. This confirms the 

resu lts obtai ned by Ad ler and Crow ( 1 987) that the spores produced by 

solventogenic colonies were i nd isti nguishable from those produced by 

l es s  efficient so lvent producing colon ies on the basis of heat sensitivity. 

The heat  shoc k i n g  treatmen t , used i n  the i noc u l u m  deve lopment 

pro tocol  for the mutant and parent  s trai ns,  therefore, did not provide 

an advantage to one organis m over the other. 

L ower growth rate and i n i tia l  ra te of butanol production in the mar 

mutant seem to accoun t  for i ts l ower level of sol ven t production when 

compared to that of the paren t .  Such low rates may be due to the 

absence of moti l i ty and chemotactic response in the mutant such that the 
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mutant could not  migrate towards source of energy, such as sugars , or 

towards the acids which could be detox ified by conversion to neutral 

solvents. I n  the previous chapter, the parent has been shown to respond 

positively in  the presence of sugars and increasing concentration of 

undissociated acids .  Furthermore, i t  appears that i n  the absence of  

motil i ty and chemotaxis the mutant cou ld  not  escape from the toxic 

effects of solvents. Hence, the rnot - mutant seems to have a lower 

butanol tolerance than does the parent .  The isolation of a non-motile 

mutan t  could prov ide a tool  in further understanding the fundamental 

problem of end-product inhibition in the A B E  fermentation .  
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CHAPTER 5 

EFFECTS OF B UTA NOL ON THE NON-MO TILE MUTANT OF 

CLOS TRIDIUM A CETOB UTYLIC UM: 
A COMPARISON WITH THE PAR ENT STR A IN 

5 . 1  I N T R O D U C T I O N  

End-product inh ibition has long been recognized a s  a l imiting factor in  

attai ning h igh productiv i ty i n  many industria l  fermentations (Herrero, 

1 983) .  Among the end-products of the A B E  fermentation,  bu tanol  i s  

the most toxic (Moreira et aI, 1 98 1 ;  Lin and B laschek, 1 982; Costa and 

Moreira, 1 98 3 ;  Kuhn and Linden, 1 986) .  So lven t  production ceases 

when the concentration of butano l  reaches about  1 3  gil (Wal ton and 

Martin ,  1 979 ;  Jones and Woods, 1 986). 

Bu tanol was found to i nhibit cel l growth by 50% when added at 7 to 

1 3  gil ( Moreira et a i , 1 98 1 ;  Lin and B laschek,  1 982 ;  Costa and 

Morei ra, 1 98 3 ;  Ou nine et ai , 1 985) .  There appears to be a threshold 

concentrat io n  (4 .0 to 4 .8  gil )  bel ow which n o  growth inh ibi t ion 

occurs, and above which a l inear decrease in  growth rate i s  observed 

with i ncreasing butano l  concentration.  Complete inh ibi tion of growth 

resu l ts from the presence of butanol at 1 2  to 1 6  gil . B u tanol tox icity is 

not  completel y unders tood but, l ike other alcoho l s ,  i t  probably affects 

the cel l  membrane of C .  aceto butyl icum by disrupting i t s  structure 

(chaotropic effect), and thereby inhibit ing membrane- l i nked cel l u l ar 

functi on s .  These funct ions i nc l ude the main tenance of physica l  

in tegri ty of  the cel l ,  nu trient  uptake and generat ion of proton moti ve 
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force. The mechanism by which the deleterious effects on these 

functions are brought  about i s  still an en igma. I ngram and Buttke 

( 1 984) suggested that the short-chain alcohols ( 1  to 3 carbons), solidify 

or freeze the membrane while longer chain alcohols (4 to 9 carbons) 

e .g .  butanol ,  fluidize the membrane. 

B utanol has been shown to cause an increase in the fluidity of the cell 

membrane of c .  acetobutyl icum (Baer et aI ,  1 987;  Vollherbst-Schneck 

et al 1 984). The response of the organism to this d isruptive effect of 

butanol is an i ncrease i n  the syn thesis of saturated fatty acids at the 

expense of unsaturated fatty acids .  

A decrease in g l ucose uptake in  the presence of butanol has been 

reported (Moreira et a I ,  1 98 1 ;  Bowles and El lefson, 1 985 ;  Hutkins and 

Kashket, 1 986) .  In a recent study, Hu tk ins  and Kashket ( 1 986) 

demonstrated that  glucose uptake in  C.  acetobutyl icum is mediated by a 

phosphoenol-pyruvate (PEP) - dependen t  phosphotransferase system 

and that butanol does not i nh ib i t  this transport prote in ,  but ra ther 

causes cel lular PEP and 2-deoxyglucose-6-phosphate to leak out  of the 

ce ll ,  result ing in growth inhibi t ion.  

An  in terior  a lka l ine pH grad ient has been shown to be essential for 

growth and metabol ism of c.  acetobutyl icum (Bowles and El lefson, 

1 985 ; Huang et aI ,  1 985 ;  Gottwald and Gottschalk, 1 985). The abi l i ty 

to mainta i n th is  grad ient i s  des troyed in the presence of growth

l imit ing butanol  concen trations .  The pH grad ient can be abolished i f  

t he  proton extru s ion mechanism is  defic ient  and/or there i s  an  

increased i n flux of protons.  The ATPase, a membrane-bound proton-
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translocating enzyme, which i s  essen tial to maintain a functional pH 

gradient, has been reported to be i nh ibi ted by butanol (Moreira et a I ,  

1 98 1 ;  B owles and El lefson,  1 985 ;  Huang et  a I ,  1 985) .  Kuhn  and 

Linden ( 1 986) found that  butanol enhances the pass ive  infl u x  of 

protons  i n to C.  acetobutyl icum cel ls .  The intracel lu lar ATP levels also 

decreased markedly in  the presence of butanol (Bowles and Ellefson,  

1 985) .  

Butanol has also been l i nked to the activ ity of auto lysin which causes 

the degradation of sol vent-producing cel ls (Van der Westhuizen et ai ,  

1 982; B arber et aI ,  1 979; Soucai l le and Goma, 1 986;  Soucai l Ie et a I ,  

1 987) .  However, the nature of  this l ink  i s  unc lear, 

The lower level of butanol production by the mar mutant compared to 

the parent  s tra in  P262 (Chapter 4) cou ld be due  to the d iffering 

butanol to lerance in the two organisms. The objective of this study 

was to i nvestigate the effects of solvent ,  part icu larly butanol ,  on the 

mar mutant .  The study of this mutant, which seems to be less tolerant  

to butano l ,  wi l l  not on ly prov ide new ins ights i n to the mechanism of 

butanol toxici ty ,  but wi l l  a lso be i nstrumenta l  in  further understand i ng  

of  the pnys io logical factors i nvo lved in t he  to lerance to  h i gher 

concentrations of butanol . 
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5 . 2  MATER I A L S  A N D  METHODS 

5.2. 1 M i crooq:a n i s m s  

The wild-type strain of C .  acetobutyl icum P262 and the non-motile 

mutant NG 1 2  (Chapter 4) were used in these studies. 

5.2.2 C u lture M ed i a  

CMMG was used to  cu ltivate the organisms and  SSM was  used as  

fermentation medium (Section 2.2). 

5.2.3 C h e m i ca l s  

AJI chemicals used i n  these experiments were of analytical grade.  The 

sources are listed below . 

Sigma Chemical Company 

(St. Louis, Missouri, U .S .A.)  

Mutanolysin 

Adenosine-5 '-tri phosphate (ATP) 

N N'-Dicyclohexylcarbodiimide 

(DCCD) 

Carbony lcyanide-m-chloro

phenyl hydrazone (CCCP) 

Carbonylcyan ide-p-tr ifl uoro

methoxylphenylhydrazone 

(FCCP) 



B DH Chemicals Ltd 

(Palmerston North, 

New Zealand) 

Ajax Chemicals 

(N .S .W. ,  Austra l ia) 

--------- - � 

Nigericin  

Val inomycin 

Lithium acetoacetate 

Tris (hydroxymethylamine) 

Hydrochloric acid 

Ethylene diaminetetraacetate 

disodium salt  (EDTA) 

Piperazine N N'-bis-2-ethane-

sui phonic acid (PIPES) 

Magnesi um chloride 

Sodium molybdate 

Hydrazine su lphate 

Su lphuric acid 

Trichloroacetic acid 

5.2.4 C u l t u re C o n d i t i o n s  

145 

B oth the parent  and mutan t strains were cu l ti vated using an identical 

procedure to that described in Section 4.2.7 . 1 .  
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5.2.5 I n h i b i t i o n  of  G rowt h by Sol vents  

Inh ibi t ion of  growth by solvents w as determi ned by add i ng butano l ,  

ethanol and acetone at different  concentrations to  1 00 ml cul tures i n  

S S M  1 0-20 min  after i noculation w i th the parent and mutant strain .  

Growth w as measured as  optical densi ty at 650 n m  (OD650) us ing a 

Sh imadzu spectrophotometer UV - 1 20 (Shimadzu Corporation, Kyoto, 

Japan) .  

Appropr i ate d i l ut i on o f  the c u l tures us ing ster i l e  
cul ture med i um was done imme d i a te l y  pr ior to 00 
measureme n t s  to ensure that 00 6 5 0  r ead i ngs were in 
the range 0 - 0 . 7  00 un i t s . 

5.2.6 End -prod uct  I n h i b i t i on of  Solvent  Form a ti on 

Cu l tures were a l lowed to grow for 1 8  h in 1 00 ml  SSM before they 

were chal lenged wi th various concentrations of butanol ,  ethanol and 

acetone. 

Fermentat ion samples were analyzed for sol vents as descri bed i n  

Section 2 .  9 . 3 .  Analysis for g l ucose was performed as described i n  

Secti on 2.9 .4 .  

5.2.7 Determ i n a t i o n  of M em bran e-bou n d  AT Pase A ct i v i ty 

ATPase activi ty was determined using a mod i fication  of the method of 

Bowles and E l lefson ( 1 985) .  
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5.2.7 . 1  Preparation of C r u d e  B acterial  M em bran es 

The parent and mutan t strains  were grown in  SSM supplemented with 

g lycine (0 .4% w/v) to faci l i tate subsequent lysis (Al lcock et aI ,  1 982) . 

For the parent, smooth running cel l s ,  grown to approximate ly  1 05 

cel l s  per m l ,  were harvested by centrifugation at 1 2,000 x g for 1 0  

min a t  4oC. For the mar mutant, cel l s  a t  the same stage of growth 

were used . The cel l s  were suspended in 1 0  m l  of 50 m M  Tris 

hydroch loride buffer (p H 7 .0) containing 20 mM EDTA (TE buffer) 

The cel l s  were lysed by incubating with mutanolysin ( l 00 ,ug/ml for 

20- 30 min at 37oC. To obtai n the membrane fraction ,  the lysed 

suspension was cen trifuged at 1 2,000 x g for 30 min at 4oC.  

5.2 .7 .2  A s say of A T Pase A c t i v i ty 

The crude membra n e  fraction (Section 5 .2 .7 . 1 )  was suspen ded i n  1 .0 

ml of 1 00 mM P IPES buffer, pH 5 .95 . The assay for ATP hydro lysis 

was performed by mixing the fo l l owing in a total reaction vo lume of 

0.5 ml :  

1 00 mM PI PES buffer, p H  5 .95 

1 0  mM MgCI 

5 mM ATP 

50 �l c rude bacteria l  membrane 

The mix ture was incubated at 370C for 20 min.  The reacti on was 

stopped by addi ng 1 .0 m l of ice-cold trich l oroacetic acid ( 1 5 % w/v) .  
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The mixture was cen tri fuged for 3 mIn In a mini-centr ifuge 

(Kempthorne KMS Medica l  Suppl ies ,  U . S . A .) .  The i norganic 

phosphate in the supernatant  was determi ned us ing the method of 

Vogel ( 1 96 1 )  as descri bed in  Section 5 .2.7 .3 .  

5.2.7.3 Determ i n a t ion of  I n orga n i c  Phosph a te 

The amount  of i norgan ic phosphate released from hydrolysis of ATP 

was determi ned by measu ring the b lue color i n tens i ty formed by the 

reduction of molybdenum b l ue (of uncerta in  compos i t ion)  in the 

presence of hydrazine sul pha te (Voge l ,  1 96 1 ) . The i ntens i ty of the 

bl ue color i s  proport ional to the phosphate concentration i n  the sample . 

Sample and standard solu t ions contai n i ng  up to 0. 1 mg of phosphorus 

as the orthophosphate were prepared conta in ing the fo l lowing i n  a total 

reaction vo l ume of 50 m l :  

25 m l  sample o r  s tandard sol ution 

5 ml molybdate sol ut ion ( 1 2 .5  g Na molybdate in 5 .0 M 

su lphur ic acid) 

2 111 1 hydrazine su lphate sol u tion ( 1 . 5 g hydrazine sulphate i n  

1 .0 l i ter de ionized water) 

deionized water to di lu te 

The mixtures were i ncubated in a boi l i ng water bath for 1 0  min ,  then 

coo led rapid ly  in  iced-water. The absorbance of the samples was 

measured at 8 3 0  nm agai nst  the  s tandard so l u t ion  wi thou t any 
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phosphorus .  The standard curve was l i near in the range 0 to 4.0 mg/l 

phosphorus.  

5.2.8 Effect of  A TPase I n h i b i tor and Protonophores on Solvent  

Pro d u c t i o n  

Cul tures were grown in  SSM for 1 8  h before adding the inhibitor and 

protonophores . The chemicals were added at  the fo l lowing fin al 

concentrations :  300 11M, DCCD; 75 11M, CCCP; 40 11M, FCCP; 20 11M, 

val inomycin ;  20 11M nigerici n ;  10  gil , acetoacetate. DCCE>, CCCP ,  

FCCP, and  va l inomycin were d issolved in absol u te ethanol wh i le 

nigericin was disso lved in acetone. 

Samples were co l lected for analyses of so lvents and sugar uti l ization as 

described in Section 2.9 .3 and Section 2. 9 .4, respectively.  

5 . 3  R ES U LT S  

5.3 . 1  G rowth I n h i b i t ion by Solvents 

The growth responses of C .  acetobutyl icum P262 and i ts non-motile 

mutant in the presence of different concentrations of so l vents were 

compared (Fig 5 . 1 to Fig 5 .6) .  The maxi mum speci fic growth rates 

( 11) were ca lcu l ated from the s lopes of the growth curves of OD650  

plo tted against  time (Table 5 . 1 ) . Inh ibition by added solvents was 

determined by calculating the growth rate ratio, I-l i ,  where l1i is the 
I-l o  
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growth rate in the presence of inh ib i tor and Jlo is the growth rate in 

the uninh ibi ted control .  

Fig 5 .7a shows the inh ibition of growth rates of the parent and mutant 

strains as a function of  butanol concentration.  The growth response of 

P262 indicates higher tolerance to butanol than does that of the non

moti le NG 1 2. The specific growth rate of the mutant was inhibited by 

50% at an added butanol concentration of 5 gIl ,  w hereas at th is  

concentrat ion, the growth rate of  the parent was h ard ly inhibited. A 

50% inh i b i tion  of growth rate of  P262 was observed at an added 

butano l concentrat ion of 7 .8  gil . Growth of NG 1 2  ceased when the 

concentrat ion of butanol added was 1 0 .0 gil wh i le growth of  P262 was 

completely i nh ibi ted at added butanol concentration of 1 2.0 gil . 

The i n h i bi tory effects of  ethano l and acetone were observed a t  

concentrat i ons  far greater than those at ta i ned duri ng a typical 

fermentation  process .  Threshold concentrati ons, below wh ich very 

l i tt le or no growth i nh ib i ti on occurred, were also observed . As with 

butanol, the mutant was s imi larly found to be more inh i bi ted by added 

ethanol and acetone than was the parent .  P262 was only s l igh tly 

i nh ib i ted by ethanol  and acetone at 1 0 .0 gil (Fig 5 .7b and Fig 5 .7c ,  

respect ively), whereas , NG 12 was already i nh ib i ted markedly at  th i s  

concentration .  Concentrations of added ethanol and acetone resul ting 

in a 50% inh i bit ion of growth rate of NG 1 2  were determined as 1 4.5 

gi l  and 1 3 .0  gil , respect i vely .  P262 was i n h i b i ted by 50% at  

concentration of  added ethanol and acetone of 24.5 gIl and 23 gil , 

respectively. 



Table 5 . 1  Growth rate values in the presence of added solvents. 

Solvent Concen tration � 

added (gil) (h- 1 ) 
P262 NG 1 2  

B u tanol () 0.272 0.200 

5 .0  0.263 0 . 1 00 

8 .0 0. 1 30 0.009 

1 0.0 0.003 0 

1 2.0 0 0 

Ethanol 0 0.27 1 0 .200 

1 0.0 0.267 0 . 1 54 

20.0 0. 1 88 0 .033 

30.0 0.076 0 .0 1 3  

40.0 0.0 1 8  0 

50 .0 0.009 0 

60.0 0 0 

Acetone 0 0.253 0 . 1 67 

1 0.0 0.235 0 . 1 1 0 

20.0 0. 1 80 0.027 

30.0 0.022 0 .007 

40.0 0 0 

50.0 () 0 

60.0 0 0 
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Fig 5 .7 Effec t of added sol vents (a) butanol ; (b) ethanol ;  (c) 

acetone on growth ra tes of  the paren t  stra in  ( 0 ) and non -motile 

mutant ( 0). 
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Growth yie ld  was a l so  determined and was defined as the growth 

ach ieved after 24 h (OD650) minus the growth (00650) at the time of 

inocul ation .  The growth yield va l ues for P262 and NG 12 in  the 

presence of solvents are shown in Table 5 .2. 

The % inh ibition of growth yields of P262 and NG 1 2  in the presence 

of added solvents are shown in Fig 5 . 8 .  The growth yield of NG 1 2  

was reduced to a greater extent than was P262, a t  a g iven butanol 

concen tra tion (Fig 5 . 8a) .  

Ethanol  and acetone a l so i nh ib i ted the growth yiel d  of NG 1 2  more 

than that of P262 (Fig  5 .8b  and Fig 5 . 8c ,  respec tivel y) .  S im i l ar to 

inh i b i ti on of growth rate by ethanol and acetone, i nh ibition of growth 

yield occurred at concentrations above those typical l y  achieved during 

fermentation . 

. 3 . 2  E n d - P ro d u ct I n h i b i t i o n  o f  B u t a n o l  Prod u c t i o n  

The effects of  butano l ,  ethano l  and acetone on  the production of  

bu tanol by C .  acetobu tyl i cum P262 and i ts non-moti le mutant were 

invest igated and compared in an experi men t separate from that of the 

effect on growth rate ,  where in  each so l vent was added to the 

fermentat ion 1 8  h a fter i nocu l at ion .  At th is  stage, cel l growth was 

almost completed and butanol production was only about I gil . Hence, 

any inh i b i tory effect on so lvent production cou ld be attributed solely to 

the effect of added solvent per se,  and not to any differences in 



Table 5 .2 Growth yield values i n  the presence of added solvents. 

S olvent 

added 

B u tanol 

Ethanol 

Acetone 

nd not detemlined 

Concentration 

(gil ) 

0 

5 .0 

8 .0 

1 0.0 

1 2.0 

0 

1 0.0 

20.0 

30.0 

40.0 

50.0 

60.0 

0 

1 0.0 

20.0 

30.0 

40.0 

50.0 

60.0 

00650 

P262 NG 1 2  

3 .438 3 .893 

2.83 1 2. 179 

nd 0.885 

0.663 0. 1 33 

0.047 0.038 

3 .503 3 .44 1 

3 .524 3 . 1 85 

3 .595 3 . 173  

2.733 1 .28 1 

0.64 1 0.07 1 

0.086 0 .037 

0 .047 0 .048 

3 . 1 58 3 .890 

2.826 3 .075 

1 .868 2.298 

nd 0.922 

0.056 0.030 

0.054 0.034 

0.043 0.0 1 4  

1 60 
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biomass concen tration. At time = 1 8  h ,  the butanol concentration was 

taken as 0 gil . 

Fig 5 .9 ,  5 . 1  0 and 5 . 1 1  show the concentration of butanol as a function 

of t ime when the paren t strain was chal l enged wi th  butanol ,  e thanol ,  

and acetone, respective ly .  A marked decrease in  butanol production 

was observed after the addition of each end-product .  S imi lar results 

were observed w i th the mutant (Fig 5 . 1 2, 5 . 1 3  and 5 . 1 4) .  These 

resu l ts confi rm that the production of butano l by C. acetobutylicum is 

subject to produc t inh ib i tion. 

The butanol prod uction rate was calcul ated as the i n i ti a l  rate and the 

va lues are s hown in Tab le 5 . 3 .  The amount  o f  i nh ibit ion was 
q .  

determ ined b y  ca lcu la t ing the ratio �, where qi i s  the rate i n  the 1 0  
presence o f  i nh ib i tor and qo is the rate in i ts absence. Fig 5 . 15a  shows 

that the butano l  production rate of NG 1 2  was less i nhibi ted by the 

add i t ion of butano l  t h a n  was that  of P262. The presence of added 

butanol resu l ted i n  50% inh ibi t ion of the butano l  production rate at 8 .7 

gil for NG 1 2  and 5 gil for P262. 

S imi lar to their effects on growth ,  ethanol and acetone were found to 

be less toxic to so lven t prod ucti on than was butano l .  I nhi bitory 

concen tra t ions  were considerab ly  greater than was observed with 

butano l .  NG 1 2, when compared to P262, showed the same response 

(as wi th butano l )  to ethanol and acetone in  terms of butanol production 

rate (Fig 5 . 1 5b and Fig 5 . 1 5c), respect ively .  Ethano l ,  a t  a n  added 

concen trati on  of 40 .0 gil ,  caused a 50% inh ibition of production rate 

in NG 1 2, w h i le for P262 a 50% inh ibi t ion was calcu lated to occur at 
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Table 5 .3 Bu tanol production rate values in the presence of added 

solvents . 

Solvent Concentration q 

added (gil ) (g/I . h )  

P262 NO 12  

B utanol 0 0. 1 73 0.080 

5 .0 0.087 0 .062 

8 .0 0.033 0.046 

1 0.0 0.0 1 7  0 .020 

1 2.0  0.00 1 0 

Ethanol 0 0 . l 73 0.080 

1 0.0 0. 1 1 7 0.050 

20.0 0. l 23 0.050 

30.0 0.073 0.043 

40.0 0.080 0.040 

50.0 0.067 0.043 

60.0 0.067 0 

Acetone 0 0. 1 73 0.080 

1 0.0  0 . 1 03 0.047 

20.0 0.067 0 .053 

30.0 0.060 0.035 

40.0 0.057 0.030 

50.0 0.057 0.007 

60.0 0.047 0.007 
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Fig 5 . 1 5  Effects o f  added s o l ven ts (a )  bu t ano l ;  (b) eth ano l ;  (c) 

acetone on bu tano l  prod uc t i on rates of the parent s trai n ( 0 ) and non

moti l e  mu tant  ( 0 ). 
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an added ethanol concentration of only 23 gil . However, a t  a n  added 

ethanol concentration of 60.0 gil, bu tanol production by N O  1 2  was 

complete ly  inhibi ted , whi le in P262 i t  was observed to persist .  In the 

presence of  added acetone, 50% inhib i tion of the rate of bu tanol  

production  was observed in  NO 12 at a concentration of  26 gil ,  

whereas in  P262, it was at 1 4  gil . 

The inhibitory effects of added solvents were a lso apparent in the fina l  

concentrations of butanol obtained (referred to as  butanol production 

in this study). NO 1 2  was less inhibited on a percentage basis than was 

P262 in i ts ab i l i ty to produce butanol in the presence of added 

concentrations of butanol less than 9.4 gil .  At this concentration , a 

cross-over effect  was observed where the abi l i ty of the mu tant  to 

produce butanol was more adverse ly affected than that of  the parent  

(Fig 5 . 1 6a). 

Added ethano l and acetone were also observed to have a less adverse 

effect o n  the abi l i ty of NO 1 2  to prod uce butanol than on P262 .  

Simi l ar cross-over effects were noted , although they occurred at very 

high concen trati ons of ethano l ,  53 gil (Fig 5 . 1 6b) and acetone, 40 gil 

(Fig 5 . 1 6c). 

5.3.3 M em b ra n e- b o u n d  A T Pa s e  A c t i v i ty 

Previous s tud ies h ave shown that butanol inhibits membrane-bound 

ATPase ac t iv i ty (Moreira et ai , 1 98 1 ;  Bowles and E l lefson ,  1 985) .  

ATPase couples the hydro lysis  of ATP to the extrus ion of  protons 
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from the cell (Riebel ing and Jungermann ,  1 976). This action generates 

a proton motive force wh ich is the dri ving force for many energy

requiring processes such as motil ity (He l l ingwerf and Konings, 1 985) .  

S ince pro ton extrusion and moti l i ty are both mediated by proton 

motive force which is then mediated by ATPase, the membrane-bound 

ATPase activ i ties i n  the parent and non-motile mutant were determined 

and compared . 

The membrane-bound ATPase was so lubi l ized by treating the crude 

bacterial membrane wi th PIPES buffer (pH 5 .95) .  ATPase activ i ty 

was then determined by measuring the release of i norganic phospha te 

(Pi) from ATP and the resu l ts are summarized i n  Table 5 .4 .  A higher 

membrane-bound ATPase activ i ty was observed wi th the parent strain .  

The leve l  o f  ATPase activ i ty in  the non-moti le s train was virtually not 

detected by the method employed in  this study . The different values 

obtai ned for the d i fferent  experimen ts are probably due to cells of 

slightly d i fferent stages of growth bei ng used . 

5 .3.4 Effect o f  a n  ATPase In h i b i tor a n d  Protonophores on 

B u ta n ol Prod u c t i on 

The effects of the ATPase inh ib i tor, DCCD,  and proton- ionophoretic 

compounds (protonophores) on the butanol production of the parent 

and mutant s tra i n  were i nvesti gated . The mutant and the parent  

s trai ns were a l l owed to  grow for 1 8  h after i nocula tion ( i .e .  un ti l  

growth was complete) ,  before DCCD and the protonophores were 

added at concentrations which were sub-i nhibi tory to growth . These 



Table 5 .4 ATPase activity in  the parent and non-moti le strains of C .  

acetobutyl icum 

Organism 

P262 1 . 8 

NO l 2  nd 

Enzyme activity 

(x 1 0-6 mg Pi / h / cell) 

II 
3 . 3  

0.006 

Data were obtained from three ex periments. 

Pi  was measured as P043-

nd signifies not detected. 

I I I  
0 .032 

nd 
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concentrations were based on previous stud ies on C .  ace tobu tylic u m  

and E .  co l i :  DCCD and CCCP (Reysenbach ,  1 987) ;  FCCP, n igeric in  

and acetoacetate (Huesemann and Papoutsakis, 1 986) ;  val inomyci n  

(Mi l ler  and  Kosh l and ,  1 977) .  To measu re the effec ts o f  the 

compounds on butanol  production ,  two ratios were calcu lated namely ,  

w here B i i s  the maximum butanol  production i n  the presence of  

i n h i b i tor  or  pro tonophore and B o is t he  maximum butanol  

produc t ion  i n  the  absence of  i n h i bi tor  or  proto nophore 

(con tro l )  

where gi is  t he  i nit ial rate of  bu tanol production i n  the presence 

of i n h i bi tor  or pro tonophore and go i s  the i n i ti a l  butano l  

prod uction ra te i n  the control . 

The resu l ts are summarized i n  Table 5 . 5 .  

I n  the presence of  DCCD, the abi l i ty of NG 12  to produce butanol was 

not  a ffec ted whereas tha t  of P262 was great ly reduced . Likewise, 

DCCD exerted a more adverse effect on the i n i tial rate of  butanol 

production of P262 than of NG 1 2 . 

CCCP a nd FCCP appeared to increase the  butanol production of the 

mu tan t and reduce tha t  of the parent. However, the in i t i a l  rate of 

bu tanol  production of the mutant was more severely inh ibi ted than that 

of  the parent .  The higher cu l ture pH val ues observed with the mutant 

after the add i tion of CCCP and FCCP imply that proton conduction 

i n to the mutan t was greater than that i n to the parent  (Fig 5 . 1 7 ) .  
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Table 5 .5 Effect of an ATPase i nh ibi tor and protonophores on butano l 

prod uction and in i t ia l rates of butanol  production of strai ns 

P262 and NG 1 2. 

B · 1 g j  
-

Compound B o g o  
added P262 N 0 1 2  P262 NO l 2  

None 1 . 00 1 . 00 1 . 00 1 . 00 

DCCD (300 11M) 0 .4 6  1 . 00 0 .57 0 . 7 5  

CCCP (75 11M) 0 . 87 1 . 3 1  0 . 3 8  0 . 20 

FCCP (40 11M) 0 .7 0  1 . 1 0  0 .46 0 . 2 8  

Valinomycin 1 . 00 1 . 00 1 . 00 1 . 00 

(20 11M) 

N i gericin (2OI1M) 0 . 2 2  0 . 0 5  0 .09 0 . 02 

Acetoacetate 1 . 00 I .  3 1  1 . 00 1 . 00 

( 1 0  g/I ) 
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Fig 5 . 1 7  p H  of  the c u l t u re after ad d i ti on  of  CCCP and FCCP .  

Arrow ind icates t i me of add i t ion of  pro tonophores.  0 ,  CCCP i n  NG 

1 2  c u l ture; e ,  FCCP i ll NO 1 2  c u l t u re ; 0, CCCP in P262 c u l t u re;  . , 

FCCP in  P262 c u l t u re .  
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I n  the presence of  acetoacetate at  10  gil , so lven t  production in  the 

mu tant  i ncreased but  not in the paren t. V a linomycin , at the 

concentration  u sed in this experiment, had no effect on butanol  

production o f  either the mutant or  the parent strain .  On the other 

hand, the concentration of nigericin (and butyric acid) used v irtuall y  

poisoned both organisms. 

5 . 4 D I S C US S I O N  

The resu l ts obtai ned from studies o n  sol vent inhibition o f  growth rate 

(Section 5 .3 . 1 )  suggest that the m o [ - mutant NG 1 2  has a lower 

to lerance to solvent toxicity than does the parent strai n P262. This 

cou ld exp l ain why the m o t - mutant produced a lower so lvent  

concentration  during fermentation than d id  the parent strain (Section 

4 .3 .6) .  

Among the end-products of fermen tation ,  butanol was the most potent 

i nh ibi tor. Hence, th is  discussion wi l l  focus more on the effects of 

butanol than of the other products. At levels normal ly attained during 

fermentation (up to 1 8  gil ) both growth and so l vent production were 

observed to be inh ibi ted . This is in agreement wi th previous studies 

(Moreira et  a i ,  1 98 1 ;  Costa and Moreira, 1 983 ; Lin and B l aschek, 

1 983 ; Ounine et a i ,  1 985 ;  Kuhn and Linden, 1 986) .  Resu l ts obta ined 

from the present study on end-product inh ibition of solvent production 

provide more legit imate evidence that the ABE fermentation is subj ect 

to end-product  inhi bition , since the cu l tures were a l lowed to establish 

before the toxic end-prod ucts were added . I nh ibi tion of  so lvent 
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production ,  therefore, cou ld not be attr ibuted to i nh i bi ti on  of growth 

rate or growth yield, but on ly to the i nh ibi tory effect of so lvents on  

the solvent-producing machinery of  the organisms. 

Alcohols  are known to exert an t imicrob i al act iv i ty through the 

d i srupti on  of the ce l l  membrane struc ture of the microorgani sm  

(Harold ,  1 970; I ngram and  B ut tke,  1 9 84) .  However, the exact 

mechan i sm of the chaotropic effect on the membrane bi layer i s  not 

known .  The cell membrane acts as a permeabi l i ty barrier and as a n  

agent  for select ive transport or uptake o f  materials .  The bacteri al cell 

membrane a lso plays a key role in the generat ion of metabol ic  energy 

i n termed ia tes ,  one of which i s  the proton motive force,  which can 

drive energy-requ iri ng metabo l ic  processes . 

I t  has been shown that butanol add i tion i nh i b i ts growth by i nh ib i t ing 

glucose uptake of C. acetobutyl icum cel ls (B owles and Ellefson , 1 985 ;  

Moreira et a i ,  1 9 8 1 ; Oun ine et a i ,  1 9 8 5 ) .  The decrease i n  g lucose 

uptake would resu l t  in a decreased growth rate , resu l ti n g  i n  ce l l  death 

and a decrease in fermentati on act iv i ty .  Litt le is known about the exact 

mechan ism of g lucose uptake i n  c .  acetobu tyl i c u m .  More i ra e t  al 

( 1 98 1 )  proposed that g l ucose transport i s  coupled to the hydro lysis of 

A TP by a membrane-bound ATPase, wh ich br ings about proton 

extrus ion  from the cel l .  Th i s  ac t ion of proton extrus ion creates a 

pro ton mot i ve force that dr i ves the energy-dependent  g lucose 

transport. However, Bow les and E l lefson ( 1 985)  argued that g lucose 

uptake i n  c .  acetobutyl i cum i s  not  med iated by  an ATP-dependen t  

system s i nce the presence of 1 mM arsenate, wh ich  lowered the 

i ntrace l l u l ar ATP levels by 80%, had no effect on the rate of g lucose 
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uptake . Recently, Hutkins  and Kashket ( 1 986) demons trated that c. 
aceto b u tyl i cum transports g lucose by t he  phosphoenolpyruvate

dependent phosphotransferase system. Butanol concen tration in the 

medium up to 2 % v/v did not inh ibi t  the phosphotransferase activity,  

but caused cel l u l ar phosphoenolpyruvate to leak out of the cel l  due to 

the disruption of the cell membrane. 

If bu tanol does not i n h ibit the phosphotransferase acti v i ty In c .  
a c e t o b u ty l i c u m ,  i t  is  qu i te un l i ke ly tha t  a defec t i n  the  

phosphotransferase system in the  mutant NO 1 2  can  be postulated as  an  

explanation for the  reduced g lucose uptake and solvent production 

observed in the previous chapter (Section 4.3 .6) .  However, i t  may be 

postulated that the mutant is more sens itive to the disruptive effect of 

butanol because it could not efficiently produce a change in the fatty 

acid composi tion of i ts membrane in the presence of butano l .  

Microorganisms have been known to adjust their l ipid composition to 

surv ive adverse environmental condit ions .  This response ,  known as 

homeoviscous adaptation , is be lieved to affect the physical changes 

caused by the env ironment and to permit the cel l  to mai ntai n its 

membrane a t  the proper viscosity and surface ionic mi lieu for optimal 

cel lular function. C. acetobu tylicum has been observed to increase the 

ratio of saturated fatty acids to unsaturated fa tty acid to coun teract the 

fl uid izi ng effect o f  butanol on the membrane (Baer et a I ,  1 987 ;  

Kimelberg, 1 977 ;  Kuhn and Li nden , 1 986 ;  Vollherbs t-Schneck et  ai , 

1 984 ) .  

One resu l t  of  this homeoviscous adaptation induced by the presence of 

alcohols is  that the cel l must expend energy to a l ter the composition of 
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this l i pid membrane. Th is  energy must  be d iverted from o ther 

processes, such as synthesis  of new ce l l  materia l .  Cel l  yield, therefore, 

wi l l  be reduced i n  the presence of alcoho l .  This i s  in agreement w i th 

resu l ts observed i n  butanol-chal lenged experiments where NG 1 2  

produced a l ower growth yield than did P262, suggest ing perhaps a 

greater diversion of  energy . 

Typica l l y ,  bacter i a  a l so carry ou t  homeostas is  by w hich  the 

cytoplasmic ( in trace l l u l ar) pH is maintained c loser to neu tra l i ty than to 

the externa l  medi um .  However, bacteria wh ich produce weak acids 

such as acetic and butyric ac ids are unable to do this (Reibel ing et  aI, 

1 975 ;  Baronofsky et a i ,  1 984). Instead,  these bacteria main ta in  a 

re lat ive ly constant  pH gradient across the membrane. I n  stric t ly  

fermentat ive  bac teri a,  there are no elec tron transfer systems that 

function as pro ton pumps . In these organisms proton extrusion is  

carried out by the membrane-bound ATPase complex (Riebe l ing and 

J ungermann ,  1 97 6 ;  Hel l i ngwerf and Kon ings ,  1 985 ;  B rink and 

Konings, 1 986) .  

The chemiosmotic hypothesis of Mitche l l  ( 1 96 1 ,  1 966) postulates that 

proton trans locat ion generates an electrochemical  proton gradient, or 

proton moti ve force, across the cel l  membrane. Thi s  proton motive 

force consi sts of the membrane potent ia l  (�\jf) and the pH grad ient 

(�pH) wi th the i n side of the cytoplasm e lec tr ica l ly negative and 

a lka l ine ,  and lhe ou tside of the membrane e lectrical ly pos i ti ve  and 

acidic .  The proton moti ve force can be used to drive endergonic 

cel l u l ar processes such as biosynthesis ,  moti l i ty ,  phosphotransferase-
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mediated transport of sugars and transmembrane transport of protein 

(Hel l i ngwerf and Konings, 1 985) .  

The acetic ac id and butyric acid produced duri ng fermentat ion are 

weak organic acids which are able to d i ffuse pass ively across the ce l l  

membrane (Thauer e t  a i ,  1 977;  B aronofsky, e t  a i ,  1 984; Herrero et  a l ,  

1 98 5 ;  Got twa ld  and  Gottscha lk ,  1 9 85) .  They are assumed to  

equi l i brate on both sides of an  energized membrane and to partit ion i n  

the membrane bi layer. The undissoc iated acids d iffuse passively i n to 

the cytop lasm.  Si nce the in trace l l u l a r  pH i s  h i gher than that of the 

outside, the ac ids  d i ssoc i a te ins ide the cytoplasm. The anion moiety is 

effect ively exc luded to the outside of the ce l l ,  leaving beh ind a proton 

and thus reduc ing the preva i l i ng  �pl-I (Herrero et al 1 985 ;  Bahl and 

Gottscha lk ,  1 985) .  

In  the presence of  a fu ncti o n i ng membrane- local i zed ATPase, a 

fu nct i o n a l  � pH w i l l  be ma i nta i ned .  I n  C .  ace to b u tyl i c u m  the 

phys io l ogical  leve l s  of aceta te  and  bu tyrate do not  affect the  6pH . 

However, i n  the presence of growth- l im i ti ng butanol concentrati ons,  

the abi l i ty of C. acetobutyl icll ln to main tain  the .6.pH ( interior a lkal i ne) 

is destroyed ( B o w les and E l l e fson , 1 98 5 ;  Gottwald and Gottscha lk ,  

1 985) .  Terrac iano and  Kashket  ( 1 986 ) found that  in  batch cul ture, the 

�pH of C .  <l ce t o b u tyl i c ll l11 d i e! not decrease unt i l accumu l at ion of 

butano l  occurred in the med ium.  Bu tano l  was observed to i nh ib i t  the 

proton-t rans locati  I lg ATPase (Bowles and El lefson ,  1 985 ;  Gottwald 

and Gottscha lk ,  1 985 )  thereby inh i b i t ing proton effl ux .  
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S ince the membrane-bound ATPase seems to play a key role i n  the 

growth and metabol i sm of C. acetobu tyl i cum ,  the leve l s  o f  ATPase 

act i v i ty i n  the pa ren t and mutant s tra i n s  were determi ned .  The 

u ndetectable ATPase act iv ity i n  the mutan t may explain the d i ffer ing 

butanol  tolerance of  the pa rent and mutant stra ins .  B utanol i tself acts 

as an u ncoupler, that i s ,  it enhances proton infl ux v i a  the d i sruption of 

membrane i n tegri ty (Kuhn  and L i nden ,  1 986 ;  L i nden , 1 987 ) .  

Therefore, i n  t he  p resence of  butanol  and  the lack of a funct iona l  

ATPase ac t i v i ty,the rate of  proton effl ux cou ld not match the rate of  

proton i n flux lead ing  to  the co l l apse of  the .1pH in  the mutant . 

Th us far ,  butanol seems to exert i ts deleter ious effect  on two target 

s i tes ,  name ly ,  the cel l membrane as an osmotic barrier and the 

membrane-bound ATPase as a proton-trans locati ng enzyme. 

The complex i ty of the effec ts of butanol is emphasized in the resu l ts 

ob tai ned from the  s tudy on end- prod uct i n h i bi t i on  o f  so lven t  

product ion .  I n  the presence of added sol vents , t he  mutant was  less  

i nh i bi ted (on a percentage bas i s )  than was the paren t .  The d i fferi ng 

level of membrane-bound ATPase in the two organisms may account 

for th i s  observed effect .  S ince ATPase is  in  an undetectable amount in 

the mutan t ,  there i s  one target s i te less for butanol to act on .  I n  the 

paren t ,  the two target si tes (ce l l  membrane and ATPase) are present, 

hence, the effec t of bu tano l  seems more profound . S uch an 

explanat ion may appear to be con trad ictory to the resu l ts obtained for 

the i n h i b i t ion of g rowth .  However, i t  may be poss ib le  that d uring 

act ive cel l g row th ,  the inh ib i to ry effect of butanol d ue to membrane 

d i srupt ion i s  mll ch  more important  than i nh ib i t ion of the ATPase 
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activ ity (Linden , 1 987) .  I n  con tras t ,  after cel l growth is completed , 

the effect on the acti v i ty of the ATPase becomes of  increasi ng 

importance. Further, i t  is poss ib le tha t  during  cel l growth , some 

means of proton extrusion other than ATPase is  act ively i nvol ved.  

I t  can also be specu lated that in  the mutant, one immediate effect  of 

butanol  add i t ion ( 1 8  h after i nocu l ati on) was for i t  to ac t as an 

uncoupler, and thus ,  in  the absence of  a function ing  ATPase lower the 

i n tracel l u lar pH suffic ient ly so that so lventogenes is  commenced . A 

lowered in t racel l u la r  pH i s  be l ieved to be one of the  tri ggers for 

so l ven t produc t ion  (Got twa ld and Gottscha l k ,  1 98 5 ;  Bowles and 

E l lefson, 1 985 ; H uang et a i ,  1 985 ;  Terraciano and Kashket, 1 986) .  In 

the paren t ,  in con tras t ,  the ATPase functions to remove protons from 

the ce l l ,  and thus the in t race l l u lar pH is lowered less qu ickly than in 

the mu tan t .  K u h n  and Li nden ( 1 986) have shown that  bu tano l  

enhanced the pass ive i n fl ux of protons i n to the ce l l .  At added butanol 

concentra t ions of 0.05 M to 0.08 M (about 4 gil to 6 gil ) ,  proton i n flux 

into C. acetobutyl icum cel l s  was induced w i thout  any marked inh ib i tion 

of growth ra te. Th rough th i s  pro ton i n fl u x ,  a low in ternal pH , a 

crit ical in trace l l u l ar ac id concen trat ion and a pH grad ient,  wh ich  are 

essentia l  to in i t iate sol vent production, could be attai ned. 

Another specu l a t ion can be made invo lv ing au to lys in  production in 

order to ex plai n the lesser response of the mu tant in this experi ment. 

The re lease of cel l - free auto lys in  was poss ib ly  not as great i n  the 

mutant as i t  was in the pa rent .  Th us ,  inh ibi ti on of sol ven t production 

was less. Butano l  toxici ty has been l i nked to the auto lyt ic  degradation 

of sol vent-prod uci ng ce l l s  in C. acetobutyl icum (Van der Westhuizen et 
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a l  1 982;  Sou ica l le et a i ,  1 987) .  Barber et al ( 1 979) suggested that 

i nh i bi tory concen t rat ions of butanol tri ggered the re lease of cel l - free 

autolysin d uring sol ventogenesis .  A synergistic effect between butanol 

and auto lys in  was proposed by Souical le  and Ooma ( 1 986),  wherein 

butano l  was assu med to cause greater permeabi l i ty of the ce l l  

membrane to  the bacterioc i n .  Ei ther way, the lower amount  of  butano l 

produced by the mutant  probably d id  not a l l ow the production and 

effect of autol ys i n  on sol ven t-produc i ng cel ls in  NO 1 2  as much as i t  

d id i n  the  paren t .  A concentrat ion of added butanol of approx imate ly 

10 gil was probably sufficient to trigger production of autolysin in  the 

mutant  such  t h a t a cross-over e ffect was o bserved where the 

product ion by the mutan t  was more i n h i b i ted than was that of the 

paren t (Fig .  5 . 1 6 ). 

Furthermore, the low ATPase acti v i ty in NO 1 2  was con firmed in  

experiments us i ng  Dee D and  proto nophores . The  effect  of the 

addi t ion  of  DeCO and protonophores to C. acetobutyl i cum cu l tures 

demonstrates the importance of the ro le of the membrane-bou nd 

ATPase to pump pro tons ou t  of the cel l and mainta i n  a pH grad ient 

essen t ia l  for cel lu l ar functi ons .  DeCO i s  a potent and h igh ly  se lective 

i nh ib i tor of the membrane-bound ATPase (Abrams and Smi th ,  1 974; 

Riebel i ng  and Jungerman n, 1 976) .  The un i nh i b i ted butanol production 

in the mutant  con fi rms the lack or absence of a fu nctional membrane

bound ATPase i n  t h i s  s tra in of organ i sm. I t  i s  assumed that i nh i bi t ion 

of ATPase i n  the  parent  s t ra i n  res u l ted i n  the d i s s ipat ion of the pH 

grad ien t. However, there appears to be only a partial d iss ipation s ince 

the decrease in butanol  production i n  the presence of DCCD was not 

drastic .  Th is  i s  in agreement with the observat ion of Huang et a l  
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( 1 985)  that  some other proton extrusion mechanism exists 1 0  c .  
acetobutylicum which may contribute to proton translocation at low pH 

val ues. I t  has been suggested that rubredoxin and NADH-rubredoxin 

oxidoreductase may participate in  proton extrusion since their activi ty 

is highest on ly at low pH values (Huang et aI ,  1 985) .  

Protonophores are compounds, usual ly  l ipid-solu ble,  which faci l i tate 

passive proton d i ffu sion through the membranes .  The exact  

mechanism by which proton conduction occurs in  the presence of  

protonophores i s  unclear but they probably act as l ipid-so luble  proton 

carriers (Haro l d ,  1 970) .  It is expected tha t  the presence of  

protonophores could create a proton pu lse, increase the rate of proton 

entry into the cell and possibly di ssipate the pH gradient. CCCP and 

FCCP have been known to completely abolish the pH gradient in C .  

acetobutyl i c u m  ce l ls (Gottwald and Gottschalk,  1 985 ;  Huang e t  a i ,  

1 985) .  The presence o f  sub-inhibitory concentrations o f  CCCP and 

FCCP seemed to resu l t  only in parti a l  dissipation of the pH gradient. 

The greater decrease in the ini t ial rate of  butanol production in  the 

mutant  than in  the parent was not unexpec ted due to a greater 

dissipation of pH gradient in the mutant as a resu l t of lower levels  of 

ATPase acti v i ty.  However, these protonophores did not seem to affect 

the final concentration of butanol produced by the mutant. I t  can be 

specu la ted that  la ter in the sol ven togenic phase the sub-i nh ibi tory 

concen trations  of CCCP and FCCP were affecting the mutant towards 

enhancement of butanol production by creating a functional in ternal  

pH and pH grad ient  va lues. Huesemann and Papoutsakis ( 1 986) 

obtained s imi l ar stimul at ion of butanol  production us ing much lower 

concen trations of CCCP and FCCP on the parent strain or wild-type C. 
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acetobu tyl icum.  The lower butanol  production i n  the parent s tra in ,  i n  

the presence of these protonophores, can be  attributed s imply to  ATP 

drain .  S ince a functional ATPase was present i n  the parent strain ,  this 

enzyme was continuously act ive in the presence of a proton pulse to 

mai n ta in  or  restore the membrane pH gradient .  In other words ,  the 

presence of protonophores l ed to an increasi ng rate of proton motive 

force generation which, in turn, produced an increased rate of proton 

motive force consumption at  the expense of ATP (He l l i ngwerf and 

Kon ings,  1 985 ;  Herrero et a I ,  1 985) .  

Val i nomyc in  i s  an ant i biotic which increases the permeabi l i ty of the 

membrane to a lka l i -metal ions ,  w i th greater perference for K+ . Thi s  

ant ibiot ic can  a lso act as  a h igh ly se lect ive carrier for H+ if  the pH 

va l ues are low (Haro ld ,  1 970) . The absence of drastic effect of 

va l i nomyci n  i n  either the paren t or mutan t s train  probably i ndicates 

that i t  favored d i ffus ion of K+ across the membrane which did not 

affec t  the membrane pH gradient. Acetoacetate seemed to enhance 

butanol production in the mutant, in a s imi lar way to CCCP and FCCP. 

Acetoacetate is taken up as a metabol ic in termediate through the same 

mechanism as used for other organic ac ids, in which d issociation in the 

cytoplasm and anion excl usion leaves a proton inside the cell wh ich i s  

then exc l uded ,  creat i ng a p H  grad ient  favorab le  for bu tano l  

production . By v irtue of a functional ATPase, add i tion of acetoacetate 

poss ib ly  crea ted an ATP dra in  in the parent strain but not in the 

mutant. 
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At  the concentrat ion used , n i gencl n seemed to be a potent 

protonophore causing complete dissipation of the pH gradient and 

cessation of solvent production .  
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CHAPTER 6 

FINAL DISCUSSION AND CONCLUSION 

This thesis has examined the moti le  behaviour of C .  acetobutyl icum 

during the ABE fermentation. I t  has been demonstrated that motili ty 

during the fermen tation is a chemotactic response of the cel ls towards 

nutrients and end-products (Chapter 3) .  C. acetobutyl icum exhibi ts 

posi tive chemotaxis  (attraction) toward sugars (g lucose, galactose, and 

l actose) and the undissociated forms of acetic and butyric acids. This  

organ i sm also exhib
'
i ts negati ve chemotaxis  (repu ls ion)  from the 

solven ts acetone, butanol and ethanol .  

The chemotactic response to und issoc i ated acids i s  con trary to that 

observed in E. co l i  (Kihara and Macnab, 1 98 1 ;  Repaske and Ad ler, 

1 98 1 )  and th i s  can be explai ned as a su rvi va l  mechanism of C .  

aceto b u tyl i c u m  to further metabo l i ze these acids to neu tral end

products before they reac h i nh ib i tory leve l s .  Attrac t ion  to the 

undissociated ac ids occurs at a thresho ld concentration which is in the 

same region of i n trace l lu lar concentration of acids ,  particularly that of 

bu tyric acid , where solvent production is i n i ti ated . Si nce both 

physio logica l  (con version of  aci d s  to so l vents) and behavioura l  

responses (chemotaxis) are el icited at  th is  concentration of in tracel l u l ar 

butyric ac id ,  the most l ike ly  ' tr i gger' for the sh i ft to so l vent  

production seems Lo be the intracel lu lar butyric ac id concentration. 
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The rel ationship between moti l i ty and solvent production observed 

previous ly (Spivey, 1 978 ;  Gutierrez, 1 985 ;  G utierrez and Maddox, 

1 987) has been confirmed and exp lained by the isolation of a non

moti l e  mu tan t  of C .  acetob u tyl i cum .  The non-moti le  mutant was 

otherwise iden tical to the parent strain in al l  cel l morphology aspects 

but  which ,  a l though s t i l l  solventogenic , exhibited a l ower growth rate 

and produced lower butanol concentrations. 

I t  can be conc l uded ,  therefore, that mot i le cel l s  of C. acetobutyl icum 

are more so lventogen ic because they can chemotactical ly  respond to 

changes in their environmen t. A l though nu tr ien t  tran sport is not  

required for chemotaxis to occur, chemotaxi s to  sugars leads the cel l s  

towards source of optimal energy. I f  cel l s  are moti le  and chemotactic ,  

they wil l  migrate towards acetic and butyric acid , under conditions of  

low pH,  to  metabo lize these acids to solvents in order to prevent the 

acids from reach ing toxic in trace l l u lar leve ls .  

The toxic i ty of the so l vents , particu l ar ly  b u tan o l ,  h as been 

demons tr ated in C hapter 5. When toxic end -products s tart to 

accumulate , chemotax is gu ides cel ls to migrate away from these end

products . Hence, the absence of moti l i ty or chemotaxis c learly puts the 

cel l s  at  a d i sadvantage si nce they become confi ned in an adverse 

environment.  As a consequence non-mot i le  or non-chemotactic cel l s  

appear to  have lower butanol  to lerance. Bu tanol is known to  disrupt 

the cel l membrane structure of microorganisms. Therefore in the 

presence of butano l , non-moti l e  cel l s  which cannot escape from the 

toxic effects of butanol are more subject to the chaotropic effect on the 

membrane. The non-moti le ce l l s  then are expected to expend more 
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energy for homeov i scous adaptation to preserve cel l membrane 

i n tegri ty which should otherwi se be uti l ized for other energy-requir ing 

cell u l ar processes such as biosynthesis .  

Chemotax i s ,  therefore, prov ides  s ur v i v a l  ad van tage to C .  

acetobutyl icum. 

The solvent inhib i tion stud ies have shown that the ABE fermentation i s  

i ndeed subject  t o  end-prod uct toxic i ty and that t he  l ow butanol  

production observed wi th the non-moti le mutant can be attributed to i ts 

lower butanol to lerance. The non-moti le mutant was a l so observed to 

be defic ient  in the membrane-bound ATPase acti v i ty, and th is  may 

further explain i ts l ow solvent producti on .  The membrane-bound 

ATPase mediates proton extrus ion across the membrane and generates 

proton motive force. When ATPase ac t iv i ty i s  lacki ng, the rate of 

proton effl ux wou ld  not match the rate of proton i nflux which i s  

enhanced when the cel l membrane i s  d i s rupted i n  the presence of 

butano l .  Th i s  leads to the co l l apse of the pH gradien t  necessary for 

cel l u l ar functions. 

The defic iency of membrane-bound ATPase i n  the mutant has been 

usefu l in h igh l ighti ng the mul t iple effec ts of butano l . The apparent 

greater tol erance of the mutant  to butano l  i n h i b i t ion  of  so l vent  

product ion suggests that butanol tox ic i ty dur ing so l ventogenesi s  i s  

more profound i n  the presence of  two target s i tes,  namely ,  the cel l  

membrane and the membrane-bound ATPase. However, d i sruption of 

the membrane seems to be more important than toxic i ty to ATPase 

during acti ve growth . 
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Al though quant i ta t ive  meas u rement of the i n trace l l u la r  pH,  

intracel l u lar acids concentration and pH gradient i n  the non-moti l e  

mutant w i l l  be more conc lusive, enhancement o f  butanol production i n  

the ATPase-deficient mutant in  the presence of protonophores has 

emphasized the importance of these in terrelated factors in in i tiating 

solvent production .  

However ,  the defic iency of ATPase in the non -mot i le  mutant  

complicates the exact nature of  the mu tant. Loss of moti l ity in mor 
(paralyzed) mutants is not due to loss of the proton motive force that 

drives fl agel lar rotation,  but to a defect in  the conversion of proton 

moti ve force to ro tary d ri v i ng  energy ( I sh i hara et  aI ,  1 98 1 ) . 

However, it i s  known that lack of detectable ATPase activ i ty b locks 

anaerobic moti l i ty in unc mutants of E .  co l i  (Th ipayathasana and 

Valen tine, 1 974) .  Whether the mutation in mutan t NG 1 2  is  i n  any of 

the genes which codes for flagel lar rotation or in the gene which codes 

for ATPase, or in both genes (double mutation) is not known. Nor is 

it known whether proton motive force in NG 1 2  is l acking ,  bu t  

quanti tative determination of i ts level w i l l  probably help identify the 

type of mutation .  In  any case, the useful ness of  the non-motile mutant 

in  identifying the rel ationship between moti l i ty and solvent production 

cannot be understated . 

Chemoattraction to the acids and chemorepu lsion from the solvents are 

behavioura l  respo nses which seem to be very crucia l  to so lvent  

prod uction,  wi th  the former l i nked to ini tiation of sol ventogenesis and 

the latter l inked to so lvent tolerance. Any a l teration in  the sensory 

information sys tem wi l l  not offer any ad van tage to C.  acetobutyl icum. 
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Mutants b locked i n  sens ing  or  adaptat ion  to ac ids and so lvents cannot  

respond appropr ia te ly  or  escape from thei r tox i c  effects .  General l y  

the non-c hemotac t ic  (cite )  mutan ts (Chapter 1 )  are u nable t o  carry ou t  

effec t i ve  c hemotac t ic responses to any  compo unds .  A l l che mutants  

exh i b i t  aberra n t  mot i l i ty patterns and canno t  reg u l a te d i rec t i on  of 

flage l l a r  rotat ion . A cit e mutant, therefore , that  has  e i ther a ru nn i ng  

b ias  o r  a tumb l i n g  b i as canno t  reg u l ate d i rect i o n  towards a more 

favorab le  env i ronmen t .  I t  wou ld  be usefu l ,  there fo re, to iden t i fy the 

receptor genes for t h ose c ruc i a l  chemoeffec tors ,  as t h i s  may he l p  to 

i mpro v e  the  A B E  fe rmen ta t i o n  process .  A m p l i fi c a t i o n  of  the 

chemoreceptor genes fo r the ac ids  and so l vents in  C .  acetobu tyl i c u m  

w i l l  proba b l y  i m prove  both i ts so l vent  prod u c t i o n  and  so l v en t  

to lerance.  
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APPENDIX 3 

PRECISION OF THE "CHEMICAL IN CAPILLARY" 

METHOD FOR POSITIVE CHEMOTAXIS. 

Replicate Bacteria in capillary, 104 

238 

Trials Average 

1 50 30 50 30 

2 60 30 30 40 

3 50 30 50 30 

4 40 50 30 50 

5 30 20 20 10 

6 30 40 10 40 

7 8 0  70 60 30 

8 60 40 3 0  20 

9 20 30 20 20 

The experiment was performed using glucose at 10-2M. 

Mean, fl 37 

Standard deviation 11 

V c.rriance, Y 3 

% Standard error 30 

40 

40 

40 

42 

20 

30 

60 

38 

22 
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APPENDIX 4 

T-TEST FOR THE THRESHOLD RESPONSE TO SUGARS 

Concentration Bacteria in capillary, 104 

of sugar eM) 

Glucose Galactose Lactose 

0 14 9 21 

10-8 14 - 16 

10-7 28* 6 14 

10-6 28 11 23 

10-5 34 14 35* 

10-4 35 1 7* 61 

10-3 44 27 61 

10-2 53 31 64 

10-1 54 28 57 

t(0.05, 4) > 2.132 

* Significant at p = 0. 05 
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APPENDIX 5 

ANOVA TEST FOR RESPONSE TO ACETATE 

Table 1 Accumulation of bacteria towards different pH values of sodium 

acetate-acetic acid buffer. 

Trial Bacteria in capillary, 104 

p H  

ControP 4.0 4.5 

r-
1 1 2  40 25 

2 1 0  48 60 

3 1 1 39 35 

I--

a CM (Section 3.2. 1 ) was used as control 

Table 2 Summary of ANOVA results. 

Source Degrees of Sum of Mean 

of Variation Freedom Squares Square 

Factor 5 25. 943 5.1 89 

Error 1 2  8. 740 0.728 

Total 1 7  34.683 

5.0 

25 

38 

27 

F 

Ratio 

Value 

7.1 2  

5.5 6.0 

20 18 

28 1 0  

20 1 3  

F Test 

Critical Decision 

3.1 1 Significant 

difference 

between 

different 

p H  values 



Table 1 

Trial 

-

1 

2 

3 

4 

-
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APPENDIX 6 

ANOVA TEST FOR RESPONSE TO BUTYRATE 

Accumulation of bacteria towards different pH values of sodium 

butyrate-butryic acid buffer. 

Bacteria in capillary, 104 

pH 

ControJa 4.0 4.5 5.0 5.5 6.0 

12 25 15 12 10 10 

12 42 28 15 18 20 

38 52 30 30 18 18 

8 28 22 15 12 12 

aCM (Section 3.2. 1) was used as control 

Table 2 Summary of ANOYA results. 

Source Degrees of Sum of Mean F F Test 

of Variation Freedom Squares Square Ratio Critical Decision 

Value 

Factor 5 13.828 2. 766 3.29 2.77 Significant 

Err o r  18 15. 145 0. 841 difference 

Total 23 28. 973 between 

different 

pH values 
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