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(ii) 

ABSTRACT . 

The organic nutrition of o. f o.cultatively autotrophic Thioba cillus 

(T. r_iovel~) o.nd an obligo. tely 2utotrophic '£.hj.okcillus
0 

(T. thiopa~) 

were cor1po.red . It ~1, ide r an5e of organic co;;-1pouncls o. s potential growth 

substra tes and as effectors of bTowth we r e t ested in agar plat es a nd in 

liquid culture . The uptake; and r:1G t abolisr.; of' 14c-labelled glucose , 

glutamnt e and a cet a t e was examined in great er detail . 

(i) T. novellus used a wide r o.nbo of or5anic coopounds, including 

ru::ino- r.. cids, sugars, organic c. cids -~nd alcohol s , o.s substrates f or 

het orotrophic br owth. T. thioparus used no or ganic co@pounds a s a sole 

eno r ;;y or Cf: rbon source . 

(ii) Of the test ed organic cor.1pounds r:10 st , but not a ll , wer e 

inhibitory to T . thioparus, but very f ew t o T . novellus . Some: sir:libri ties 

in the shape of the growth curves for the two species were evident in the 

presence of inhibitors, nnd possible mochanisras for this a r e discussed . 

The coopounds capab l e of r eversin6 threonine inhibition of T. thiopnrus 

c.ro biosynth~ticc. lly r el ~t ed . 

(iii) A V(;ry l ow r [l t c of upt o.ke of 14C-lnbelled glucose o. nd 

gluto.o['..tc ( supplied atµ Mo l ar l evels) was found in!• thiopo.rus, 

cor:1pnrecl t c the hi[;h ro.t e of upt ake in T. novellus. Acet nt e wo. s r ap i dly 

t aken up by both species . The a sswilo.t od compounds were b .r ge ly 

oxidiz ed to Co
2 

by !.:_novellus, both het erotrophico.lly- nnd autotrophicn lly­

grown , but in T. thiopc.rus most of the 14c t o.ken up wo. s incorpora ted into 

cell const ituents. 

(iv) The net nbolism of both o. cet [l t c nnd gluto.r:int e by T. thioparus 

wo. s r estrict0d by an incor:1plet e TCA cycle; t he resultant distribution of' 
14c can be corr el at ed with a l a ck of : ~ket ogluta rate dehyd.rogennse . The 

TCA cycle wo. s npparently compl e te in T. novellus. 

( v) The inhibitory effect of 1 6 mM succinate on T. thioparus 

was investigat ed. In liquid culture gr ovrth and consequent thiosulphate 

consumption ~nd pH change s were inhibited . In cell suspensions the 

rate of acid production and of 14co
2 

assimila tion was unaffected. The 

uptake and metabolism of acetate was unaffected . The uptake of 14c­

glucose wa s markedly depressed, and possible mechanisms for this ar e 

discussed . No ba sis for the inhibitory effect of succinate on growth 

was found in these exper~~ents. 

The findings are discussed in relation to the current theories 

of obligate auto trophy. 
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PREFACE 

"The characteristics of the chemosynthetic organism are a s 

follows: 

(1) Development occurs in a purely mineral mileu using an oxidizable 

inorganic substance. 

(2) Vital processes depend on the presence of this substance, which is 

ammonia in the case of denitrification. 

(3) Oxidation of this substance is thG sole source of energy. 

(4) Inability to use any organic compound as a source of energy. 

(5) Inability to decompose organic compounds ; which in fact prevents 

development. 

(6) Assimilation of Carbonic acid a s the sole source of carbon, for 

chemosynthesis." 

S. Winogradsky (1890) Annals ~tiut de Pasteur. 4. 213. Quoted 

in S.C. Rittenberg (1970a). 

"The evidence is briefly reviewed and leads to four conclusions. 

One: there is no obligatory coupling between phototrophy and autotrophy 

or between chemolithotrophy and autotrophy . Two: autotrophic bacteria 

are not uniquely inhibited by organic matter. Three: all putative 

obligate autotrophic bacteria so far tested assimilate and metabolize 

exogenously supplied organic compounds. Four: mi.xotrophy can exist with 

respect to autotrophic and heterotrophic biosynthetic mechanisms and/or 

to chemolithotrophic and chemoorganotrophic energy-generating processes. 

Examples remain of ba cteria that have not been cultured in the 

absence of an inorganic energy source or light. Such forms are 

appropriately described as obligate chemolithotrophs or obligate photo­

trophs. The available evidence, briefly catagorized, above, suggest 

that none of these bacteria is, at the same time, an obligate autotroph. 

From ecological and evolutionary considerations, an absolute dependence 

on carbon dioxide for all carbon makes little sense, and bacteria with 

such a requirement would be anachronism on earth as it now exists." 

S.C. Rittenberg (1972}· The obligate autotroph - the demise 

of a concept-. 

and Serolog,y~ 

Antonia van Leeuwenhoek Journal of Microbiology 

38 457. 
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1 • INTRODUCTimr 

1 .1 • OBLIGA'rE AUTOTROPHS. 

The problem of obligate autotrophy ha s intrigued biologists since 

the concept of "chemosynthesis" wa s introduced by Winogradsky (1890) (see 

Preface). During the ensuing years the changing understanding of metabo­

lism and a ~ider knowledge of the different nutritional typ~s found amongst 

living organisms, has led to a changing meaning of the terms "facultative 

autotroph" and "obliga te autotroph" . 

"Autotrophy" indicates an independence from the products of other living 

organisms i.e. organic compounds, for both nutrients (e.g. C and N) and 

energy . The autotrophs ar e thus lithotrophs, obtaining energy from the 

oxidation of inorganic compounds, and also using carbon dioxide as the sole 

source of carbon. In biochemical terms such organisms are characterized 

by the existence in the cell of an active ribulose diphosphate carboxylase. 

The methylotrophs use an organic source of carbon, i.e. methane, which 

is also the energy source. · They do not possess ribulose diphosphate 

carboxyla se; but the energy-generating mechanisms and the existence of 

obligate methylotrophs indicates many a ffinitie s with the autotrophs so 

they are considered in this study as autotrophs. 

The term "obliga te autotroph" is used to denote an autotroph incapable 

of us ing organic compounds a s a sole carbon or sole energy source under 

most experimental conditions. It i s a t erm that loses much of its 

effectiveness if too rigorously defined, so as to be incapable of 

accommodating exc eptions under certa in experimenta l conditions. 

"Facultative autotroph" denotes an autotroph also able to exist as a 

heterotroph. 

1 . 2. THE OCCURRENCE OF OBLIGATE AUTOTROPHS IN THE MICROBIAL WORLD. 

Although several claims have been made for the occurrence of obligate 

autotrophs among the motile and unicellular algae and protozoa, these 

claims have not been investigated sufficiently thoroughly over a wide range 

of nutrient conditions. Smiley (1964) found evidence to suggest that the 

"obligate autotrophic" nature of the diatoms was not absolute and that 

marine pennate diatoms are photo-heterotrophic (i~e .. use an organic carbon 

source and light as an energy source). 
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The blue-green a l gae (Schizo phy ce~) have gener a lly been clas sed a s 

obligat e autotrophs , i. e . obligate phot o-lithotrophs (Van Baalen, Hoare 

and Br andt -~ 971 ) • However a report by Khoja a nd Whitton ( 1 971 ) in which 

1 7 out of 24 stra ins of blue- gr een a l gae we r e capabl e of growth, a lbeit 

slowly, on 0.01 M sucro se in the dar k , suggest s that the heterotrophic 

pot ential of more str a ins on mor e substra t es should be examined. It i s 

unfortunat e that the or ganisms wi de l y used as typical example s , in r esearch , 

of bl ue- gr een a l gae , do not appear, as yet, to have been shown t o use 

organi c sources of ca r bon. 

The di st r i bution of autotrophy and obligat e autotrophy amongst the 

bacteria i s complicat ed by conceptual dif ficulties as to the nature of 

lithotrophy (Kelly 1971 a ). Obligat e autotrophs ar e f ound among chemolitho­

trophs ( such as species of thiobacilli and nitrifying bacteria ) and among 

the photolithotrophs ( such a s Chlorobium s pp). Certa in methylotrophs may 

a l so be r egarded as being obligat e aut otrophs because of their dependence on 

the pr e sence of one specific form of r educed ca rbon as an energy source . 

However increasing knowle dge of t he phys i ology of the s e group s has l ead to 

t he need to qual i fy the cl ass ification of many or ganisms as obliga t e 

autotrophs . Kelly (i971 a ) r ecogni ses a number of phys i ological t ypes which 

he has class ified as shown in Table 1 , in whi ch the class ification i s by 

r educt ant source as well as the more traditiona l carbon and energy source . 

One or gani sm can , a ccor di ng t o conditions , adapt t o life over a spectrum of 

types so that i t be l ongs t o sever al or many of these groups ; a t l east one 

organism exi st s to exemplif y each of these types . 

Types 1 and 7 a r e the obligate autotr ophs - me t a bolically conservative 

- while types 2 and 7 a r e facult ative autotrophs . 

Certa in supposed autotrophs in the bacteria have not been sufficiently 

studied to establish their sta tus a s autotrophs l et a lone as obligate auto­

trophs. The quit e high organic content of mos t mineral-salt solutions, 

even in distilled wat er, often hampers such char acterization; as it did 

for Desulphovibrio (Rittenber g 1969). 

It i s noteable that obliga t e autotrophy is confined to unicellular 

organisms and quite probably entirely a property of prokaryotes. 



TABLE I 

CLASSIFICATION OF PHYSIOLOGICAL TYPES. 

sounm~ OF ENli!RGY 

Chemolithotrophe 

inor~an ic oxi dat ion 

or~anic oxidation 

mixotrophic 

l>Jlotot ro phs 

Li cht(inorganic Sor 

II
2 

as n-donor) 

co., 
'" 

SOUTlCE OF CAnBON 

JITXOTnOPTTlC ORGANIC" 

'

·:.· ··~r ..... J ... ,, ...... ;,, ......... , .................... ·• . . . . 
~It ne 1 ~ · ••••• !:~ _._ ._ •. .•• , ....................... , .• ·J type 3 

~ .. 
•: 
:: . ,· .. : .. · .. ·.·.·,·:··.:.,,. ... ·.~··,·:·:,,·~~ j 

' 
... 

type 4 lt yne 4 rfl ~-: 

I type lS 

•:.,\.•,,/•:•t:-=/~'.,•,•,!'::.:.•I\. :: 
•• ' •• •• •• • • \ J. #. • • •••• , • ------.t . 

I 
·:. ·: ·.: .... : .. : , ... . ·.~· -·.'· ": ,:,· ... :.,. '•.: ,•,•,•:•.·.' 
••',• • ..f. ·u 2 •'','',••'••!'•'•••,•,,, , , , •,, '(.J pe , . : • ,, : , . ., . :. : . • , . ·,,. .. 
• ... ,•, ,'• .......... •·. :• ... ,, .... • .... ·: .. 

·= . ..... .... . . . . . . . . .. -. ·. r 1 : • • •. ,• , ..•• • .., . ·, , •. • •• '.• , • .... • • , • · ,, . · .• · type 9 ••..••.•• , ..• ,., ., •.••• ,., ........... ,.,. ,· •. .___,'"'~---.& 

Light(organic 
............. ·\··:,· ·:,,·:.-::;,1. ~ ·,,', :·.·· ;:t·: 

H-donor \I •• • •• •' I • •' • • I • ,'-:-, ~.--.-, -.-----,,: .:. '· l ,, .. ·.. . ..... : .. : '.. . .. ' . '. . \ .... : ': ... ' . ' 
r 7A ' ' . " ' ' t' 7 .. . •. •' " ... ' ..... , '~ ,. ,.. •• \ '•' I ype •..• ' ···~· ype • ' • , • ..,. '• • • • • • •.' ' .~:-.•,••,', ..... .. , .... , ... ,., .•,, :, ........... ,. 

'--- ..... -- ........................ •! ••• ·••,,' ·--. •• ,, ... . ·,•\ '"tt····· 
Organic oxidation 

( dark,aerobic) 

Light ( wo.ter ,as 

H- donor} type 8 

' t· ....• '. ',· . . .. •:,"' ,'.: •, ,' .. :· ... ~. , ..... , .. :: 
.\.; . . '-' \ -· , .. 

'~ • ' • ' ' • ~ •••'I .· ,• .. : .. ,•,,·:.~~ . . . . '• .. 

Sources o. of energy and carbon in lithotrophic bacteria 

Type I ; Obligate chemoli~hotrophs( some thiobacilli,possibly 

Nitrosomonas, . SPirilh,m sp, Gallionella) 

Type 2; "facultative autotrophs 11 ~nd mi:xotropbs ( Hydro genomono.e, 

T.novellus,T~,Beggiatoa,N.agilis , T.ferro-oxidans,T.intermedius) 

Type 3;Chemolithotropbic heterotropbe (T.perometabolis,Desulfovibrio) 

Type 4 Pseudomonas oxaliticus Type 4a Obligate methylotrophs 

Type 5 None clearly ehoYn Type 6 Obligate photolithotrophs 

(Chlorobium spp,Prosthecochloris , some Thiorhodaceae,Pelodictyon) 

Type7 l{any Thiorhoda.ceae, the Athiorhodo.cea.e 

Type 7a Possibly some Athiorhodacea.e on some substrates 

Type 8 Cyanophyta( blue green alg~e) 

Type 9. None clearly aho,rn.Type IO. None clearly shown. 

AFTER KELLY I97Ia. Terms as defined by RITTENBERG 1969. 
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1 .3. EVOLUTIONARY SIGNIFICANCE OF OBLIGATE AUTOTROPHS. 

The earlier vie v1 of Breed et al. (1957) that photosynthetic and 

chemosynthetic organisms represented a primitive form was based on the idea 

that their independence of preformed o~gani c medi a , i. e . their autotrophy, 

enabled them to live i n the t otally inorganic pr imaeval environment . 

Thus the oblieate autotrophs, unable to use preformed organic matter, would 

have been the most primitive; not yet having gained the ability to 

utilise the organic compounds synthesized by other organisms. 

This view has given pl a ce to that of Haldane and Oparin ( Oparin 1 968) 

who sugeest that "life" originated in a "pri maeval" soup of organic com­

pounds formed by various energy sources from an at mo spher e consider ably 

more r educed (as against oxidized) than the contemporary a t mo sphere . The 

succession of metabolic fo r ms th&t fo llows f rom this i s a lmost the reverse 

of t hat suggested by Br eed et al. (-1 957). 

The chemosynthetic organisms would be regarded as highly evolved, being 

both oxidative a nd independent of the presence of organic compounds, in some 

cases. The lo ss of t he primitive feature of heterotrophy would suggest 

tha t the " obligate autotrophs" have be come even mor e specialised. 

1 .4-. HECHANISi\iS ~OR OBLIGATE AUTO'i'Rq_fl[f. 

The basis for obligate autotrophy must lie in some specific difference 

bet ween obligate autotrophs, on the one hand, and fa culta tive auto~rophs 

and heterotrophs, on the other . 

The expl anations, beside explaining the inability to utilise organic 

compounds must als o expl a in the general but not total sensitivity to organic 

compounds . 

An early suggestion that obligate autotrophs we r e a totally different 

life - form seems to have been ba s ed on the claims of Winogradsky concerning 

the gener a l toxicity of organic compounds to obligate autotrophs 

(Winogradsky 1 890, 1 922). The discovery of T. novellus by Starkey ( 1 934), 

a facultative autotroph in an otherwise obligately autotrophic genus, 

rendered this view very unlikely. An analysis by Ui!lbreit (le Page and 

Umbreit 1943) indicating the presence of 3'-ATP rather than 5'-ATP 

temporarily revived this idea. Subsequent reinvestigation of this fin~ 

has f a iled to substantia te the result. 
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A number of different hypothese s a ttempting to expl a in obligat e auto­

trophy in terms of specific difference s in the physiology and biochemistry 

of these organisms has be en put forHar d over the l ast fifteen years. The 

expl anation may well only be valid in t he presence of the organic compound 

and/or t he absence of the ener gy ·source . 

1 .41 • .!§.§!RICTED PERMEABILITY TO ORGA~IC COMPOUNDS , 

Umbreit (1951) suggested , in r elation to the extreme a cid tolerance of 

T. thio-oxidans, that the cell membr ane wa s impermeable , even to the small 

hydrogen ion ( which i s variously hydra ted in aqueous solution). This was 

soon di scount ed but the bas ic idea of the obliga t e autotroph as a biological 

submarine (Umbre it 1951) was r evived by Dugan and Lundgr en (quoted by 

Rittenber g 1 969 ) to expl a in the inability of T. ferroxidans to utilise 

organic compounds . The inhibitory properties of certain orga nic compounds, 

it was suggest ed , ar ose from their effect on the membrane, which vm s such a s 

to decreas e the pe rmeability to f errou s jons and hence inhibited growth. 

Ther e is however a wealth of dat a t o indi cat e t hat organic compounds ca n 

penetra t e cell membranes of obliga t e autotr ophs . Assimilation or organic 

compounds i s amply documented by Rittenber g (1969) . 

It i s , however, poss i ble tha t certain compounds inhibit the uptake of the 

autotrophi c energy source in chemolithotr ophs or t he inorganic reducta..~t in 

photolithotrophs . It has been sugges t ed that the metabolism of the 

inorganic energy source in some chemolithotrophs , a t l east in the initial 

stages , t akes pl a ce a t the membr ane surface (Tr udinger 1965) . I f this is the 

case then although permeability change s may not a ccount for the inhibition, 

membrane changes a ffecting this surfa ce st ep may . 

Even i f the organic compounds a r e taken up , they must be taken up in 

sufficient quantities and at sufficient r a t es to act a s energy source for 

grov,th. The r a t e of energy production for det ectable growth must exceed 

the maintenance energy r equirement. This maintenance energy requirement 

is often seriously underestima ted and can vary with substrate and nature 

of the growth-limiting components (Stouthammer and Bethenhausen 1973). 

Thus permeases may be so rate-limiting a s to prevent growth . 

Pelroy et a l. (1972) concluded that the a bsence of a glucose permease 

is responsible for the low glucose metabolism rat es of the t wo obligately 

autotrophic blue-green algae , Synechococcus 6301 a nd Aphanocapsa 6308, in 
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comparison to the high rat0 in the f aculta tive photo-autotroph A_phanoca ps.Q:_ 

6714, which is free ly permeable t o gl ucose . 

1 .42. :METABOLIC DEFICIENCIES o 
Assuming the orga nic compounds can penetrat e the cell membrane they 

must be metabolised to be effective . 

The organic compounds t h:-lt a r e utilised a s energy sources by hetero­

-cr ophs ar e t hose which can be r eadily t r ansfor me d into intermediat e s of 
11 cent r a l me t abolic _pa thways" (i. e . t ho se pat hways such a s the EMP, 

Hexosemonophospho.te, Entner-Doudoroff and TCA cycles which serve to provide 

the cellular r equirement f or ATP and r educing equivalents such a s NAD~) or 

are intermedia t e s already. 

For thos e compounds that r equire one or more enzymic steps for conversion 

to intermedi at e s of centra l metabolism, the pr e sence or absence of the 

specif ic converting enzyme s de t ermines the ability to utilise these compounds. 

This, in many ca ses, i s suf ficient t o explain the r ange of utilisable sub-

strat e s ava ila ble to va rious het e r otrophs. Tho ab sence of the s e enzyme s in 

obligat e autotrophs would not be a unique fea ture . 

Since t he centra l met abolism pathv1ays pr ovide a ll the energy ge nerating 

me chanisms for het erotrophic gr owth, either by substra t e-level phosphoryla ­

tion or by providing NADH2 for oxidative phospr~rylation, a biochemica l 

"le sion" in these pathways such a s that sugge sted by Smith, London a nd 

Stanier ( 1 967) for Y.-keto-glutar a t e dehydrogenase or NADH2-oxida se could, 

if appr opria t ely loca t ed , pr event ener gy gener a tion from organic source s. 

A numb er of investiga tions of l abel distributions and enzymes 

occurrences ha s, with some contradictions, shown that if ther e ar e l e sions, 

ther e are no common lesions to explain a ll situations of obligate autotrophy. 

The first l esion to be detect ed wa s in the tricarboxylic a cid cycle at 

-:,,._-keto glutar a t e dehydrogenase which would , i t was suggested, convert a 

cyclic degradative pathway producing co2 , ~nd ATP, to a solely biosynthetic 

system. 

A survey of publi shed evidence from enzymic studies (Table II) 

supported by l a belling patterns, does indeed confirm the low level or absence __ 

of r.v.-ketoglutarate dehydrogenase in obligate autotrophs and facultative 

autotrophs growing autotrophically. The occurrence of exceptions amongst 

the obligate autotrophs indicates that this is not a universal feature, as 

shown in Table II . 
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TABLE II 

OCCUF.ll.ENCE OE' :"( - KETOGLUTARATE DEHYDROGENASE IN 

OBLIGATE Al'm FACULTATIVE AUTOTROPHS o 

Obliga t e Autotrophs Faculta tive Autotrophs 

La cking 

::>(-ketogluta r a t e 

dehydrogenose 

Type I Me thylotrophs 

Chromatium 

Nitrosomonas 

T .neapolita nus 

!l,1;:~cystis n idulans 

Cocco-chloris 

(1) 

(3 ) 

(3) 

(3) 

( 2 ) 

(2) 

Conta ining 

~ '.- ketoglutarate 

dehydrogenose 

Type II Methylo-t'rophs (5) Ni tro bacter a gilis 

Hydrogenomonas a..gilis 

Hydrogenomonas e.utropha 

References 

Gleocapsa alpicol a 

T.thio- oxidans 

T . thiopa~­

T.denitrificans 

(2) 

( 2 ) T. novellus 

( 2 ) T.intermedius 

(4) T. A2 

T . f erro-oxidans 

( 1 ) Davey, Whithenbe r g a nd Wilkinson 1 972 

( 2 ) Smith, London and Stanier 1967 

(3) Kelly 1 971 a 

(4) Taylor a nd Moore 1971 a 

(5) Wadzinski and Ribbons 1972 

( 6) Charles 1 971 a 

(7) Matin and Rittenberg 1970b 

(8) Tabita a nd Lundgren 1971b. 

(3) 

(3) 

( 2) 

( 6) 

(2) (7) 

(4) 

(8) 
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This l esion could be circumvent ed by the operation of the glyoxyla te 

cycle as shown in Ta ble III. 

Such an effectivel y cyclic system could then enable the organism to 

oxidise the products of ca t abolism such a s pyruva t e and so generat e ATP. 

In order to prevent the operation of both the TCA cycle and the Glyoxylat e 

cycle from functioning other l e sions, in addition t o tha t a t 

X: - ketoglutarate dehydrogenase , must exist. A single l esion at isocitrat e 

dehydrogenase , ~.-ketoglutar a t e dehydrogenase, succina t e thiokinase, 

suc cinate dehydrogenase or fumar ase di sabl es the 'I'CA cycle but still allows 

it to function biosynthetica lly. The simultaneous absence of the 

glyoxylate enzyme s, rnalate synthase and isocitrat a se , will disable both 

cycles from separa t e l es ions . 

Fuma r ase 

TABLE III 

,9_QMJill.l!~!g~.£A~...Q!.µiJ~~ACI_D __ cycu AND GLYOXYLATE CYCLE . 

Pyruvat e, 

1/. 
Acttyl CoA 

I\:a l a t 6 

deH. 
/ 

.,,Oxalo a.cetic . Citrat e 

Acid Synth~se-/,. 

\ 

·, 

L-Mal ate :.1 citrat e a coni t a se 
"'·~ .. ---- --· -
~ Mal at e 

-----· 
r ·,~-~- cis Aconita t e / 

I 
·, 

synthase \ i· -
1 1 t . isocitrat e g yony a e (-- ~--

Succinate 

\ deH 

\ .. / / 
Succina t e 1;. 

/ 

~ -'8uccina te 
thi okina se, ...______ __ _ 

: isocitrate deH 

v~ 
. 1..-ke toglutara t e 

I 
.,i 

/I/ ./-ketoglutorate deH 

succinyl CaA.(·-----/ 

II= Site cf deficiency 
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From the data of Ta bl e IV it would appear tha t only in T. thiopa rus and 

Nitroba9~, anJ possibly T. neapo_Litanus ar e there l e sions such n.s to 

prevent the effective cycling of compounds to yield Co2 and energy. 

Other l es ions exist so a s to prevent the oper a tion of various carbo­

hydra t e pathways. '.l.'hus the a bsence of hexokina se in 11ethylococcus 

capsu~ was considered to be a sufficient expl anation of this or ganism ' s 

inability to me t abolise glucose (Amemiya 1972). 

TABLE IV 

OCCURRENCE OF TCA .AND GLYOXYLATE CYCL:g; LESIONS I N 

OBLIGATE AUTOTROPHS. 

TCA Cycle 

enzyme 

absent. 

Any of . 

Glyoxyla t e Cycle Enzymes 

Citra t e Synthase 

Aconita se 

Ma.lat e deH . 

.: -'- ketoglut arat e deH 

I socitra t e deH 

Succina t e 

thioki nase 

Succinate deH 

Funarase 

Ma.la t e Syntha se 01· 

Isocitrase present. 

T.neapolitanus (co) 

Nitroba ctor (.£2.2. 

T.thio-oxidans l£tl 
T. denitri f icans 

Ni tro-somonas 

Chromat ium 

From (Kelly 1 971 a ) and (Cooper 1 964) 

(co) = Contradictory Reports. 

Mala t e Synthase or 

Isocitra se absent. 

T.th:i.o..E_~ 

T. neapolitanus 

Although there is no compl ete l a ck of isocitrat e dehydrogena se 

some organisms may lack either the NAD or the NADP specific 

enzyme . 

= = No cycling pos sible 

~~ = Cycling possible . 
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Type II Methyloh·ophs (,M? __ !pylococcus ,.E'ichosporium , Methylosinus 

sporium, ~lethylocystis parris (Davey, Whitt enberg and Wilkinson 1972) l a ck 

glucose-6-phospha t e dehydrogena se and 6- phosphoglucoru:i.t e dehydrogenase of 

the oxidative pentos e-phospha t e cycle , a lthough the TCA cycle is comple t e . 

6- phosphogluconatc dehydra se i s low or absent in T . neepol~~, 

T.thi£~O?,Sidans , and T. thioparus, all obligat e autotrophs, a s well a s in 

T. novell u~ but present in T. 1)erome~b~ (t;atin and Rittenberg 1971 a ). 

In T. f erro- oxidans this a nd other Entner-DouJ.oroff pa thway enzymes a r e 

pre sent (Anderson and Lundgren 1969; Gal e and Beck 1967; Tabita and 

Lundgr en 1 971 b) • 

The absence of phosphofructokinase in !..:_!leapolitanus and 

!.:._iJ2ioparus would pr event the oper a tion of the Embden-Meyerhof-Parnas 

pathway (Johnson and Abraham 1 969). 

Even in the absence of a clea rly evident l e sion ther e may be no 

utilisation of t he subs tra t e : the blue- gr een a l gae ~ aena variabilis, 

Anacystis nidulans and Chlorogloea f ritshii are enzymatica lly fully capable 

of a ssimilating and converting a cet at e to ne ce ssa ry cell components and yet 

a r e obligate autotrophs . 

Thus a lthough ther e a r e many r eported i ns t ances of spe cific me t abolic 

deficienci es or l es ions of centra l met a bolism among obligat e autotrophs, 

ther e a r e few case s wher e i t ha s been s hown that the l e sion(s) ar e such 

that they cannot be circumvent ed by some alternative pa thway. In the 

ca se of l esions t ha t would. pr event ATP synthesis via oxidative phospheryla ­

tion, substrat e l eve l phos phorylation could provide an adequa t e substitute . 

However, in this ca se , toxic or r epr ess i ve end products might a ccumula t e , 

e . g . pyruvat e , in the a bsence of functional t ermina l pa thways such a s the 

TCA cycle . However, continued ATP synthesis by substra t e level phosphoryla -

tion would r equire some me chanism of r e-oxidation of NADH2 • The absence 

of f er mentative enzyme s such a s lactate dehydrogenase in obligate autotrophs 

would mean a reliance on mechanisms coupling NADH2 re-oxidation to an 

external electron acceptor such as oxygen. 

Smith, London and Stanier (1967) on finding an absence of NADH2 oxidase 

in obligate autotrophs, concluded that an inability to utilize organic 

compounds a s an energy source a rose from an inability to utilize NADH2 as 

an electron donor for oxidative phosphorylation. The occurrence of 
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NADH
2
-oxidase in most obligate autotrophs has since been est a blished 

(Davey, Whittenbur g and Wilkinson 'i972 ; Kelly 1971a; Pearce and Carr 

1967; Smith, London and Stanier 1967; Matin and Ritt enberg '1971 a ) but 

only in o. few cn.ses has the enzymes ability t o catalyse r eduction of 

cytochromos concurrently been investigat ed and shown; nor has the 

coupling of W,DH
2
- oxidation to 1.DP phosphorylation been shown . This is, 

no doubt, partly due to the fact that jn ~.£ bacterial el ectron trans­

port systems give low P/0 ratios , However the N,.',DH
2
- oxi dation coupled 

production of ATP hus been shown in the blue- green al gal obligate 

autotroph A~~~ena variabilis (Leach and Carr 1970). 

1 .43 . DISTINCTIVE CONTROL MECHANISMS. 

As the exi st ence of me t abolic l es i ons is generally an insufficient 

explanation, it has been suggested t hat the autotrophic l evel s of centra l 

metabolism enzymes are fixed i. e . permanently repre-ssed . A comparison of 

the enzyme l evel s in facultativ e autot rophs (as in Table V) under 

autotrophic and heterotrophic , conditions , indicates a change in enzyme 

l evels such t h2.t the energy-yielding stops are favoured and. the "carbon 

distribution" i s t o al l me t abolic areas . 

TABLE V 

Cm.lPARISON OF Lr..~LS OF CERTAI N CEl\TTRAL METABOLISLI ~--~------~----,...,,, 
~~~FACULTic'.i'IVE J"lfrO'J.'ROPII ON VARIOUS SUBSTRATES . 

Citra t e Synthase 

Aconitase 

Isoci trE',t e deH 

~·- ketoglutar a t e 

Succinate deH 

Fumarase 

Malic deH 

Isocitra.t e lya se 

Malate Synthase 

NADH-Oxidase 

l 3 0 II + 
2 3 
Co2 

8.5 

143 

451 

0 .5 

1 0 . 6 

55 

124 

97 

13 

25 

From Charles 1 971 a 

. Aceta t e I Pyruvo.t e I Succinate I Glucose 

l I 

3 

6 

1 

1 

2 

62 

67 

89 

3 . 5 

36 

69 

24 

4-60 

1 77 

67 .5 

! 

46 I 58 .9 22i. 

1 31 128 99 

1 li-1 452 43.4 
I 1 . 8 2 .4 1 .1 

82 84 5 . 2 

124 114 128 

121 127 69 

166 115 214 

49 58 33 .7 

72 7 .1 45 

n moles/min/mg protein 
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If such a shift is not po s s ible , in obligat e autotrophs, then the organism 

will be unable to ado.pt it s metabolism to a llow it to utilise organic 

compounds a t a rat e sufficient to sustai n growth . It i s noteworthy in 

this cont ext that the differential rate of incorpor ation of organic com­

pounds by obligate autotrophs does not increase with t ime during auto­

trophic grovrth, which suggests tha t there is no induction or der epr ess ion 

of enzYJnes to f avour such incorporation (Kelly 1 971 a ). 

This per manent r epres sion was f irst suggested by PearcE and Carr (1 967) 

for Anabaen~ variabilis as shown in Table VI. 

TABLE VI 

EFFE CT OF ACETATE ON CENTRAL I.IB TAB..Q.hl_SM ENZYMES 

LEVELS I N OBLIGA'rELY AU'lOTRO.pHIC BLUE-GREEN ALGJ:,.E 

Photosynthetically grown in 

presence 20m Ace t a t e 

absence 11 Iv111 

Acet at e l~ i nase 

Acetyl synthet ase 

Phosphotransacetyl ase 

I socitrate l yase 

Ma l ate s ynth::i.se 

Isocitr~te deHydrogena se 

Citr&t e synthase 

Anabaena 

vari o.bilis 

4.5 . 

0 

1 • 7 

. 38 

8r, 
• c:.. 

5.0 
6 . 1 

"M" 
4 .1 

0 

1 .4 
7C . .) / 

. 80 

4 . 7 

5.7 

f,na cystis 

~ ans 

0 

3.0 
nt 

.45 
1 . 07 

11 6 . 7 

. 67 

"M" 
0 

3 . 1 

nt 

.43 

1 . 00 

1 6 . 5 

.70 

--- ------------~-'---~---'--------'----~-
From Pearce and Carr 1967 n mo l es/min/mg prote in 

A comparison of enzyme ' s l eve l s in Thioba cillus neapolitanus and 

T.thio-oxidans in the presence and a bsence of glucose (Table VII) shows 

that th~r e i s a small but possibly significant incre~se in isocitra t e 

dehydrogenase a nd glucokinase for T. thio-oxidans and in glucokinase, 

glucose-6-phosphate dehydrogenase , phosphogluconate dehydrogenase, a nd 

fructJse di-p~ospha t e aldolase for T. ne8:,Eolitanus. 

It ca n be seen tha t the presence of a n organic compound may, but need 

not, affect enzyme l evels in the obligate autotroph; it yet r emains to be 

shown that this can happen in a co-ordinate manner , so a s to give the 

enzyme l evels r equired to utilise the substra t e a t an adequate rate. 
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TABLE VII 

EFFECT OF GLUCOSE ON CEL'T'l'RAL }liETABOLISlvi ENZ YME 
-------------- ~ .=;;..;;,;;;;,_;_ __ _ 

LEVELS IN OBLIGATE .Alfr O'~ 

!.:__.Eeapol~tanus T. thio-oxidans 

190 1 90 S O " + 
2 3 190 190 S20/ + 

s20/ o. e-% Gl ucose S O " 
2 3 o. f11/o Glucose 

--=-----
Isocitra t e deH 1672 1605 11 67 1330 

Nl~DH Oxida se 59 65 42 40 

Glucokin2. se 
I 490 590 I 

40 40 

Gluco se-6-P deH 11 0 140 68 162 

phospho gluconate de-

tnyi:b.'a SG ' 2 2 2 2 

phosphoglucona t e deH 74 97 4 2 44 

Fructose- di Paldola se 1 6 20 

Phosphoglycer a t e deH 1320 ·i 380 1 3 14 

From Matin and Rittenber g 1 971 a . 1· 6-4 enzyme units/mg protein 
,. -· 

In ·an alternative theory t o "permanent r epr ession", Borichewski and 

Umbroit C-i 966a ) suggested that or ganic compounds we r e toxic because their 

metabolic products r epressed essent i a l cencr a l m0t abolism 0nzymes ; and 

that such products formed during autotrophic growth could limit autotrophic 

growth. If this wa s the case then removal of the toxic products, which 

might s cc1.llllulate in the absence of a specific di sposal mechanism, might 

well permit heterotrophic grJwth. In attempts to achieve this,organisms 

have been grown in dialysis sa cs with continuous flow remJval of dialysing 

fluid . Such r e sult s &shave be en r0portod have been contradictory: a s 

can be seen from Table VIII. 
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Organism 

TABLE VIII 

GROWTH OF OBLIGATE AUTOTROPHS ON ORGANIC SUBSTRATES 

UNDER DIJ.LYSIS CONDITIONS 

Substrat e Result Reference 

T.thio-oxidn.ns Glucose - ve (60 days) Levin 1971 

" 
Borichowski & 

+ ve 
Umbreit 1969a . 

- ve (60 days ) Levin 1971 

T. neapolitanus 

Acet at e 

Glucose + V 0 Pan & Umbreit 1 972a 
II Matin & - ve (60 days) Ritteriber g 1 971 a 

T. denitrificans Glucose (aerobic) + ve Pan & Umbreit 1972a 

'.J1 . thioparus 

Nitrobacter_agilis 

Nitro somona~ 

eu!'opae3: 

Methanomona s 

met hano-oxidans ----·.._. _____ _ 

II (o.n II ) 

II 

Glucos e 

" 

Glucose 

Glucose 

+ ve II 

+ v e II 

+ V fJ Pan 1971 a 

+ ve IPa.n & Umbre it 

+ ve II 

- ve (3 days) Ameniya 1 972 

The results of Borichewski (1966b) show an increa se in growth r a t e 

in a di a lysing syst em t ha t conta ined an "inhibitory" concentration of 

pyruva t o . 

1972a 

The results must be confirmed and contradictions r esolved before the 

theory of Borichewski and Umbreit can be a ccepted a s an explanation . The 

changes i n enzyme levels in the pr e sence of an organic substra t e or the 

absence of the lithotrophic energy source may be such a s to permit 

accumulation of toxic products: the inhibitory compounds removed by 

dialysis from autotrophic growth commonly appear to be keto-acids, 

~specially pyruvate . 

It ha s been suggested that a situation resembling catabolite 

r epression might occur: compounds capable of producing or of affecting 

the production of a gener a l metabolic effector, such as cyclic AMP might 

so effect metabolism, via this effector as to pr event or inhibit growth . 

Such a s ituation may well expla in the inhibition of autotrophic growth of 



T. novellus by glucose , l acta t e , glycerol, l actose , ribose and pyruvate 

(Le John, van Caese ele and Lee s 1967). 

There need not be a single gener a l effector through which many 

inhibitors operat e . It is possible tha t in the obligate autotrophs 

the presence of an organic compound r epresses the formation or activity of 

enzymes not, a s in het erotrophs, only in metabolically- r el a t ed pa thways 

but a lso in distant me t abolic ar eas . Thus ther e may be superimposed on the 

norma l compact het erotrophic control patterns , a wide "super-control" 

pattern in which the pr esence of, for exo,mp l e , pyruvat e , might r epress 

enzymes involved in the bio synthes i s of variou3 amino a cids. This control 

could be direct, not through the intermediary of such a n effector a s 

cyclic A.MP o 

In the case of many inhibitory compounds it is not necessary to invoke 

special me chanisms . Thus the "building block" organic compounds such a s 

amino- acid3 and nucleotides which are end-products of long branched bio­

synthetic pathways, may be inhibitory because they exert feed-ba ck r epr ession 

or inhibition on early steps in biosynthetic puthways and so block the 

synthesis of other amino-ac ids derived f r om the same pathway (Ke lly 1969b ,c, d) . 

Simila r inhibitory eff ects a r e not uncommon among het erotrophs. 

1 .41+ . OBLIGATE LINKS BETV,'EEN PATHWAYS OF OXIDATION OF I NORGANIC 

ENERGY SOURCE AND OTHER ARE!1.S OF METABOLISM . 

Some type of obliga tely link may occur between autotrophic functions 

such as to the energy-gener a ting mocl.12.nism or the co2 fixation or methane 

fixation pathway , and some other essentia l fa cet of metabolism . 

The uptake of organic compounds i s an energy-requiring step and hence 

could be linked to the energy-generat ing me chanism. If this link involved, 

not ATP, but some intermediat e of the substrate oxidation pathway, e . g . 

APS (Adenosine- 5'-phospho-sulphate) then the uptake r equire s autotrophic 

metabolism . In support of this suggestion it has been shown that in 

T . denitrications, aceta t e uptake requires both an oxidizable inorganic 

substrate and bicarbonate and was proportional to the inorganic substrat e 

oxidized (Taylor and Hoa r e 1971 a ). 

The formation of some essential compounds may depend on autotrophic 

functions . Sulphur oxidizing phototrophs such a s .£.hlorobium, Chromat ium, 

Thiopedia require sulphide as a sulphur-source as sulphate is not 



assimilated (Kelly 1 971 a ); T. neapolifanus also ca nnot a ssimila te sulpho.te 

(Kelly 1971a) . Nitrosomonas could r equire ammonium ion a s a nitrogen source, 

as well a s an energy--sourcc ; Ba.alsrud and B~alsrud ( 1965) found 1'11\_ + 

necessarJ for isol ation of T. d.enitrit icans . 

The form~tion of vitamins etc . may be linked to ~utotrophy . Certain 

hydrogen bacteria (Ri ttenber g 1 969) and s o@1.- f. thiorhodaceae require vita.rains 

for autotrophic growth; the r everse may noll b6 true . In liquid culture 

the growth r a t e of T. nov~ on liquid media i s enhanced by low concentro.­

tions of yeast extract (Matin a nd Rittenber g 1971 a) . 

Poly- IJ - hydroxybutyra t e can act :.l s an energy--source during cell 

division and nor mal turnover in r estinr, cells , so ther e is no obliga t e link 

between l~Utotrophy a nd th..: functions that result in growth a nd division. 

However even if this is true some autotrophically- linked function may be r a t e 

limiting; het erotrophic growth of £fil:s2. bac~..£. agilis on a cet a t e is very, 

very slow (Pc.n and Umbreit 1 972a ) . 

The over-rigorous exclusion of carbon- dioxide in experiments designed to 

t est f or photo- or choQo- org~notrophy und a l so in experiments designed t o 

t est for hot er otrophy may be r t, s ponsible for the inability t o gron: m?ny 

many hot erotrophs r equire smull amount s of co
2 

to start growth and some 

r equire Co2 for continued growth (Kelly 1 967a ) . 

The a bsence of the autotrophic ener gy source or tho presence of some 

inhibitory organic compound ma y alte r the p0ri1oability o f the membra ne or 

even induce a ctive secretion, so tha t an essentia l met abolite is actively or 

pa ssively secret ed . The cell thus is me t a bolite- limited for continued 

grovrth . Dorichewski (1965) obta ined r esult s t o suggest that glucose gave 

abnorma l morphologically- distorted T. thio- oxidans which wer e stabilized by 

1-5% sucro se so that at l east some substrat es give osmotically fragile cells : 

the consequent l eaka ge may well be growth- li~iting . Pyruva t e and oxalo­

acetatc accumulat e in culture s of T. thiopa~ on sulphur - so t his l eakage 

could be a norma l end effect in growth. 

1 .45 . SUMif:ARY. 

It is possible that there is nu single mechanism which accounts for 

the general inabili ty of obligate autotrophs to ut ili se organi c compounds , 

and for the toxicity of many organic compounds towar ds these or ganisms . 

Different mechanisms may be involved for different organi c compounds a nd t he 
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effect of the or ganic compound may depend on the pr esence or ~bsence of the 

autotrophic energy· source . 

summarised as foll ows . 

However the possible mechanisms can be 

Tho compound, unl ess i t affects membrane- associated autotrophi c 

f unct ions , must penetrate the cel l membr ane to be of effect eith~r a s a 

substrate or as an inhibitor (in most cases , at l east) . It mus t, i f a 

substrate , penetrate at a sufficient r a tD so t hat subsequent metabolism, i f 

i t occurs , pr oduces sufficient ener gy and reduc i ng power, a t a r ate exceed­

ing th~ m~int enance ener gy r equirement . Even if the enzymes exist to 

perform energy-yielding s t eps , the l evels of the se enzymes may be insufficient 

and remain so , or products toxi c to the organism may a ccumulate . 

Tho compound, w~ich may not be utilisable by ava i lable enzymes , may 

affect contr ol po.tt erns so l!S t o be inhibitory by mechani sms ; analogous to 

cato.bolite repression, by "super control" or by normal he t erotrophic contr ol 

patterns of feed- back inhibition and repression in biosynthetic pathways. 

An obligat e link b~hmen autotrophic functions a nd some zssentia l metabolic 

facet may exist . 

I t i s possibl 0 tho.t some combination of l esions, inhibitions and links 

may mean that a singl e compound cannot fulf il all the r equired biosynthotic 

and energy-3/iolding functions so some combination of compounds is necessary . 

To test the theori es a compar ative study of a closely r el ated obligat e 

a nd facul tati ve aut otroph would be of maximum benefit as physiological 

differences other than those responsible for obli gate autotrophy would be 

minimised . The thi obacilli contain such types and r epresentative speci es 

of each type we r e chosen for this study. 

1 .5. THE THIOBACILLI . 

The currently accepted definition of the genus Thiobacillus is; 

"those bact eria capabl e of obtaining met abolically useful ener gy from the 

oxida tion of r educed sulphur compounds" . 

As a genus conta ining both obligate a nd facultative autotrophs, 

obtainable in r easonable yields, the thiobacilli wer e a natural choice 

for study of obli gat e autotrophy. 
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1 . 51 . C:U.SSIFIChTION OF THE THIOMCILLI . 

The classifica tion of the thiobacilli of Breed et al. (1 957) was based 

on ch.3.racteristics, such as the formation of t ctrathionatc during thiosulph.D.te 

oxidation (no longer r egarded a s definitive ), und included only 11' . nove llus 

and T. trautweinii as facultative autotrophs . Si nce then further 

f acultl'.tive autotrophs have been isolated, whilo T. truutweinii is now 

regarded as a pseudomonad since it is non-uutotrophic . 

The major criteria for subdivision of the obligately autotrophic 

species a r e : the ability to carry out anaerobic respiration and the pH 

opti~a and limits. 

The species commonly a ccepted a r c s hown in the Table IX . 

TABLE IX 

C:U.SSIFi w\TION OF THG GENUS fHIOBACILLUS 

Obligat e Autotrophs 

Faculta tive anaer obe s 

T. denitrificans 
------------
Obl i gate aer obe s 

!:_~po.ru~ 

T. ne~.E.O.l.i t anus 

T. thio- oxidans 

Able to oxidize Fe 

T. ferro- oxidans 

Spore- f orme r 

T. thermophi~ica 

Facultative Autotrophs 

T. novellus 

T. per ometabol ~ 

T. intermedius 

T. A2 

I pH optimum I 

.:' pH 7 . 0 

A pH 7 . 0 

::.>pH 6. 0 

< pH 3 . 0 

~ pH 3.0 

/ pH 8 .0 

/ pH3-pH4 

Nitrate Anaerobic Respira tion -----~----~---·------

Resistant to osmot.ic stress . 

Some strains facultative autotrphs 

also utilizes r educed S compd&, 

Obligate thermophile 

Low Autotrophic abi lity 

Cannot grow autotrophically ~ 

Autotrophic . Chemoheterotroph 

Aut otrophi c heter otr ophic ability 

high . 

lE Can only grow mixotrophically or on two C. compounds . 



From Jackson, Moriat y and Nichol a s (1968) 
Hutchi nson , Johnst one ancl White (1969) 

London and Rittenber g (1 967) 

London ( 1 963 ) 
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The DNA base composition of the Murrc.y stra ins and some others wa s 

determined by Jackson et a l . ( 1 968) as shorm in '.I.'abl e X. 

TABLE X 

~filI CATION OF THE GENgS 'l'IIIOBh.CILLUS BY 

MULTIVARL"-.TE AN,',,LYSIS AND DK. COI!.POSITIQl; . 

SpeciE:s 

T. 

trautwcB:J..i 

~~ 
denitrifico.ns 

thioparus 

thiocyano-oxidnns 

neapolitanus 

f erro- oxida ns 

thio- oxidans 

concretivorus 

intermedius 

) 
) 

-
~ 

Group No . 

0 

1 

2 

3 

4 

6 

5 

7 

x S Range 

45 - 24 

37 - 18 

~ Hutchinson, Johnstone and White (1969) 
lf3' Jackson, Moriaty and Nicholas (1968) 

:,e 
Mec.n 

71 

47 

35 

27 

-;\Th C ~ Dl= amp . 

% C :r C 

66 
66 - 68 

64 
62 - 66 

63 
56 

57 
51 

51 - 52 

A multivariate analysis by Hutchinson et a l. (1969) did not confirm 

t o strict Adansonian principles because it was not possible t o find a set 

of conunon incubation conditions . This i s due to the wide range of forms 

available in the thiobacilli; faculta tiYe and obligat e autotrophs , aerobe s 

and anaerobes , iron oxidizers, a nd obligc.te mixotrophs . However a seri es 

of co- ordinate groups was differentiated as shown in Table X. 



Organisms not included in t hi s study a r e!: perometabolis a nd 

T. t hemophilica , both somewhat unusual organi sms . 

21 • 

Th0 spe cies can be differ entia t ed by ultra structure (Shively et al 

1970) and. by phospholipid composition ( Barridge and Shive ly 1968): such 

criteria gi ve a similar grouping t o t h.2,t shown in Table X. 

1 .52. ENERGY PRODUCTIO_T IN THE TIITOBll.CILLI. 

The sequence of r eactions and the intermedi a t es involved in the 

oxidation of r educed sulphur compounds are not well char acterized. This 

is, in part, due t o the number of r eactions a nd intermediat es , the t r ansient 

appear ance of some intermediat es and the chemica l r eactivity of certa in 

intermedi at es , which can yield a var iety of product s by non-enzymatic 

r eactions . 

The only well chara cteriz ed ATP-yielding st ep r esults from a substrat G­

l evel phosphorylation during oxidation of sul phite to sulphat e 

APS r educt ase (Adenyl at e - 5 1- phosphosulphat e ) 
so~- + AMP t-·~ .. ___ _._ ._ .... ··_- - · .- ·-);',.PS ---- ------------,, ADP + sof -

Adenylat e kinase 
ADP + ADP -;-·- - ---·-- - - -··· -=..::- -~ATP + .A.MP 

which contributes at l east 45% of the t ot a l ATP produced by oxidation of 

thiosul phat e . 

'rhe nature of other energy-yielding steps is uncerta in. 

The mechanism for t he production of t he r eductant fo r co
2 

fixa tion i s 

a lso uncertain . I n chemo- organotrophs ( senso Rittenberg 1969) the 

organic compounds can gener at e r educing power; in the obligate autotrophs 

this i s impossible . It hns been sugge sted t hat an ATP driven r eversa l 

of oxidative phosphorylation might occur; a lthough this is not universa lly 

a ccept ed (Sadler and Johnson 1972). 

Pyridine Nucleotide 
I 

/~TP+C0 2 
./.' 

( CHOH) 

ADP Amytal , ,Rotenone 
- - · --'--.·Flavo-protein -·------·· -'-- --·- - ----- Co Q ' 1.'.r°:r- ~ , · ·· · ~.: • 

I ! I 
I ; 

·"' Cyt.b 
:1' 

ADP -- ·- ··Jj ··-·- . -- - - ATP 

Thiosulphate ------ > Cyt.c 
I \: \ 

ADP .--.. -· 1· ····· --- - · ATP 
: 1 r 

Cyt.O,A a
3
--'. --·· , 02 

J 

(From Saxena and Aleem 1972) CN -- ..-
,· 
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Such a pathway could provide a means by which some organic compounds 

could influence the oxidation of t h io sul phat e and the production of ATP 

a nd NJ\.DH
2 

. 

1 • 6. AIMS AED EXPERTIIIENTAL APPROACH USED I N THE PRESENT STUDY . 

The a im of the pre sent study wa s to investigat e the effect of a range of 

organic compounds on t he growth of s elected specie s of chemolithotrophic 

bact eria and also to study the met a bolism of s elected organic compounds . It 

vms hoped th9.t such a study would contribute to an understanding of the 

distinctive f eature s of obligat e autotrophs, namely their inability to 

utilise organic compounds a s an energy-source or a s a ca rbon-source , and 

their sensitivity to inhibition by a wide variety of organic compounds. In 

order to r eveal thos e char acteristics which ar e specifically r elated to the 

nature of obligat e autotrophy it was proposed to compare an obligate 

autotroph with a closely r el at ed f aculta tive autotroph. As mentioned 

earlier the genus Thiobacillus is an obvious choice for such a compar ative 

study, since it conta ins appar ently closely-rel at ed f acultative and obligat e 

a utotrophs. 

Facultative species of thiobacilli tha t have been clearly r ecognize d 

a r e T. novellus and T. intern~. Both of the se , by the available criteria , 

have r el a t ed obligat e autotrophs. One of these pairs wa s chos en, namely 

that of T. novellus and T. thioparus; the other pa ir wa s T. intermedius 

and T. thio-oxidans. 

ThG extent of the "facultative" o.nd " obligut e" nature of each of the se 

species was first r e- examined since a liter ature search r eveals that, 

particularly in the ca se of T. novellus, this ha s not be en thoroughly 

investigated and ther e are some contra.dictions. 

A thorough examination of the effect of various organic compounds as 

substrates, inhibitors a nd stimulators on solid media was used to establish 

the "obligate" and "f"acultative" f eature s of each organism. The effect 

of certain selected compounds was then examined in liquid culture to 

quantitate these findings, and possibly provide, from the growth curve shape, 

some idea of the possible nature of any inhibitory effects. 
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At t he same t ime a compcrison of t he di stribution of '14c -
l abe l from various l abelled compounds i n t he t wo organisms, under simila r 

condit ions wa s unde r taken in an attempt t o reveal any met abolic 

differ enc es . 

The a lter ations indu ced in the l abelling pa tterns, by heterotrophic 

grov~ h fo r T. novellus and by growth in the pr e s ence of the inhibitor 

for !!_thioparus, might give a clue a s t o the di f f er ences that r esult 

in obligat e aut otrophy . 



2. PHYSIOLOGICAL CHARi.~CTERISTICS OF' THIOBI.\CILLUS NOVELLUS 

AND OF T. THIOPARUS 

2 .1 . l,NTRODUCTION. 

The general chnractoristics of the sel0cted pair of autotrophs , one 

f acultative and one obligate , wer e first investigated. Besides confirming 

the identity of each culture a preli~ina ry study of suitable s t andard media 

for the two speci es a nd thoir growth behaviour on these medi a wa s r equired 

for planning further experiments , on the growth and the metabolisr.1 of 

isotopically labelled compounds . 

2 . 2 . PHYSIOLOGI CAL CHARACTERIZATION OFT. NOVELLUS. 

2 . 21 • SOURCE ii.ND RECONSITUTION _.2! . .1'.fil!. FREEZE-J?RI ED CULTURE • 

.A freeze - dr iGd ampoule of T. nove llus ATCC 8093 was opened and 

reconstituted as r ecommended by the source , the .hlilerican Type Culture 

Collection (Rockville , Maryl a nd) (J.TCC Ca taloguo ). 

The reconstituted organism consisted of Gm - ve plump rods , 0.8 x 1 . 5µn . 

in l a r ge clumps held tog0the r by a ropey mn t erial. Growth was l ar gely 

r estricted to the: surfaces on nutriant broth and agar. 'i'h i s culture was 

ma i ntained on nutrie nt agar a t 25°c , until adaptod to autotrophy when 

the organism wa s maintained on thiosulphate agar and s runpl es free ze- dried . 

2. 22 . ADAPI'ATION TO AUTOTROPHY. 

The reconstituted organi sm wa s una ble to gr ow on Beije rinck ' s 

Thiosulphate b.gar (Sokol ova and Knrava iko 1 964). I t wa s therefore 

necessary to adapt the culture to autotrophy through a seri es of pl a t e s 

of increasing thiosul phate concentra tion and decr8asing nutrient broth 

concent ration until able to grow on Beijerinck ' s Thiosulp.hate Agar . Thi s 

i s the method used by Charles and Suzuki (1 965). Some workers, e . g . 

Santer, Boyer and Sant er (1959) a lso using Starkey' s stra in of T. novellus 

do not appear to have needed the adaptation sequence a t a ll. 



2. 22 .1 . Hedia . 

Final Concentration . 

(i) Nutrient Broth . 

(ii) 

(iii) 

(a) 

(b) 

(c) 

Difeo Nutrient Broth (Ca t aloguu No •• 00301) 

Nutrient Agar 

Difeo Nutrient Broth 

Agar 

Beijerinck' s Thiosulphate .:~ear (i'fodified) 

MgC12 

Na2HP04 

FeS04-

Trace Metals solution (Vishniac & So.nter 1 967) 

Agar 

Water 

Na2S2o
3

.5H20 

Water 

0 .1 l'ii Potassium Phosphz.te Buff er pH 7 . O 

Wa t er 

1 .6% w/v 

o.8% " 
1 .5% " 

0.1% II 

o.2% II 

trace 

1 . 03 v/v 
1 .5% w/v 

980 mls . 

. 25% w/v 
1 00 mls . 

. 05M 

900 mls . 

All solutions were autoclaved at 15 lbs/ sq.in. (121 °c or 72Iill/M
2

) 

for fifteen minutes . 

Beijerinck ' s Thiosul phate agar (iii) (a ) + (b) + (c) were mixed 

aseptically and plates poured. 

2 . 22 . 2. Training Agar Ser~e s . 

The following protocol was set up and the plates poured. 
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Sterile Nutrient Broth Sterile Thiosulpho.t e Br oth Aga r Be.se 

No . Ml s(ii) Cone .% w/v Mls( i i i)(b) I Cone .% w/v ( iii) (a) mls . 

1 10 . 80 -T--T 0 10 

2 1 0 . 80 0 10 

3 9 . 72 1 . 25 1 0 

4 8 • 61+ 2 . 50 1 0 

5 7 . 56 3 • 75 10 

6 6 .48 4 1 .o 1 0 

7 2 .1 6 8 2 . 0 1 0 

8 1 . 08 9 2 . 25 1 0 

9 .0 0 10 2 . 5 1 0 

A heavy inocul um VJas streaked a cross the surfo.ce of the first plat e in 

the series o.nd the pl a t e i ncuba t ed at 30°c f or fourteen days . Coloni es wer e 

har vested into 2 .0 mls . of sforile 0 . 2r!t potassium phosphate, buffer pH8 . 0 and 

the heavy suspension used t o inocul~t e t he nvxt plate in the serie s . At 

each trc,nsfcr the ability to grow on nutrient c::.gar and on Beijerinck ' s 

Thiosulpha t e agQr was t ~st od . N t · t 1 t ill. cuba t ed a t 30°c u rien agar p a os we r e 

for f our days; a l l other pl a t es for up to a mont h . 

Tra ining Agar Series 

No . 

1 

2 

3 

4 

i,bility of harvested col oni e s t o grow on : 

Nutri ent agar 

+v0 

+v e 

+ve 

+ve 

Bcijerinck ' s Thiosul phat e agar 

- ve 

- ve 

+ve 

As the f ourth plate in the series gave an autotrophica lly capable 

culture the r emaining plates i n the series were not used. 

The harvest from this first successful autotrophi c pl a t e was able t o 

produce , on Beijerinck ' s Thiosul phat e Broth at 25°c , a film of deposited 

sulphur; an uninocula t ed control r emained clear . 

The mechanism for such a n adapt ation is not clear . Some workers found 

i t unnece ssary. 'I"he s el e ct i on of mutants wa s rendered unlikely by the ma ss 
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harvesting t echnique used, and the appear ance of the culture microscopically 

was unchanged. 

2 . 23 . DEVELOPMEN.r OF SATISFACTORY AUTOTROPHIC MEDIA . 

Examination of the lite r ature r evea l s tha t a wide variety of media have 

bee n used for growth of T. novellus . The effect of mediWI! composition on 

growth wa s therefore investigated t o find n satisfactory medium for the 

present study . The constituents t o be inve stigated and their concentration 

r anges were selected after some consider a tion of the literature . Each major 

constituent was omitted and varied , independently, and the effect on growth 

determined . 

2 . 23 .1 • ?,iethods . 

A modified Vishniac and Santer ( 1 967) Hedium was prepared; 

( a ) NH
4

Cl 8 . 0 gm . 

MgS0
4

. 7H20 1 . 6 " 
Ca Cl 0 .1 " 2 
NaCl 0 .1 11 

Trace 1:1et al s solution 20 mls . 

Wat er 800 11 

(b) Na2S2o
3

. 5H20 40 gm . 

Water 200 mls. 

( c ) 0 .1 M potassium phosphat e buffer pH 7 . O 

These solutions were autoclaved a t 15lbs. / sq . in . (1 21 °c or 72KN/:ll ) 

for fift een minutes and then mixed according to the following protocols, 

in sterile nephe lomet er f l a sks . These were innoculat ed with cold stored 

autotrophically- grown T . novellus . The fla sks wer e incubated at 25°c and 

aerated with water- saturated a ir . Growth was followed turbidometrically 

in a Klett- Summerson colorimeter with a green filt er (no . 54) set to zero 

with a water blank . 

2 . 23 . 2 . Effect of Thiosulphate Concentration . 

Media of varying thiosulphate concentration were prepared according 

to the following protocol . 
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Thiosulphate 
Miner al buse (a) Thiosulphate (b) Phospha t e Buffer (c) . C ·•• t . 

Concentrat i on ---------.Jo----~-----+-----·------+-;;._ ______ _ 
20 mls . 10 mls 

20 If 8 II 

20 II 6 II 

20 tl 4 " 
20 " 2 " 
20 II 0 

Growth curves are shown 

0 ols 

2 " 
4 Ii 

6 " 

8 ll 

10 II 

in Figure 1 • 

6. tffo 

5.3% 
4.0'/o 
2 . 7% 
1 .3% 

0 

Ther e is a minor increase in turbidity in the medium of zero thio­

sulphate concentra tion . As this do es not occur in the 6. 6% thiosulphate 

medilLm it :uay r epresent a genuine growth r a ther than a non-biologica l 

increase in turbidity . Ther e is no gr owth in 6. 6% thiosulphate . 

2.23 . 3 . Effect of Omitting Othe Constituent~s;._.-;;o~f_;.t~h~ ..... ....,;l;...;.;;M~e~d~ium= · 

The individual components of the miner a l ba se 

The volume as · b r ought t o 20 mls 

Thiosulpha te and· 1 0 mls . of sterile . 01 M pota ssium 

. re omitted in turn . 

of s t erile 10% w/v 

t e buffer addecl 

to the sterile nephelome t or fla sk. 

Grovi th was followed turbidom~trica lly; in 

Figure 2 . 

The absence of Ca c:1 2 or Na d wa s without effect . The absence of 

Mgso4 or of tra ce meta ls solution reduced growt h and increased the l ag­

phase . The abse nce of NH
4 

Cl gave almost nor mal growth in the early stages 

but the maximum yie ld wa s markedly r educed . 

Cac:1 2 and Na cl can apparently be omitted without detriment . NH
4 

Cl. 

is necessary for continued growt h . Mgso
4 

and tra ce met als solution wer e 

also necessary for r apid growth and high yields . 

High concentrations of ammoni um chloride (greater than 1 .CJ% w/v ) and 

of magnesium sulphate (higher than 0 . 3% w/v) gave crystalline precipitates 

which obscured growth measurements . 

2. 23 .4 . Effect of Initial pH . 

The initial pH was varied by using various buff'ers in the place 

of solution ( c). A pH maximum of pH 9 .4 and a minimum of pH 5 . 7 was 

found . 

With buffers consisting of varying proportions of the two potassium 

phosphate salts , the optimum pH wa s pH 8 . 0 ; with tris-HCl. buff'ers the 

optimUC1 i nitia l pH was a lso pH 8 . 0 . 
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2 . 23.5. Comparison with Other Thiosulphate Medi a . 

Becaus0 of the very great variety of media r eported in the liter a ture 

and t he rather cursory examination of optimwn conditions in this survey, a 

compa r ative study of growth r a t e s in various medi a was made . The 1c1edi a 

we r e those of Trudinger and Ke lly ( 1 968); Taylor and Hoar e ( 1 969a); 

Santer, Boyer and Sante r (1959 ); Le John, van Cae see l e and Lee s (1967); 

modiI'ied MD. tin and Rittenberg (1970b) and t he medium arrived at a s a r esult 

of the exper:ilnents described in the preceeding sections. 

The solutions we r e autoclaved at 1 51b s/ sq . in. ( 1 21 ° C or 72KN/:rvr2) for 

fift een minutes , t hen mixed nseptically in sterile nephelomet er flasks. 

Aft er inoculation with cold stored , autotrophica lly-grown T. novellus 

the I'la sks wer e incuba t ed at 25°c and ae r a t ed with wat er-satur2. t ed a ir. 

Growt h wa s followed turbidometrically. 

incubat ed simult aneously. 

Uninocula t ed controls wer e a lso 

The medium of Trudinger and Kelly (-1 968 ) gave the crystalline precipita t e 

and no increase in turbidity wa s evident aft er prolonge d incubation. The 

best and only mar ked increa se s in turbidity we r e not ed in the medi um devel oped 

in t his s tudy and t ha t of Santer, Boyer a nd Santer (1959). 

growt h v:o.s ev i de nt on the r ema ining r.1edio. . 

2 . 23 . 6 . £:cyst['. l Formation in Thi osulphat e Agar. 

Little or no 

When thiosulphat e-cont a i ning medi a were used for the prep.'.lr a tion of agar 

plat es , l ong thin needle-like crysta l s developed and oade spreading and 

stre2.king of cultures difficult. Various modi f ications wer e made in an 

attempt to el imi nat e these crystal s . 

The cryst als di d not r eact a s t hi osul phat e and nor was their forma tion 

a ffected by either thiosulphat e or agar concentra tion. Single component 

elimina tion showed that magnesium and ~onium, chlorides and phosphate 

buffer wer e needed for cryst al formation. 

If the solutions were autoclaved separ at ely and mixed while the a gar 
0 was molten and then incubated for a bout an hour a t 45 C crystal formation wa s 

largely prevented, a lthough small needle s mi ght still appear in the track of 

the inoculating loop. 
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2.23.7. Medium Adopted for Subsequent Studies . ((modified Vhilmin.c 

and Santer (1967] 

(o.) 

(b) 

NH
4

Cl 

MgC1 2 

Tra ce met als solution 

Wo.t er 

Agar 

Weight 

1 .o W-1 • 

0.5 " 

10 

890 

15 

ml s . 
It 

Na
2
s

2
o
3 

. 5H
2

0 1 5. 0 

0 . 2M pota ssiwa phospha t e buff er 

pH 8. 0 20 ml s . 

Wo.tcr 80 It 

Final Concentration 

0 .1 % w/v 

. 05% " 
It 

It 

" 

4 oM 

These we r e autoclaved at 15lbs/sq.in. (1 21°c or 72KN/M2) for fift een 

minute s then Bixed , and for solid media , the molten mixture was incubat ed a t 

45° C for at l eo. st an hour before pouring . 

2 . 24 . EJg;§_!ENCE OF DISTINCT CO LONY FOR11S. 

k lI!i.ediat ely o.ft er the culture wa s adapt ed t o autotrophy it became 

evident tha t diverse col ony forms existed . 

Two extremes can be distinguished ; both ar e f acultative autotrophs; 

;), round glist ening colony with smooth edges (Illustration a ) and a rough 

-- ~8e d vrrinkled form cohesive wit h irregula r edges 
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The se forms, depending on t he substrate m~y vary in colour. Plate A. 

Various intermediat e f or ms cc.n inte r graJ.e bet ween the two extreme s 

but occur in much lowe r nUIDbers. Pla t e s Band C. 

The proportions of t he two forms , when thes e a r e evident, varies 

betwe en substra t e s and individua l plat es. 

Examination of gr am-sta ins of t he va rious fonas showed no differ ence s. 

Continued single colony isolations f a iled t o S8par a t e the t wo forms, 

a lthough the proportions t ended t o f avour the fo rm fro.El which the isolation 

wa s made . A liquid culture of any s ingl e colony forw yie lded a ll the forms 

on solid medi a . 

It i s possible that the dis tinct colony forms r epresent a colony 

arising from a s ingle cell (round f orm) or f r om several cells (intermedia t e 

and rough forms). 

Alter native ly the colony f or ms could be physiologica l variant s of the 

coEJmon culture with a hi gh r a t e of formation and of r eversion. 

Santer, Boyer and Sante r (1 959) mention the occurrence , a t high r a t e s, 

of f a st and slow stra ins; indistinguisha ble , on t heir media, other than 

by colony size , of T. novellus, Kocur e~.(1968) found t wo cell forms 

in el ectron photomicrogr aphs . 

2.25. FACULTi~TIVE i\.UTOTROPHIC ABIJ;,fil, 

The autogrophic ability of the culture was established by the 

distinctive appear ance of the colonies and t he pr oduction of a cid on thio­

sulphat e agar, the increase of turbidity relative t o uninocula t ed control s 

in liquid culture , and t he increas e in count s as the thiosulphate disappears 

in liquid media . 

The existence of distinctive colony f orms and the necessity for 

adaptation of the culture to autotrophy made it necessary to establish 

that all cells were facultatively autotrophic. This had been investigated 

by Santer, Boyer and Santer (1959) who concluded that distinct physiological 

type s were not selected for under the differing conditions of heterotrophic 

and autotrophic growth . The confirmation of individual facultative 

ability wa s done in two ways. 



X1 20: 

T . Novl.;llu::; ..£.olon;z_foro.s 

Difforonc s i n Col our . 

34 . 

Pla t es A . 

GlutruJ.at e Grovm : b,i ckcround fl ood8d ·:1 i th Methylem, 

bluG to ii-:iprove contr: ::; t . 

T . nove llus Thi osulph.'..lt8 Grovm . 

X500: Smooth and Inte rrnedi .'..l t e forms . 
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Plnt e s B. 
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X1 00 : 

Rough Form . 
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PlctL ~ C. 
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X1 00: 
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Rough Fonn 



37 . 

( a ) St.'.ltisticnl :1.na lysis of pla t e counts on differ ent media . A 

suitably- dilutt:d culture of ;:.~ utotrophically- gr ovm T. novellus wa s spread 

on a nm~ber of nutrient agar, glutamat e agar and thiosulphate aga r pla t e s 

and these ',"lf:;re incuba t ed at 30°c . Af t or sever a l day s counts wer e nade : 

Me dium No . of plat e s -5 No . of Colonie s x 10 

Aver age Standard Deviation 
--------.-i,------ ----,t--~·~-~-t-'-·--·-----.- --
Nutrient J~gar 

Glutamat e Aga r 

Thiosulpha t e.Agar 

10 

10 

10 

42.8 

67 .1 

64 .9 

7.47 
6.77 
7 . 02 

Results show t h:l t the c ount s on nutrient agar a r e s ignificantly lower 

than the number s on the othe r tvrn media . The probability t ha t the glutamat e 

a nd thiosulphat e counts aro se from sep.'.l r at e popula tions i s negligible 

(cons ider ably l es s tha n . 01 ). 

Vi a blo counts a r e corunonly considerod t o be nor mally distributed, and 

the hypothesis t ha t the cells a r o indi vi dually f a cultatively autotrophic 

neans t l:w.t th8 sane variances occur for t he various media; then Student ' s 

"t" t est can bG appli ed . (Pc, r .'.ldine and Ri vett, Arkin a nd Colton.) 

(b) Replica pl ating. Sever a l pl a t es wer e spr ead with a dilution of 

autotrophic2. lly gr own T. novellus such a s t o give a calcula ted vfo.ble count of 

1 00 . lef t er incubation at 30°c for t wo t o f ive day s the pla t e s we r e pre ssed 

on to 2. st erile vel vet r oplic'.:t or . Thiosul pL1.1t e and nutrient a gar pl a t es 
0 wer e then r eplicat ed and incubat ed a t 30 C. 

Pla t es r eplicat ed f rom nutrient agc. r shor1od nearly a ll the colonie s 

pre sent on t he orig inal; the colonies pr esent on the r eplicat e nutrient 

aga r or glutamat e a gar pla t es wer e a l s o pr esent on r eplicate thiosulphate 

agar pla.t e s . 

The pile of the velvet wa s not sufficiently rigid to break the sulphur­

sulphat e crust of thG t hiosulpha t o grown colonies so there wc.s only 

irregula r growth on the r eplica t e s from the thiosulphate plates . 

Colonie s f rom nutrient agar we r e capable of both heterotrophic and 

autotrophic growth. Autotr ophically grovm cells gave i dentical viable 

counts on both heterotrophic and autotrophic a gars . It may r easonably be 

concluded t hat each cell in the culture is f acultatively autot rophic . 
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Pla t e s D. 

THI OBl,CILLUS NOVELLUS 

GRJd,i STL.I HS X3000 

Aut otr ophic:.i.ll y G-ro·,m 

He t e r otrophi cally Gr own 
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TRACE lIErALS SO LUTION ___.__._.~~ 

E .D .T .f_ . 50 . 0 gr.1s 

Znso
4

. 7E2o 22 . 0 II 

CrtC12 5. 5l1- " 

MnC12.4Hi 5 . 06 II 

Feso4_. 7Hi 4 , 99 " 

( I\11\) 6Mo
7
o

24 
.4H20 1 .1 Q II 

CuS0
4

. 5H20 1 .57 " 

CoC1
2
~6H20 1 • 61 tt 

H
2
o t o 1 li t r e 

'.i'hc S[~lt::; ,!Gr" suspended in '1.bou t 800 ,.,ls cf ·;:c.. t ,:r , well sh:,kun .'.lnd 

KOH p8llet s ~ddud unt il the pH 6.0, when the s olution w~s 6 r eun 

c..nd 1..ost of' thl. salts had dissolvc:d . The s olution wo.s brou5ht t o 

1 litr0 i n ':! vo lu::..dri c fl'.'.sk :i.nd thl;; pE ndjusted t o pH 6 .0 wi t h KOH . 

The: b r ccn solution w:i.s stcr.::d in th'"' c ol d ".rnl the solution ch\, ck0d 

occr·. sionn.lly f or pH. The... colour ch'mgcd t o rod with ti1.w . 

Fro!". Vishnhc :'.nd Slcntcr 1 957 . 
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2 . 25 . COHPii.RISON WITH PUBLISHED DESCRIPI'IONS OF T . NOVELLUS . 

The followi ng i s ::c de scription of the organi sn used in this present 

study: 

1~ gr am-ve t o slightly gr am vurinbl e (autotrophically) short fo. t r od , 

occa sionally in clwnps or in pa irs . 0 . 8 x 1 . 5µm . Plate s D show the 

gra,;1 s t 2. ins . 

On glutamat e medi a grew with tho production of ammonia ; colonies wer e 

or ange- sh.2.ded ; bulk cells wor e pink to orange . 

On nutrient br oth cells grew in ropey clumps . 

Two colony forms with intermedia t e type s are evident on some medi a . 

Grew very slowl y on thiosulphate with the production of some a cid and 

much sulphur . 

OptiLlUP.l initial pH w:::..s 8 . 0 (minimu;n pH 5 . 7, m::i.x:u,1wn pH 9. 2) for both 

aut otrophic and het erotrophic growth . 

Maximum thiosulpha t E:- concentr:ttion pori:1iting growth wa s 4 . 6% . 

b. wide vari8ty of het er otrophic s ub stra t es is utilised . (see Section 

three ) 

Non motile f acultativo autotroph . 

Thu folloviing a r c descriptions publi shed by other workers: 

(i) Sokolova a nd Kc1. r 2.va iko (1 964): Facult.:-, tivo autotroph . Short , 

non- i:-.otile ellipsoid.a l or a l!nos t coccoidal cells (0 .4 - 0 . 6 x 

0 .6 - 1 .8 ) µ=-i . s or:i0time s pa ired . 

SloY1 growt h on thiosulphato t o oxidize a maximum of 1 /3 thiosulphat e , 

to pr oduce onl y sul phQt os . 

Optimun pH 8 .0 - pH 9 .0; minimun pH 5 - pH 6 

On thiosulphat c agar; slow growt h to sr.iall fluid white colonies 

containing sulphur . 

On nutrient agar white t o cream colonies , brown in r eflected light . 

Grows best on glutamat e and 11. spartat e agars . Ae robic . 

(ii) Vislmiac and Sant er (1967). G-m-ve , non-sporulating (0 .5 x 1 - 3)µm . 

Non- motile . Fa cultative aut otroph . Slowly oxidizes thiosulpha t e . 

(iii) Santor, Boy er and Sant er (1959). Go-ve (0 .5 - 1 . O) x (1 - 4)µm. 

si ngle , occa siona lly paired rods , grows on nutrient and thiosulphate 

agars . 

(iv) Ber gey ' s Ma nua l of Determinative Bacteriology (Br eed ~ -1957) . 

Fa cultative autotroph not forming t etrathionat o as an inter medi a t e . 



Aerobo , not ox idizing f r ee sulphur . 

Short rods or e llipsoichl cells ( 0 ,4 - 0 . 8) x ( 0 . 6 - 1 . 8 )µm . 

Non- rao tile ~~ - ve . 

Slow growth on thiosulphat e o.gar pl a t es; sw.a ll white circular 

coloni es with crystals of sul phat e . 

Grov, s on nutrient agar broth t o form a r opey pellicle . 

On thiosul pho. te forms acid . 

Optimum pH around pH 7 . 0; minimw. pE 5 .0; maximum pH 9 . 0 . 

Apart f r om t he obs erved diversity of colony forms, the descriptions 

agree quite well. 

The slightly gr am variablG nature of tho autotrophically grown cells 

may be duo to the change i n cell wall structure reported . (Le John, 

Caesae lle and Lee s 1967) 

2 . 27. GltOWTH CHJ,BJ.CTERISTICS IN .,bJQUI D i,EDL', . 

2 . 27 .1 • I n 1 .C/% Glutamat e . 

On the basis of a survey of organic compounds supporting growth 

( Section 3.3 ) glutanat e wa s el ect ed a s the most suitable carbon and ene rgy 

source for heterotrophic growth . 

(Sant er , Boyer and Sant or 1959 ; 

This ha s be en used by other workers 

Cho,rlos 1 970; Matin and Rittenberg 1 970b ) . 

The gr owth char :ictLristics for gr owt h on glutamat e mediur.i a r e described in 

this section . 

Preliminar y wor k showed tha t the pH opt i muw for gr owth on gluto.mo.t e was 

pH 3 . 0 : at lowe r pH values the lag pha se wc.. s extended and the growt h r a t e 

was mainta ined until the stationary phase wa s r eached . 

l e ss a t pH va lue s l e s s th.-':.n pH 8 . 0 . 

Final turbidity wa s 

2 . 27 .11 . ~dia and Me thods . The same medi um a s in Section 2 . 26 . 8 with the 

substitution of 1 0 gmsi of glutamat e ( 1 , ofo ) for 15 gms . of thi osulphate . 

A lmown inoculum of cold- stored autotrophically- grown T. novellus , 

to give a calcul~t ed vi abl e count of 1a3 viabl e cells per ml . was added 

to 1 litre of the medium . The culture was incubated a t 25°c and aer ated with 

wat er-satura t ed a ir while shaken at 1 2 cycles/min . With t he baffle- shaped 

aerat er this agitation gave very good aer ation throughout the two litre 

flask . 
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5. 0 n l. sn.mpl c. s wer e renovucl a t tvm- hour intervo. ls i nto s t er ile 

Klott tubes by p i pette . Vio.bl e c ount s ·.,ere dotcroined by dilut ion in .004M 

pot a ssiw:1 phosphate buff er pH 8 . 0- mine r al salts so l ut i on ~nd sprea ding on to 

t h i osulphn.t c , glutamat e a nd nutrient agar plat es n t o.ppr oprint e dilut i on s . 

Pla t es v1E:r e i ncubat <::d a t 30°c. Tur bidity r:o.s o.etemined i n a Klett-S~er son 

Colori!:iet e r v1ith c.. grum f i lter (no . ,54) , sot to zer o with .'.l wat e r blank . 

pH v,as dete r mined by a Radi o:oe t er pH :.1et e r . 

Two fla sks wore inocula t ed; on e t·,1e lvc hours after the othe r , t o give 

all day c over ~gc . 

2 . 27 .1 2 . Re sults o.nd Di s cussion . Spot t ests f or ammonia (Russell: Conway 1947) 

a nd gl utanic a cid ( Ninhydrin :Jacob 1 959) show0cl toot 1.I.monio. wo.s pr oduced o.s 

t he pE r ose anc.l. glutrnm.t u di snppe,~red tc bccor:io ze r o a t s ixty hours . 

k n uninoculatod c ont r ol ~' '-' r c;t ud .:i.t 25°c showed no cho.ngu in turbidity 

or p:-L 

Fro:.1 th'"' FigurE-s 3 and 4 sever .11 pho.scs cc.n be distingui sht.d: 

( ~) Lo.g Phase . ~ r eproducible l ag- phase l ~sting up t o 16 hours occur s , during 

which ther e i s o.n e rrc.tic var i a t ion , up t o t 0n- fold , in via ble counts . 

(b) Log Phnse . From t on to thirty-s ix hour s ther e is an exponunti1.l 

increase in viable counts "..nd turbiJit y , with c parallel increase of lesser 

dura t ion in pP.: . Ther8 is ..,_ pe r iod in ,1Lieh counts i ncr ease but turbidity,· 

has :fuilad t o r egiste r . 1'hcn follows an 0xponenti.:1.l increase in vio. bl o 

counts a nd turbi dity o.t .., slower r ate , while the r"..te of incre:-:.se of pH 

steadily decr eases . This decr easing r a t e of incre:1s0 !Jay be du1., to the 

spa nsin{.; _; out of o.r.unonfo n.s the pH rises c1.nd ar.i...r.10ni 1. bec ooes !:lOrC::: volE?.tile . 

The Klett r1easure!'lent becor::es i naccurate t:.t r• bout Klett 300 s o 1 /1 0 dil utions 

were oade t o g ive a nore a ccura t e picture . Thi s s e cond phase l usts until 

sixty hour s whe n glutn.J:JD. to ho. s bc cooe exhausted . 

Gener a t ion T:inc in Hours . Fron Turbidity 

From Via ble Counts 

Ratio 

First Phase Se c ond Phnse 

1 .85 
0 . 80 

.50 

6 . 70 

3.32 

.43 -~-------------------
Turbidity i ::; 1. moo.sure of c ell mass so the r atio would appear t o 

suggest t ha t the cells decr ease in mass by 1/2 every gene r ation . This i s 

clearly not possibl e but no expla nation coul d usefully be prOferred without 
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furth~r investigation . 

Charles (1971) a t )0°C fowid a genoration time , turbidomotrico.lly, of 

1 . 2 hours . 

(c) Sktionary Pho.so . ...'i. sta tionnry ph..::.sa i ::; r eached ,.t .:.:.bout sixty hours , 

with tl10 disappoc.r o.ncEJ of glutamat e , c.ft er which viabl e counts became 

erratic o.nd may decline (not shown) a nd turbidity !7lllY a lso decline . 

The: step wi se: increl7lents in turbidity at a.bout this time may not be. a 

true r efl ection of ev e nts , as more steps occur in the undiluted turbidity 

curve thc.n in the diluted correct turbi dity curvo . 

During the initia l incrense in viablG c ounts , bef or e turbidity r egister s , 

there i s , , sli ght decrenst.: in pH v,hich r;iny represent the forr:l'.!. tion of 

.<..- ket o- gluto.ric o.cid by den.nina tion of glutamo.tc, , the other product o.r.:u:ioni f'.. 

bein6 r<::movcd by t he vigorous aer '.ltion, but 1,it or accu::iulc."..ting t o g ive o. 

pH rise . 

2. . 27 . 2 . On 1 .5% Thiosulphat c . 

The medi ur •. , described earlier in Soction 2. 26 .3. was used in attempts 

to obta i n cor::par a ble dat;, on ttlrbidity, viabl e coum;s and pH change s during 

gr owth on a thiosulpho.te :nediwn . 

Long t or..: u. ttec,pts sho\1ed .:,.n ini tit~l increas e in pH, f ollowed by cm 

equal drop with an initi".l incrE..ase i n vit:1. blo counts and the diso.ppearnnco 

of o. small ar.;owit of' thiosulphate . Howeve:r the very slov, g rowth r a t es nnd 

t he; c or::plic:,ting effects of sulphur :md other inorgc.ni c precipit a t es a nd 

COLtponcmt s made it very d i fficult to obt ::.i n r epr oducible and valid r:1easur o­

ments of ,;rowth. 

A. short tc. r c experiment us i ng .'.:! ht;o.vy initial i nocul un. f Ei.iled n. s the 

initial pH r ise , previ ously noted, Bavc a pH higher th~n the Dax:i.mur.1 for 

growth. 

The f ~ ilure to a chieve a satisfactory autotrophic gro\'fth curve is not 

unique . (Parke r and Prisk 1953; Sta rkey 1934; Sokolova ~nd Karavo.iko 1964) . 

All result s shov: a strictly limited oxidation of thiosulpha t e a nd low 

ba cte rial activity, l'lith n i:1inor decrease in pH . 

Generation times r eported by other workers were obtained using l a rge 

inocula of het erotrophically grown cells; a nd the medi a often conta i ned 

tro.ces of yeast extract . 

An approxima t e comparison of the r ate of turbidity increas e on glutama t e 

and thiosul phate is shovm in Figure 5 . The turbidity increase for 
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thiosulphate medi Wil , though va lid f or co!:!par a tive purposes , a l so represents 

inorganic products of both biologica l and non- biologica l origin , so is not 

suitab l e for the es tima tion of gener a tion times . 

2 . 3 . PHYSIOLOGICAL CPJuU.CTERIZi.TION OF THIOR'i.CILLUS THIOPb.RUS o 

2 . 31 • ~CE AND RECONSTITUTION 01" FREEZE- DRIED .91.&TURES o 

Sone difficulty was ,ax:periencod i n successfully r e constituting a nd 

maintaining cultures froQ a variety of s ource s , either because of contan ina ­

tion or fron inexperience in handling those cult ures . 

A fr e ze- driod culture of T. thiopa rus NCIB 8349 , was obta ined fron the 

N~tiona l Colloction of Industria l Ba ctoria (Edinburgh) , r econstituted in 

st erile wat er a nd a liquot s distributed t o ,a variety of .t:1edia . Successful 

cultures wor e subcultured on the same medi um (described in Se ction 2 . 32 . ) . 

Lat er , sanp l es wer e fre eze - dried for l ong t erm maintenance . Plat e s and 

ha rvested bulk cells vre r e stored in the cold . Frequent che cks were made for 

het er otrophic contaoinants; when contamination was det ected the contamina t ed 

culture was r e jected . 

2 . 32. COMPARISON OF DIFFEREJ\J"T THI0SULPH11.TE r:IBDL'., . 

As vlith T . nove llus examination of the literature i ndicat e s n. l u. r ge 

va riety of media sug8est ed for growth of T . thioparus . The medi a of 

Matin and Rittenberg (1 971 a ); J ohnson a nd Abraham ( 1 959); "The America n Typo 

Culture Collection", Kelly nnd Syrett ( 1 964) and the modified T . novellus 

I:!ediun described l a t er , wer e made up , autoclaved a t 15lbs . / sq . in . (1 21 ° c 

or 72Kl\r/Ii ) f or fifte en mi.i.mte s and then tho component solutions wer e mixed . 

Solid ned i a were incubat ed molten a t 45 ° c fo r some hours , in a procedure 

that r educes crysta l forr:ia.tion, and pl a t es poured and allowed t o cool . 

The pl at e s and liquid medi a were inoculat ed with T. t hioparus and 

incuba ted a t 30°c . 

The medi a t ha t showed growth wer e a lso the nedi a that a llowed recovery 

of viable T. t hioparus from the aliquots of freeze -dried suspension dis­

pensed af t er r e constitution . 

The medi a prepared a ccording to the directions of the American Type 

Cult ure Colle ction showed no growth . Although the first of t hese t wo media 



48 . 
shov,ed crystc.ls , no explanation for t h i s failure t o support gr owth wa s 

evi dent . Tho nediwn of Ke lly a nd Syrett (1964-) gc.v e a heavy inorga nic 

p r ecip i tc:to . 

The .:t0cl i fiod T . novcllus medi w:i provod t o be the most suita ble gr owt h 

nediun . 

tillDI IB'.i. Modified T . novellus rJediw:1 , 2.ft or Vishniac and Sante r ( 1 967 ). . 

(u) a s in 2 . 23 . 6 . Weight J-12 Grams Final Concontrc.tion 

NH
4

Cl 1 .o 0 .1% w/v 

MgC1
2 0 , 5 . 05% " 

Tra ce Mota l s Solution 1 0 mls . 1 . (% v/v 
Water 890 " 
Agar (for solid ncdia ) 1 5 1 . 5% w/v 

(b) Na 2s2
o

3 
. 5H

2
o 1 5 .o 1 _.5% " 

KII2PC\ 4 . 0 0 . 4% II 

K2HFD4 4 . 0 0 .4% It 

Wat er 1 00 ml s . 

These s olutions were nut ocl~ved for f ifteen ~ inutes a t 15lbs . /sq . in. 

(1 21 ° c or 72KN/r} ) . Solid u1;:di c .. -:rnr e incub," t ed. ::iolten o..t 45°c aft er n ixing , 

fo r sonh.. ti,-:10 befor e be ill€; pour1;,d . 

Liqui d s olut i ons , ·\ft or n ixing , wor u used within :1 week or an inor gani c 

pre cipita t G deve lope d. 

It ·:1[.;. s found th:lt the aJ.dition of filter- sterilised pH 8 . 0 NaHco
3 

( t o firn:i. l conccntrc.tions of 2mJli No.Hco
3

) n2rkedly increased gr ov,th . 

Concentrations above '1 2mM prevented gr owth . 

fwrn.tion of liqu i d media with wat er-sa tura t ed 5% Co
2

: 95% Air rathe r 

tha n watcr - s8.tura t ud a ir inproved gr owth r 2.tos and r educed the l ag- phase 

r:::;arkedly . 

f.... t emperat ure of 30°c was found to gi ve much more r api d growth th..':.n 
0 a t eQper ature of 25 C. 
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2 . 32 . DESCRifilON OF MAIN CHi\.RACTERISTICS . 

The r esult s t o be described in Section 2 . 34 . show that the culture 

oxidizes thiosulpha t e with o. conconittant incr ease i n via ble and t ot al 

counts and in cell ma ss and pr oduction of nci d aft er an initia l pH iner ease 

with some sulphur production . This indicat e s aut otr ophi c growt h . Later 

dat a (Section 3 .5 . ) shows tmt the or ganism i s unabl e t o gr o1v on or gani c medi a 

and is inhibited by a wi de variety of or ganic coopounds . 

The initia l pH optimum of the culture i s around pH 7. 0 and a pH of 

pH 4 . 0 i s r eached end not exceeded while oxidi zing thi osulphatc . 

Tenper atur e optioum was ar ound 30°c . 

Snall fat gr:1- ve rods s ingly or in pairs . Very activezy motile , 

e speci ally when young . Gram sta in is shovm in Ple..tes E. 

On t hiosulphat e- agar small white coloni es encrusted wit h sulphur a r c 

produced ; as i;s shown in Pb.tee E. Cells a.re pink. 

;~ct ivcl y ~09rpoi:ate H~c t'ron:. 1At.co
2

• 

This descr iption agr ees nith the de scriptions of Vishniac a nd Sant er 

(1967) ; I,iat in and Ritt cmber g (1970 ) ; B0r guy's Manual of Det croina tive 

Bact eriology, Br eed 8t al (1957) ; Sokolovn and Knr avai ko (1 964.) , except t m t 

Sokolov·'.. and Ke.ravc.iko (1 964) give ::,. oor e alkc. line pH optir:n.iD (pH 8. 0 -

pH 9 .O) . 

of 

2.¾ . NORlrIA.L GROV.ITH CURVE ON THIOSULPHATE. 

2 . i4 .1 • Media and Methods • 

500 @l s . of the medium, a s described in Sect i on 2 . 32 . in the appar atus in 

Fi gure 6, wa s i noculat ed with 1 . O ol. of a col d- stored culture of T. thioparus 

known t o be free of het er otrophic cont a.;:iinnnts , diluted so a s t o gi ve a n 

estimat ed final via ble count of 1 a3 viable counts/ml . An uninoculat ed 

contr ol was a lso set up . 

Both fla sks were incubated in a 30°c wat er - bath while being aer at ed with 

wat er- saturated 5% co2: 95% Air ni.xtur e . 

turbidity. 

Aer ation wa s increased wi th 

At f r equent int ervals so.mpl es were taken. The out l et was unplugged 

and flamed with a lcohol , then ports A and B were closed and the gas floTI 

forced the sample out the outlet and into a sterile IG.e tt t ube . When 
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sufficient had accwnul.n.ted, port B and then port A wer e opened; aft er the 

outle t was pl ugged ae r ation continued noron.lly . 

In sampl es froci the inoculat ed fl ;~sk bacterial numbers were determined . 

Dilutions were made in sterile media and appropriat e quantities spread on 

thiosulphate agar pL~tes and incuba t ed at 30°c. At visible turbidities 

aliquots wer e counted directly, after settling, in o. Thooa cell a t phase 

contrast magnifications of 400 diameter s . In both the inoculated fla sk and 

the control (less oft en) sa1;1pl es 1.Ver e t c.ken for det ermination of turbidity, 

in a Klett- Sur.une rson Colorinet er with a gr een filter (no . 54) . pH was 

deternined by a Radiomet er pH me t er. 

thiosulphato (see Appendix II) . 

Duplicate aliquots were titrat ed for 

Samples used t o determine dry-wei ght wer e insufficient in size . 

2. 34 .2. Results and Discussion . 

There wer e no heterotrophic contar:1inonts detectabl e on nutrient and 

gluto.JJate agars . 

The r esults a:r-c sho1m in Figures 7 and 8 . 

Ther e was no pH change:: or incrense in turbidity in the uninocula t ed 

control. There was n slow dis,'.:tppear ance of thio sulpmte , t o a naximllr.l of 

1 ofo c.ftcr 1 70 hours . 

Over the first 50 - 60 hours aft er inoculation littl e change i s o.ppar ont 

in any of t he par amet ers . The titration va lues for t hiosul phat e ar e sono·,·;hat 

err~tic over thi s period, but appear to indicate an incroase in thiosulph.~t e . 

This initia l increase of titrable thiosulphat e occurs after an immediate 

drop in titration va lues: this occurs in both the inoculated a nd the 

uninocula t ed fla sks and is thus not of physiological significance . This 

portion of the titration curve may r epresent t ho transient precipitation 

of insoluble non-alkali-met a l thiosulphn.tes , soon after the cooponent 

solutions of the mediun wer e mixed, followed by their resolution. 

The commencement of the disappear ance of the thiosulphnte coincides 

with the increase in pH and indicates the log- phnse of growth. This rise 

in pH probably represents the f ormation of a mL~ture of poly- thiona tes 

(Trudinger 1964) . The poly-thionates a re not titratable but support gr owth 

while being oxidized t o sulphate . 

The thiosulphate i s exhnusted at the same time the pH peaks . The 

transient inflexion in the turbidity curve a t around Klett 20 may be an 
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o.rte f a ct. The drop i n the t urbidity at 1 00 hours at maximum turbidity 

is a r eproducible f eature of t he curve . Thi s drop coincides with the 

change of r a t e of pH decrease . This could r eflect the lysis of s ensit i ve 

cells by t he acid conditions; vi able ce lls can be r ecovered but aft er 

prolonged incubation vio.bility i s lost . However the turbidity drop doe s 

not continue a s would be expected fror.: this. The sulphur produced 

earlier in metabolism might now be me t abolised, when the pref erred substrat e 

t etro. - thiomte is exhausted . The turbidity would then drop until the 

sul phur wa s exhuust ed or, as in this cnse , an unfavourable pH wa s r eached . 

The cha nge in the r a t e of pH decrease as the t urbidity drops is in o. ocord 

with this . 

Viable count r esults were erratic and never r eached a v0ry high 

percentage of the direct counts . Ther e was o.n increa se in direct counts 

from a bout 1 cY t o a t l east 5 x 1 08• The low viable counts may represent 

a l ow percentage of vi able cells in the population or may be due to an 

effect of diluti on. The same l ov1 counts wer e obtdned in dilution series 

in phospho.t e -rainer al sc.l ts solutions as in ful l medi a-solutions , from an 
8 

a ctively gr owi ng cul t ure with a di rect count of a r ound 1 0 • Thus the 

expl anation i s not substr at e poisoning and i s not likely t o be dilution 

shock. 

Generation Tine in hours : 

From t urbidity 1 . 3 

From Thiosulphat c decrease 1 . 8 

J. s tur bidity r:1easures sulphur which i s t r ans i ently produced, while 

thiosulphat c i s oxid ized i n sever al separ at e s t eps, ne ither gener ation 

time is an accura t e measure of the growth r at e . 

2.34.3. Comparison with Published Results. 

The f omation of t etrathionat e with increase in pH as the initial step 

of a utotrophic met a bolism, is now gener a lly a ccepted. (Trudinger 1964; 

Par ker and Prisk 1 953) 
Old cells, according to Sokolova and Karava iko (1964) a r e prone to 

autolysis , which may account for the pres ence of many organic corapowids in 

spent media . 

The final pH is generally in the r ange pH 3.5 - pH 5. 0 ( Bergey ' s 

Manual of Det erminative Bacteri ology; Sokol ova and Karavaiko ·1964j . 

Parker and Prisk 1 953.) 
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Pa rker and Prisk (1953) f ound tha t there was only.~ soall increase 

(fron 1 06 t o 1 07 ) in viable counts during the period of consur:iption of 

thiosul pha t e ; gr owth l agged behind thiosulphat0 consumption and the viable 

count declined at pH va lues l e s s tha n pH 5.0. The pH did not increase 

and showed a drop of onl y 0.3 pH units over th0 period of consw:-iption of 

43ml!i thiosulphate . After this the pfi dropped frou pH 6. 3 t o pH 4.7. 
Fron the Par ker and Prisk (1953) da t a o. gener ation time of 22. 8 hours was 

calculated fron the thiosulphate consWuption rate. 

No other report s of generation tine s could be found . 
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APPE!1IDIX II 

DETERMINATION OF THIOSULPHATE . 

The S~rbG> colori.Detric nethod of thiosulphn.t e determination 

(S5rbo 1957) was tested and found t o be sensitive to interference froD a 

nwaber of possible products of thiosulphate oxidation such as sulphide , 

sulphite and tetrathionate ions, '1.S well r,s so1:ie organic compounds. Most 

interfering compounds can be rel:ioved by precipitation with co.dmi urJ sulphate 

but polythionates r emain. The usable range of thiosulphate concentra tions 

is na rro.-, . Because of this and the anount of processing required, an 

iodate-thiosulphate titra tion syster.i was preferred . 

After some difficulties a method using a n iodat e titration and free 

frora interferenc0, except by strong oxidizing a gents, was developed. This 

systera is pH independent, unaffected by t urbidity and does not measure 

polythiono. te s . The systen was developed from that of Svehia et al. ( 1 963). 

Systen . 

Reagents . 

Indicator: NaCl 1 25 gms . 

2. 6 . par~ dichlorophenolindophonol 

.1 25 gms . 

About 0 .1 KI. 

About . 025N Ascorbic ~cid freshly prepared. 

Exactly O. I N Iao
3 

1 . O ml . of each of the standard iodate and iodide solutions was mixed 

with 1 .o ml. of the thiosulphat e solution . 

without deterioration if frozen . 

This r.iixture can be stored 

Several drops of glacial acetic acid were added . The resultant iodine-

coloured solution was titrat ed inunediately with ascorbic acid solution until 

straw coloured. Solid potassiwa bicarbonate was then added until frothing 

ceased . A heaped lmife- point of the indico.tor was aQded. If the 

solution was red more bica rbonate was added. 

titrated until clear. 

The blue solution was 

The r edox indicator indicat es the point at which the ascorbat e is 

present in a standard excess concentration at which the redox potential is 

that of the colourless fo:ro. of the indicator. The dilution of the 
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i ndicator in No.Cl i s such t hat variat ions in the "knife point" have a 

min~~al effect on the r equired r edox potential . 

The a scorbic a cid solution nust be freshly prepar ed and s t anda r di sed 

agains t the i odide end iodate mixture within an hour , preferabl y l ess , of 

the d et er CTination. 

The syst e1r. covers the r a nge of thiosulph1o.tv concentrations of inter est. 

There are two colour s t age s on the v;o,y to the end point so the crences of 

overshoot and t hence of error nr0 r educed . 

All dotenninc.tions were in u.uplicQt o ancl vtorc uveroged. 

The titration is a simple back titration with u freshly s t andardi sed 

s olution . 



3. EXAMINATION 01', THE EFFECT OF VARIOUS ORG.m.f 

CONPOUNDS ON GRO'NTH OF THIOB!~ CILLUS NOVELLUS 
- - .µ;g. 

AND T. THIOPii.RUS . 

3.1 . I NTRODUCTION . 

59 . 

The work to be described here concerns the effect of various 

exogenous organic corapounds on the; gro,,,th , a nd vc.rious related functions , 

of the; facultative autotroph T . novel~ and of the obligate nutotr oph 

T . thiopa ~ . The organic compounds were:: selected on ava i lability fro::1 the 

list of substra t os given by Skercmn ( 1 969) . Cor:ipounds were tested at 

several concentra tions t o reduce the possibility of a concentra tion effect, 

such cts :t growth inhibition t::.t higher substr ate: concentrations which coL1monly 

occurs in the thioba cilli (Rittenberg 1969): obscuring a genuine substrate 

effect . 

The compounds wore first screened ns possible substrates for hetero­

trophic growth of T . novellus , as then~ arG contradictory reports in the 

liter ature on the heterotrophic abilities of this species (Tnylor and 

Hoare 1 969c1 ; Cht:>.rlcs 1 971 ; So.nter, Boyer and Sant er 1 959 ). 

The sa~e: rn~ge of organic compounds at SL~ilo.r concentrations was 

examined ngain, t o det ect inhibitor y or stinulatory effects on a utotrophic 

growt h of T. t hiopa rus and on both autotrophic and het er otrophic growth of 

T . novellus . 

After the initial survey of the compounds in solid r::edia , selected 

organic compounds vmre examined in equiva lent liquid rnt:dia. 

The ability of certai n compounds to reverse the inhibitory effect, of 

one particula r inhibitory ar.iino a cid, on g r owth of T. thiopo.rus was also 

examined. 

3 . 2 . GENERAL METHODS . 

3 • 21 • fl<.EPARii.TION OF STERILE SOLUTIONS OF ORGANIC COMPOUNDS . 

Appropriate qua ntitie s of the cor:::pounds vmre dissolved in wat er and 

1 0 r1l. quantities were filter sterilised through 0 . 22µm . membrane 

filters, unless the solutions were of known stability, in which case they 

were autocleved a t 1 21°c (15lb s ./sq. in . or 72KN/M2) for fifteen minutes . 
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Successive t enfol d dilutions wer e made in sterile distilled wat er. All 

sterile solutions wer e stored a t 4°c: aft er which some solutions r equired 

warming t o r edissolve . 
+ In 1:1ost ca se s the pH was adjusted t o pH 7 . 8 0 . 5 before sterilisation . 

3 . 22 . MEDIA . 

(a ) NH
4 

0 

MgdL 2 

Trace Met als Solution 

(Vishni a c and Santer 1967 ) 

Agar (solid media ) 

Water to 

Standard 

Solution _.=oo,....-

2 . 5 gm . 

1. 25 11 

25 ml s . 

38 gm . 

'l litre 

Final PlG.te 

Cone . 

0 .1% w/v 

. 05% 11 

1 . 0}1a v/v 

1 .5% II 

(b) T. novellus 0 . 2:M Pota ssilll:l Phosphat e buffer pH 8 . 0 

1 00 o.ls . 4rnM 

or 

or 

Zer o 

m1
2

S
2
o3 . 5H

2
0 

NnH glutamat o 

f or T . thioEarus 

Na 2s2o
3

.5H20 

KH2P()4 

K2HP()4 
Water to one litre 

75 

50 

900 

75 

20 

20 

( c ) Organic cor.1pound solution a nd wat er . 

gms . 
II 

ml s . 

gms . 
11 

II 

1 . 5% w/v 
1 •OYo II 

1 . 5% w/v 

0 .4% 11 

0 .4% 11 

According to Tables 

Volume Eer 

Pla t e 

\ 

\ 
\, 1 0 . 0 mls . 

. / 

/ 
' 

·. ·· ~- 5 . 0 mls . 

' 
j 

' 

', 
\ 5 . 0 mls . 
i 
i 

I 

' / 

1 0 mls . 

Solutions {a) and (b) were sterilised by autoclaving a t 121°c (15lbs . /sq . in. 

or 72KN/M2 ) , solution (c) was sterilised a s in Section 3 . 21 . These were 

held at 45°c and mixed in the Petri dish . 

3. 23 . MEASUREMENT OF GROWTH . 

Growth on solid media was measured with an eyepiece gr ating in a 

dissecting microscope . Autotrophic colonies wer e measured aga inst a black 
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matt ba ckgr orn1d ~nd side-lit . Hetorotrophic col0ni es were oeasured 

by trans:.1ittc.d light . The colonie s wore sized a rbitrurily; the r ute of 

incr0,,s0 in thuse clc.sses was coopar ed to t he r ate in standard wedi a , a nd 

further ~rbitrar y gr o~~h r a t e cl~sscs set up . Because of these arbitra ry 

classes, the cla s ses vmrc ne ither sharp nor definitive . 

Growth in liquid ~edi :c cultures was measur ed tur bidometrica lly in a 

Klett-Surnraorson colorimet er, using a green filter (no. 54), set to zero 

with n water blc.nk. 

3 • 24 . IiiI S CELL/.NEOUS • 

pH nas det err.:ined in most cultures . On solid media r.ioist ened 

Whatfilan- BDH close r ange pE papers were used t o deternino pH t o within .5 pH. 

In liquid culturos a Radi omet er pH wet er wc.s used . 

Conto.mi.na tion che cks were by inspection of colony shape and forn. 

3 . 3 . POTENTL.,L GROWTH SUBSTRATES FOR To NOVELLUS. 

3 . 31 • SURVEY OF POTENTL'1.L GROWTH SUDSTR/'1.TES USING SOLID MEDJ;, o 

Mediuc conponent s ::..s specified i n Section 3 . 22 . we re poured together 

wi. th 2. st andard inoculur., of thiosulphc.. t e grown !:..2.10vellus , sufficient to 

produce en. . 80 -1 50 colonies, o ixocl thoroughly and allowed to cool. This 

g:cvc.: well sop~,r a t"d colonies , both sub;:;'orgc.:d o.nd on thb surf ace . 

Cor:,pnriscr. of colony counts with th0 icnovm viable count woul d r eveal gr oss 

cont.'.l.ni.nr.:.tion . 

Plc:tes m:,;re incubc.t ed a t 30°c in several batches and examined a t 

frequent into"Va l s f or gr owth. J~t th .... cmcl of growth colonies were 

checked for fom a nd l a r ge colonic s wer o stroaked on t o thiosul phc1. t 0 agar , 

to detect any loss of autotrophic ability. The pH was then deten1ined. 

Fron the s ize cla ss data the substra t es were pl a ced in order or 

suitability as substrates . 

Small indefinit e pale colonie s of visible size a ppear ed in both nor oal 

Davis agar and washed Davis agar, lacking added organic compounds . 

Consequently substra t es giving colonies no differ ent in s ize or appearance 

from those on " non- substra t e zero pla t es" were scored as not supporting 

growth. Confusion between low and no gr owth scorings can also occur; so 

these scorings wer e gr ouped together . 
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Surface colonies were gener ally cuch l urgor than suboorged colonies . 

The di versity of colony f orms wc::s gGner ally evident (See Section 2 . 2 .4 . ); 

but not on a ll substratc::s . Most colonios v:ore shades of or ange , fro:::1 

extreme s of a1L1ost pink t o brown . 

Subcult ures of l ~r ge surf~ce coloni es fron varioussubstrat es wer e 

all capa ble of growth on standard Thiosulphat e T. novcllus Agar. 

Substr a t es a t concentrations of 0 . 1 r.iM and 0 . 0, :nM whor e t est ed, gave 

scorings indica ting little or no growth. The r asult s for higher concentra -

tions ar e shown in Table X I; good gr ov:th wa s obt a ined on a wi de r o.nge of 

substrutes . 

Tyrosine , originally gave a white pov1dory a gar which oxidized in air 

t o give a brown t r anspa r ent coopound (probably a phenol) nost not i ceably 

ar ound the "non- substra t e zer o" col onie s . Henco an artificia l good growth 

wo. s scor ed by the nakod eye; very high ba ck lighting gave a true score . 

The pH of the organic ~cid plat e s r ose . 

The ethanol and glycer ol substratc: colonies were col our ed but the 

colonies on tho other ~lcohols v;er e pnlc or white . 

3 . 32 . GROWTH OF T. NOVELLUS ON SELECTED OP,&;:.:rrrc SUBSTR.c"i.TES I N 

L~£UI D ..£.VL™. 

The f ollov1ing organic ccnpounds were sel ected fror.1 the range used in 

the solid oedi::i. survey , and oxaoinod as gro,·Ith substr a t es in liquid oedi c. ; 

11..ll at 1 OOrJ,'i . 

Aspar aginG 

Orni thine 

Pyruvate 

Fonnat e 

1 CmM Phenylal anine 

1 ClM Fon:1at c 

5 . 0r.iM Tyr osine . 

Glutnoo.te 

Lrgininc 

.l'.cet a t e 

Al o.nine 

Glucose 

Met hanol 

Glutamine 

Fructose 

Ethanol 

A standard l ar ge inoculur:i of cold-stored thiosulphate- grown T . novellus 

wa s pipetted into each n ephel omet er flask of mediun (as in Section 3. 22 . ) . 

The flasks wer e incuba t ed in a 25°c water- bath while aer a ted with wa t er-

sat urat ed air. Fla sks wer e stored occasionally at 4°c during the 



Amino li.c:i_ds 

D/LAln.nine 

l,.rginine 

1.spa r aginc 

J-,.spa rtic .Acid 

Cystine 

L-Glutcmic h.cid 

L-Glutanine 

Histidine 

Me thionine 

L-Ornithinc 

L-Phenylalanine 

L-Proline 

L-Serino 

Tyro sine 

L-Va line 

TABLE XI 

GROWTH OF T. NOVELLUS ON VL..RIOUS ORGANIC 

COIIIPOUNDS .i.T SEVER.,\.L CONCEN'l'RJ,.TIONS. 

1 OOoM 

3 

3 
2 

3 
2 

3 

1 OmM 

2 

2 

G 

2 

2 

2 

2 

2 

2 

3 
2( 2 .1 ) 

3 

3 

Little or no growth(( a t 8Ve n the hi gh est concentration (given) 

Citrulline 

Gl ycine 

I s o l eucine 

Leucine 

Organic b.cids 

Acet a t e Na 

Formate Na 

Lactate Li 

Propi onate Na 

Pyruvo.te Na 

Succino.t e Na 

Little or no 

Oxa l a t e Na 

1 00 Norl eucine 

1 00 Lysine 

1 00 D/L Serino 

1 00 L-Threonine 

gr owth 

100 .1 Tartra t e KNa 

1 0 D/L Tryptophane 

100 L- Tryptophan c 

10 Tyrosine 

1 00 

1 OOr.1M 1 O:nM 

3 2 

2 1 

3(0 .~) 1 ( . 05%)' 

2 2 

3 2 

2 

1 oo I 

6.3 . 

1mM 

0 

0 

0 

2 

1 

1 

0 

1 

1 

1 

2 

1 ( . 21 )", 

1 

I 3 

t ested)) 
--

1 0 

1 0 

5 . 0 

1mM 

0 

0 

0 ( . 005%:)' 

1 

0 

0 



TABLE .!I, ( Continued) 

Ba se s and Rel at ed Compounds 

Adenine 

Little or no growth 

Creatine 

Indol e 

Sugars 

Arabinose 

Glucose 

Maltose 

Mannose 

Sta rch 

Sucrose 

Xylose 

100 

1 0 

Little or no gr o~~h 

Cel lobiose 

Fruct ose 

G::i l actose 

li.lcohols 

Ethanol 

Glycer ol 

Mannitol 

Methanol 

Sorbitol 

50 

1 00 

1 00 

Little or no gro~~h 

Thymine 

Ur acil 

D Lactose 

Me llobi ose 

D R('.ff inose 

Dulcitol 1 o~J: Isopropanol 

1 OOn!lii 1 Or;,.M 

= 3 

10 · r Xanthine 

1 0 

100DM 1 OmM 

2 0 

3 3 
2 2 

2 1 

2(1/YJ,) o( .1%) 

2 (50 ) 2 ( 5 ) 

2 

100 

25 

1 0 

D Rhru;mose 

So.licin 

Tretalose 

11 OOrJI,l 1 Omr.1 

3 1 

2( 71 ) 2(7.1 ) 

2 ·\ 

3 1 

2( 25 ) 0(2.5) 
- ··-

100 

64. 

0 

10 

1mM 

0 

1 

1 

0 

P( . 01%) . 

100 

10 

100 

2(.5) 

1mM 

0 

1(.7-1) 

1 

0 

0(. 25) 

Figures in bra ckets a r e concentrations other than at the column head: in 

mM unless otherwise given c. s %~ 
Code: 3. Very good growth; compar able t o t ha t for glutrunate 

2 . Moder at e gr owth 

1. Small col onies could bo confused with O. 

O. Colonies are the same size as for non-substrat e "zero" plat es. 

Figures aft er substra t e s f or little or no growth a r e the highest concentrations 

of the t enfold dilutions t ested. 
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i ncubation , so tha t turbidity neasurewonts wer e made at conveni ent tbes. 

Th~ effocts of this stor ag& , n slight increase in turbidity and a short 

period of slower growth on the r eturn t o the higher tonperature , wer e 

correct ed for who r e possible , and sooothed out i n the curves . 

Grovrth was followed turbidooetricn.lly . 

At the end of the incubation , saoples wor e strec.ked on t o thiosulphate 

a gar, and on t o nutrient n.gc.r t o test f or ccntarainants . The pH wa s c.lso 

determined . 

The r esults ar e shown i n Figures 9, 10 a nd 11 . 

There was consider nblo variation in the dur ation of the l ag- phase , The 

sulphur present in the inoculw:1 sank in the pi pett e and carried cells with 

it. Thus successive inocu:la. varied considerably and so did the l ag-

phase befor e turbidity becaoe a ppar ent. This l ag- phase ha s been omitted 

in t he graph..i; the zero tir.J.e in t he gr aphs r epr esents the beginning of the 

l og- phase not the tinu of inoculation . 

ThorG was , whe,r e dete:ru:i.,f.'8d, lf. sr.:.all drop in pltl t o pH 6.5 :!:: 0.5. 
1 CJOimvi Methan 1 nnd 1 OOm!{ ethanol showed n growth, presumably because 

the aer ~tion had r e~oved these vo tile c0npo a. 

The r.:iilq-whit e 5. 0raM t~si.Jie solution bee~ brown and clear ed 

during aer ation , but m,ver became turbid; the brovm clear solution was 

obviously duo t o e. non- biologica l oxidation of tyrosine . 

11:il\1 Cystino showed no det ect able growth; th& substrat e concentration 

was probably t oo l ow for detect able gr ol'.th . 

1 OOrnYi Forr:i.nt e showed no detectable gr 01.•rth . 
+ Ther e wa s , wherb det er mined, a sm~ll pH dr cp t o pH 6.5 0.3. 

The graphs have been grouped into sir.ii.la~ curves . 

(i) Glut amat e , Glutaraine , Al anine , l1sparagine ; a ll 100rnM . All show a 

fairly r apid initia l gr owth r ate, with some decr ease in mi d l og- phase in the 

ca se of glutaoat e (see a lso Section 2 . 27 . ) . See Figure 9. 
The curves for alanine and QSparagine ~r e equiva l ent until l a t e log- phase 

when cspar agine shows a subst antial decrea se in turbidity. 

(ii) Ar ginine , Orni thine both 1 OOmM, Phenylal anine 1 OraM. 11.11 curves show a 

steadily decreasing growth r ate. See Figure 1 O. 

(iii) Acet at e , Pyruvat e , Fructose , Glunose all at 100mM. Acetate , pyruvat e 

nnd glucose show very r api d i nti al growth rat es . Pyruvnte a nd fructose show 

pa r a llel gr owth-curves as do a cetate and glucose . The most interesting 

f eature is the low yie ld for glucose . Se0 Figure 11 . 
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The pH riso during growth on aoino acids (gr oups (i) and (ii)) 

is pre sumably due t o the liber a tion of ar:rrnonia during deamination, a lthough 

a conside r a ble loss of a1nrnoni.'J. occurs due t o the vigorous aer a tion. 

3 . 33 . DISCUS..§1.Q£!. 

3 . 33 .1 . Cooparison with Re sults on Solid Media . 

In gener a l those subs tra t e s supportir.g good gr owth on agar (scores cf 

2 or 3) a lso give hi5h gr owth ra t es and gr owt h yidds in ltiquid r1edia . Two 

exceptions a r e fructose , which gave little or no gr owth on a gar but did 

support slow growth in the liquid nodiuc , and sodiw.1 f om a ~e , which did not 

support gr owth on a liquid ~ediw~ but gave good col onies on agar . 

3.33. 2 . f.9£:EJrison with Published Re sults . 

The only extensive survey of gr owt h substrat es f or T. novellus is tha t 

by Tayl or and Hoare ( 1 969a ) . Ther o i s ccns i de r a ble conflict bet wee n the 

results of theso wor ker s and t he r ~sults of this survey and of other 

worker s (see Tabl e XII) . 

A striking exampl e i s glutamat e . This was r eported by Taylor and 

Hoar e (1969a ) not t c support growth, although i t i s a substrat e coof:ionly 

used fo r het er otrophic gr owth by 121any wor ker s , and gave hi gh gr owth r at es and 

yiel ds in this survey. 

No expl anation can be offer ed for t he: se di f f er ence s a s all the workers 

have used the same strain; Str..rkey' s or subcultures ther eof (A.TCC 8093 ). 

Differ ence s could arise during the adaption t o autotrophic growth; even 

this could not sufficiently expla in t he discrepancie s . Chance se l ection of 

a "slow" or "fa stt1 strain, a s r eport0d by Santer , Boyer a nd Santer ( 1 959) 

would give apparent differ ences in substrat e utilisation or non-utilisation, 

particularly if the comparison wa s als o bet ween solid a nd liquid media . 

This would not s erve a s an explanation for the appar ent failure of Taylor 

a nd Hoare (1969a ) and of Santer, Boyer and Santer (1959) to detect growth 

on glutaE1at e , glucose and a ceta t e , which in this survey and in others 

were substra tes f or rapid, high yield growth. 



TABLE XII 

GROWTH SUBSTRf~TES OF T. NOVELLUS : COMPARISON 

WITH PUBLISHED RESULTS . 

Te:.1perature This Taylor & Chc.rles So.nter , Boyer 

of Incubation Survey Hoar e ( 1 969a ) ( 1 971 a ) & Snnter ( 1 959) 

25°c 27°c 30°c 30° c 
_, 

Amino D/L a l anine 3 tweak 

Acids 11.spartic-Acid 2 - +citra t e +++ 

1-Glutar:iic 11 3 - 1 . 2 hrs +ci t ... "'ate ++++ 

Hi st ioliI.le 2 + 

1-Proline 2 + 

Glycine 0 

Isoleucine 0 -
Leucine 0 -
D/L Serine 1 -
1- Tryptoptan 1 -

Other anino acids nainly +vo all -ve 

Organic Acetate 3 + 2 . 2 hrs -
Acids Fomate 2 + 

Propionat e 2 Weak 

P.JrUvate 3 + 1 . 25hrs 

Succinat o 2 - 1 . 8 hrs -
Sugars Glucose 3 + 2. 0 hrs -

Maltose 2 + 

70. 

Various 

+ve ' c 
(CharlG'~ 
1969) 

+ve 
(L.van 
Caesee l e & 

Sucrose 2 - - Lees 1969 ' 
Fractose 1 + 

Lactose 1 - --
Alco- Ethanol 3 + 
hols Glycerol 2 + 

Mannitol 2 + 

Methanol 3 + 

Not :Mo. l at e 2 . 0 1:Jrs - -Det er-
n:ined Citrate - 2 . 2hrs +++ 

Considerate difficulties exist in comparison because of the difference in 

incubation conditions and substrat e concentration. An a ttempt t o conpare 

the different results with those cbta ined in the present survey is given in 

the Table above. 



3 . 4 . POTENTIAL EFFECTORS OF GROWTH OFT. NOVELLUS . 

3 . 41 • EFFECT O:B' VLRIOUS ORGMITC COMPOillIDS ON HETEROTROPHIC 

GROWT'rt OF T. NOVELLUS ON GLUTAMATE . 

3.41.1 • Survey of the Effect of V~ous _Q_rgo.nic Cor:1pounds on 

Heterotr ophic Growth of T . Ncvellus4 Us~l}E_ Solid Medin. . 

71 • 

The sm:ie organic compounds , a t the snne concentra tions , a s in Se ction 

3 . 31 . wer e mixed t o g ive sodiw~ glutano.to agar p l a t e s , including the sa2e 

sta ndard ino.i::uhun of aut otr ophica lly- 5r own T . novellus . Plo. t e s were incuba ted 

at 30 °c in several bo.t ches a nd examined nt frequent interva ls f or growth . 

At the end of g r owth col onies wer e che cked for fo r r.1 a nd the pH d111ternine d . 

The r o.te of increa s e in size class was coupo.r ed with gluto.mate only 

plates; devi ations indicat ed effectors of g rowth . 

Growth in a ll ca s e s r esulted in a l ~rge pH increa s e , generally t o 

pH 10 - 11 , with an a cconpo.nying sr.,ell of acr.toni a , presUB.ably due to de­

aoination of the preferr ed substrate , g lutD.r1atc . 

As befor e co l oni e s wer e shades of orange in co::.our, o.nd showed the 

n ormal vc,:;:,iation of colony form . 

'rho hi gh.::; r concentra tions (50ru1l and 1 OOmH ) of oo st a dded c or.1pounds were 

slightly inhibitory, but this is probo.bly a. non-specific c oncentra tion effect . 

At c oncentrations of 1 C!!lM or l es s very few of the or ganic conpounds t e sted , 

showed any effects . 

inhibitory . 

The D-amino n.cids, and norleucino a nd citrulline were 

All COi!lpounds which showed c,ppo.rently inhibitory or stir.mlatory effe cts 

were t ested in liquid culture . 

3.41 . 2. Effect of Sele cted Organic Compounds on Growth of T. novellus 

on Glut amate in Li quid Cultu~. 

The following coo.pounds were t e s t ed a s liquid culture effectors : 

1 OOmM: Leucine Rhamnose Succinat e Threonine 

1 QnM : L-Tryptophane Threonino D/1 Serine Raffinose 

Ethanol 

1 rriM: Norleuc:ine 

8. 0mM: Tort.rat e 

2mM: 

0.5% 

Sorbit ol 

LiLactate 

Lysine: 1 00 , 

Isoleucine: 

80 , 

1 o, 
60, 
20 , 

Methionine 

50, 30 mM 

50 mM . 

Thyr.iine 
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Nephelonet cr flasks conta ining t wenty- five mls. of sterile 

glutar:w.to necli un (Section 3 . 31) were inocul at ed with cold- stored a uto­

trophically gr own 1'.: novellus nnd i ncubat t.::d nt 25°c while aer £1. ted with wat er­

saturat ed air . Fla sks wer e on occasi on , stor ed a t 4-° C during i ncubation; 

the o inor effects on gr owth r e sulting fron this stor~ge were corrected f or , 

a s bef ore . 

Growth wo.r, f ol l owed turbidooetrido.lly, o.nd at the: end of each run streaks 

were nadc f or contaninnnts on both nutrient and thiosulphcte agars , and the 

pH da t er n ined . 

The r e wo.s consider able veriation in the duration of l og-pha se . This 

was due to di f ficulties in standar di si ng the inocuJ.un o.s tho heavy sulphur 

sa nk in thE. pipette and carried cells d0vmw.:J.rd. The curves ~r e started 

at zer o , o..s c ~utter of conveni ence , whilG actually ther e has been at l east 

t wenty t o forty hours incubation , befor e this . 

25raM Sorbitol gives an acid pH 4 . 5 ; r:i. 11 othe rs were -:dthin pH 0 . 5 c f 

the pH a, S['.~.'.lG turbidity, :i,n gl utanat e al one . 

The following conpo4ta . ·. ~ G Hi thout effect , 

Leucina 1 OOru.I Iscl 0ucinc 

Norlcu 

Rhn.mnose: 1 OOr.iM 

Lysin .... 

Succi no..tc 

Thy:mino 

Ethn.nol 

60 , 80 , 1 00 r:tlA 

1 Omlvi ( see Not e ) 

Note: Ethc.'!.nol vms pr obably rer.:iovcd by sp1.rging- out during a ere. tion 

o,nd so was ccnpl et ely without effect . 

The i nhibitory effect cf Sorbitol nay have been a pH eff ect: the P.cid 

pr oduced by r.1et abolisn of sorbitol then preventing further gr owth . 

Ther o a r e no published resul ts , t o o.ct us cooparisons , except that 

Santer, Boyer and Se.nt er (1959 ) found that citrc.t e st ir:J.u lat ed gr owth on 

glut ru.,nt e , probably acting a s o. complexing agent . In the media used in 

this survey EDTJ\. f r om the t ruce cietal s solutions c..ct ed a s o. compl exing agent, 

so citrc..t e was not stimul a t ory . 

100.:nM Thr eonine wns coopl et e ly inhibitory. 

Very f ew coI:lpounds were effective on gr owth r.s either stir:J.ula t ors or o. s 

inhibit ors, and the pH indicat es tho..t in most cases glutamat e was used o.s the 

preferr ed substrat e . The compounds that did eff ect gr owth gave curve s 

shown in Figures 1 2 and 1 3 • 
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Figure 12 

EFFECT OF SELECTED ORGANIC COMPOUNDS ON HETEROTROPHIC GROVVTH OF T.NOVELLUS 
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D/L Serine a nd t ryptopha ne r e sulted in a marked inhibition of gr owth 

in the e~rly log- pha se , o.ft er a period of gr owth a t tho normal growth r a t e . 

Thre onine o.t 1 OmM gave a si.J::ilnr effect, which wa s a lso not ed with 

T. thioparus (Section 3 . 52.). Aga in ther e we. s little effect in the early 

log- phase , then o. short period of r educed growt h r ut e , and then a r e sunption 

of the normal growth r at e . 

3 .4-2 . EFFECT OF V:illIOUS ORGJ.NIC COMPOUNDS ON AUTOTROPHIC GROWTH 

OF T. NOVELLUS ON THIOSULPH11.TE . 

3.4-2 .1. ~rvey of the Effect of Various Organic Cor::ipounds on 

Autotrophic Growth of T. Nove llus Using Solid Medi a . 

The same or ganic compounds a s in Soction 3 . 31 • wer e used , mixed t o give 

T. novellus thiosulphat e pl o.t es conta ining the st andard inoculUL1 of auto­

trophicall y- gr own T. nove llus. Pla t es wer e incubated at 30°c in sever a l 

batche s and oxo.rained at frequent intervals for growth . At the end of gr owth 

colonies wor e checked f or f om and the pH det or oined . The rote of increase 

of size class wa s conpar ed wit h thiosulphate - only pl a t e s and dev i a tions 

noted . 

Autotrophic cultures though sr:nll we r e cleo.rly distinguishable from the 

small "non-substrat e zor o" col onies : 

(a ) They gr ew only on tho surface , 

( b) They have a dark, a lmost bbck centre with o. fringe of blunt- ended 

l ong needle-like crysto.ls a s ago. inst a very pa l e uncentred colony without 

fringos 

(c) They oft en , depending on agar cloudiness, have a hal o of a cid clea r ed 

transpar ent agar . 

No compounds were eff ective on growth at concentrations of 1IJM or l ess. 

1 OQnM Threonine was the only completely inhibitory compound, i. e . no 

growth at all evident on the pl a t e . 

Some compounds supressed autotrophic growth. 

Sorae of these supressors did not act a s het erotrophic substrat e s but 

ga ve small "non-substrate zero" colonies a nd so were not completely inhibitory 

for all growth . These compounds were: 

Pyruvat e 1 OOmM Xylose 1 OOmM Tyrosine 5.0raM Starch 1 .ofc 
Some of these supressors a ct as he t erotrophic substra tes to give 

substantial siz ed colonies, or normal het orotrophic appear ance. These 



compounds we r e: 

.Acetat e 

Fructose 

Glutamat e 

1 OOr:1M 

1 OOmM 

82r.iM 

Glutcnine 

Glucose 

Maltose 

1 OOm.M 

1 OQnM 

1 OOol\11 

li.rginine 

Glycer ol 

76. 

1 OOnM 

70r.iM 

The l ow gr owth r e. t o raeruit the. t the systeo wc..s t oe insensitive t o detect 

minor effects ; threonine was the only inhibitor. 

Fyruvat e suppressed autotrophic gr owth, wn s not inhibitory, but in tho 

pre s ence of thiosulphate , wa s not the good het er otrophic substrate it is 

a l one . 

The aut otrophic supr e ssors tha t acted a s subs trat es f or heter otrophic 

gr owt h wer e all good (scor e 2 or 3) het er otrophic substra t e s on their own . 

The converse did not apply . Le J ohn, vnn Cae soel e and Lee s (1 967) f ound 

t hat the f ert"ienta ble substra t es glucose , glycer ol, lactat e , l actose , ribose 

and pyruvat e r epressed thiosul phat e oxidation while the aer obically­

utiliza blo aoono acids nnd or ganic ncicls wer e not r epr essive . 

Throonine wa s tho only t ot a l inhibitory of both, or either of, auto­

trophic and het er otrophic gr owth. 

DIS CUSS ION. 

The main conclusions fr oi:1 t hi s survey of the effect of organic compounds 

on the gr owt h of t ho f a cult['_tivc aut otroph T . novellus a r e : 

(a) tha t n 12. r ge nunber of or ganic coupounds can be used ns substrat e s 

for gr owth 

(b) th~t very f ew or ganic coopounds inhibit grov~h on glutamat e . Whon 

supplied in the presence of thiosulphat e some a cted as noroal het er otrophic 

substrat e s , wher eas others wer e without effect . The only conpound of the 

wide r ange t est ed which inhibited both het er otrophic and aut otrophic gr owth 

of T. novellus, wn s threonine a nd even this co1::ipound wa s only inhibitory at 

relatively high concentrations (10mM or greater cf T. thiope.rus, Section 3.52.) 



3.5 . ETI'ECT OF EXOGENOUS ORGANIC COMPOUNDS ON AUT OTROPHIC 

GROWTH OF T. THIOPJiRUS ON THIOSULPllii.TE. 

77-.. 

3 .51 • SURVEY OF THE EFFECT OF 1,DDED ORGi1.NIC COMPOUNDS ON AUTOTROPlITC 

GROWTH O:F T . THIO·E\RUS ON SOLID 1,IEDLl.. 

No extensive survey has been made of' t he effect of' organic compounds on 

the groY1th of 1'.! thioparus. Such :.1 survey would form the basis for further 

investigation of individual compounds , and serve as a comparison with the 

similar survey already made for T. novellus. 

T . thioparus media, as in Section 3 . 22 . was mixed with filter sterilised 

NaHco
3 

a t pH 8 . 0 to a final concentra tion of 2mM . When set, a standard 

inoculum of 60 - 150 colonies , of cold- stored T. thioparus, gr own on thio­

sulphate and checked on nutrient and gl ut amat e agars for fre edom from 

heterotrophic contaminants, was spread over the surface of the plate. 

drying the pl a t es were inverted and incubated a t 30°c. 

After 

Pla te s wer e incubated in severa l bat ches and examined at several inter-

vals f or growth. At the end of the run colonie s were examined and then 

streaked on t o T. thioparus thiosulphate agar . The pH was also determined. 

From comparison with the thiosulphate-only agar the colonies were 

classed a s norma l, partially or compl et e ly inhibited, or a s stimulated . The 

r esults are shown in Table XIII. 

There was no evident pH change within the limits detectable by pH 

pa pers . 

Colonies were t he usual autotrophic form, a lthough on some partially 

inhibitory substrat es the colonies were clea rly abnormal: 

y -ketoglutaric a cid 

L-proline 

1 OrnM 

2 .1 mM 

D-lactose 1 OmM 

3 . 52 . EFFECT OF SELECTED ORGANIC COMPOUNDS ON 11.UTOTROPHIC GROWTH 

OF T • THIOPARUS LN' LIQUID MEDIA • 

The following compounds selected from Table XIII were tested as 

effectors in liquid culture: 

1 OmM Isoleucine Succinate Citrulline Trehalose 

1mM Histidine Raffinose D- Galactose 

o.1mM Thymine Benzoate Uracil 

o.o, mM Hypoxanthine .05mM Tyrosine 8.2mM Glutamate 

11 .Li,mi\i Asparagine .05% Li.Lactate. 



TABLE XIII 

EFFECT OF i,DDED ORGANI C COMPOUNDS ON GROWTH OF 

T • THIOPARUS ON SOLID MEJ).lfi . 

78. 

Plate Concentrations 
Amino Aci ds 

Argininc 

Asparagine 

Ci trulline 

Glutamine 

D/L Alanine 

Glycine 

Histidine 

Norleucine 

Phenyla l anine 

D/L Serino 

L-Tryptophane 

L-Valine 

- *I~. OOr.1M 
NG 

NG 

NG 

NG 

NG 

10mJ.1 

pI 

pI 

pI 

pI 

NG 

NG 

NG 

NG 

NG 

NG 

NG 

NG 

pI 

pI 

pI 

NE 

pI 

pI 

pI 

pI 

pl 

pI 

pI 

pI 

. 1mM 

NE 

NE 

NE 

pI 

NE 

pl 

Cystine l NG NE 

_L_-_Tn_r_e_o_n_in_e _____________ _., ____ - __ N_G ____ N_G ____ P_r __ ~ 

No Effect ((at even the highest concentr ation ( given) tested)) 

Aspartic l\.cid 1 CbH 

Leucine 1 Ct1M 

Methionine 1 0mM 

Or 5anic Acids 

Acetate 

Benzoate 

Format e 

Propionate 

Succinate 

K t artr ate 

No Effect 

Li . Lact at e . O~ · 

L- Proline 

L- Serine 

2 . 1 111!.l Tyrosine }f 

1 0 nJ<i Lysine 

D/ L Tryptophane 1 mlll ·v Ornithine 

1 OOmM ·10mM 1 nu1l 

St ' NB 

NG 

NG NE NE 

NG NG pI 

NG pI pI 

NG(80) St(8 ) o(o.s) 

Pyruvat e 1 OmM 

.5mM 

100 mM 

100 mM 

.1mM 

pI 

. 01mM 

pI 



TABLE XIII (Continued) Plat e Concentrations 
Bases and Re l a t ed Compounds 100mlvi 1 Omrfi 1 mM .1 ml.1 .01 mM 

Adenine NG pI 

Hypax: anthine NG pI pI 

Guanine NG NE 

Xanthine NG pI pI 

No Effect 

Crea tine 1 OmM Thymine Ur acil 1 rnM ,,-;.;~] 
- - ~ -~- -----..i...--------~·- ·- - ---------------
Sugar s 

. 

Arabinose 

Fructose 

D- Glucose 

D-La ctose 

Mello.biose 

D- Raffinose 

D- Rhamnose 

Sucrose 

Starch 

Trehal ose 

D-Xylose 

No Effect 

Maltose 

Alcohol s 

Glycerol 

Salicin 

Sorbitol 

No Ef fect 

100rrJ:; 

- -
NG 

NG 

NG 

NG 

NG( 25) 

NG 

NG( 1 .(fa) 

NG 

NG 

1 OmH 1',iannose 

1 Q().r,J,'i 

NG 

1 Omi.'\1 1mM .1 mM 

-
.NE pI 

pI pI 

pI NE 

pI NE 

pI( 2 . 5 ) NE (0 . 25 ) 

NG pI NE 

NG pI pI 

p I pI 

NE (0 .1%-)' pI( .01%,) . 

pI pI 

pI pI 

1 OmM 

1 OmM:: 1 ml/i 
, 

.1 mM 

pI pI 

NG pI pI 

NG(2.5) pI( . 25) pI( . 025 ) 

------------·-------...... ------------
Dulcitol 

Isopropanol 

NG: No Growth 

NE: No effect 

1 OOmM 

1 OOmM 

hlannitol 1 OOml:,~ Methanol 

pI: Partially inhibited, r educed gr owth 

St: Stimulated 

10<:mM 

¥. Tyrosine aga r was purpl e ; probably, as previously mentioned, with oxidation 

product s . Figures in bra cket s a r e concentrations othe r than those at column 

heads: in ml~ unle ss given as percentage . The concentra tions after the 

substra t e in the No Ef fect t ables are the highest concentra tions t ested. 
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Selected organic compounds and the required components, as in Section 3,31. 
were mixed in sterile nephelometer tubes and inoculated with cold-·stored . 

T. thioea1·us knovm to be free of l:9terotrophic contaminants. Flasks v-:"'re 

incubated in a stream of water-saturated 5%Co2 95% air . One batch was 

incubated at the 0 normal 30 C; another ba tch was incubated at 25°c, i n an 

attempt to increase sensitivity of measurement by decreasing the grovrth rate . 

Turbidity was followed turbidometrically. .At the end of growth the pH 

was determined and streaks made on nutrient and glutamat e agars to t est for 

heterotrophic contaminants. 

In most cases there was only a minor variation in log-phase duration , 

but the variability in readings of less than ten Kletts meant that curves 

below this figure may easily not be true r epresentations. Curves are 

therefore drawn from the same zero time on the graph , a lthough the flasks 

had been incubated for some time in the solution . 

Of the compounds t ested the follov:ing cor:1pounds wer e without effect: 

Hypoxanthine 

Asparagine 

.ot 
11 .4m){ 

..... 

0.05% Lactate was completely inhibitory . 

1mM 

J.._ complex r ange of growth curves wa s obta ined, of which a selection of 

r epresentative types is shown in F.igur 1.4,, 15 a.rad 1 :ecepting the 

wide varia t·cm.t in e low turbi ty reacl1np not true, xamination of the 

curves shovr the ,une o phase ef'fect ound for T. novellus is present 

here. An increased or decreased final y i eld may a lso occur . 

There is a period of Gr eatly reduced growth r ate , which occurs a t some 

stage during the log- phase; in many ca ses the organism resumes rapid growth 

again aft er a period which varies greatly from one organic compound to 

another, 

This effect is duscussed later. 

3. 5 3 • DETAIJ~m ~~MINA'f'.!,9_N_Q.:f_T_H..!,_g-ROWTH CURVE OF T. THIOPARUS ON 

!f!I_O_S~~PH£1.J]:...J~ THE PRESENCE OF SUCCINATE . 

Succinate was chosen as the inhibitor for a detailed study of the effect 

of an inhibitor on thiosulphate utilisation, pH change, and growth. The 

effect of the same inhibitor on the distribution of label from various radio­

active compounds i s discussed later (Section 4-) . 
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Figure 14 

EFFECT OF ADDED ORGANIC COMPOUNDS ON GROWTH OF T. THIOPARUS : at 30°c 
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Figure I5 :KEY 
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Fi re I6: KEY 

.A Standard 

0 11 + I m!.1 Histidine 
11 + IO mM Cit,rulline 
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Figure 16 
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Succinic acid was dissolved in minerals salts solution to give a final 

concentration of 1 . 87% w/v ( 1 6mM) , in the same medium as in Section 2 . 34. 

and sjJnila rly autoclaved . The incubation conditions sampling and anal:,·sis 

methods are the same as in Section 2 . 34 . The experiment wa s not run to 

completion . 

As in normal growth of T. thiopa ~ , via ble counts were erratic and 

never exceeded a low percentage of direct counts . 

Results are shown in Figures 17 and 18 . 

Tha t an inhibition exists is quite clea r . Turbidity increase , pH 

change, a nd thiosulphate consumption occur much more slowly in tlIB presence 

of succinat e . 

The rela tionship between pH ancl thiosulpha t e consumption noted for 

normal grovrth does not occur: there i s still considerable thiosulphate 

remaining when the pH s . Despit e the lower in 1 thiosulphate concen-

tration the pH rise is much the same as for uninhibited growth (Section 2 .34.) . 
The initial increase 1n 1tratable thiosulpha t e obam<fi:id earlier was absent . 

This would sugge'st t t the utilisation of phate does not produce 

as much acicl as in the ibited system. 

3.54. DISCUSSION . 

3.54.1 . Comparison witih N lished Results . 

Some of the obvious difference s shown in Table XIV could be due to 

dif'ferences betvreen strains (Kelly 1971 a ), a s each worker has used a differ ent 

strain . Other differences could arise from different experimental 

techniques . The survey of Lu , Matin and Rittenberg (1971) wa s performed 

using liquid cultures a t high cell concentrations , so there may be an actual 

qualitative difference. 

The most obvious di fference is with L- threonine which only this study 

found to be inhi bitory . Minor di fferences occur with cystine , glyc i ne and 

phenylalanine . 
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Figure 17 

EFFECT OF SUCCINATE ON GROWTH OF T. THIOPARUS : pH and Thiosulphate Concentration 
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87. 
TABLE XIV 

EFFECT OF ADDED ORGANIC COMPOUNDS ON GROYlTH OF 'I'. THIOPARUS: 

COMPARISON WITH PUBLISHED RESULTS. 
Refer ences -I I I 

i:: i:: +> t..C1 ,,..--... 
Q) ,,..--... This Survey 

~~ 
rl +>. k r::. +> • •rl Q:) 

+> ::.1"'~~ ,g o, . Solid Media". Liquid •rl 
~ ..0.,.. H?-i o8o ..... 

'-
'-,/ 

L-·· Compound 1 OmM 1 OrnM 1mM 1 OmM 1 mivl milf Con. 
-

Amino Alanine pI NE xNG pI 1 oO pI 

Acids Ar ginine NE NE 
I 

HE I pI pI 

Asparagine I\lE NE pI pI 11 .4 NE 
I 

Aspartic Acid NE NE NE NE NE 

Citrulline pI pI 10 pI 

Cystine I I NE NG .5 pI 

Glycine I I\TE NG pI 1 pI 

1-Gl utamat e pI pI pI ND ND 8 . 2 pI 

1-Glutamine NE NE pI }IB 
I 

Hi stid.ine NE NE :NE ND ND 1 pI 

Isoleucine NE St ND ND 10 NE 

Lcucine NE ::-IB NE :NE 

Norleucine NG pI 1 pl 

Lysine NE pI NE NE NE 

Methionine NE pI FS NE NE 
1. 

Ornithine pI NE 

Phenylalanine NG NG NG NG pI . 1 pI 

L-Pr.oline NE NE NE(2.1) 

L-Serine NE NE NE NE 

D/L Serine NG pI ~1 pI 

L-T hreonihe NE pI NE NG NG o1 pI 

D/L-T ryplophcme NE 

1-T ryptophane NE ND ND 

Tyrosine pI NE( .5. . 05 pI 

Valine NG St NE NG pI 

• ,L, 



TAB!dL:lflY ( Continued) 

. .. 

Organici - ·. - Ketoglutara te 

Acids Malat e 

Pyruvat e 

p-OH Phenyl- Pyruvate 

Succina.te 

W) 
~ I 
v 

..0 ,..-.,. 
~ °" Q) \.0 

..µ °" ..µ ..-
•rl '--' 
0:: 

( 1 00 )St 

(5 .0)NE 

( 1 00 )St 
---~·-------~--------~-
:x For this survey D/L Al anine v:as used . 

NG: No growth, totally inhibitory 

I: Inhibitory 

pI: Partly inhibitory 

NE: No Effect 

ND : Not Determined 

St: Stinul atory 

rrj 
~ 
('j 

~ 

~ 

eo . 

,.--._ 

+> ('j 
•rl '--' 

This Stud:'[ (l) N 
H ,..._ 

..0 °" ~ ...- Solid Media 

1 mH 1 OOmM 

NE 

NE 

pI 

NG 

Figures in brackets are c oncentra tions in rrJ,-1 , not those .1t t he t abl e hea<l . 



3 .54.2. Comparison with Results for T. Novellus . 

Het erotrophica lly there were only a few minor effectors of T. n£Y_el~~. 

growth; and threonine was the only inhibitor. With autotrophic growth only 

threonine was completely inhibitory. Somo compounds were supressors of 

autot rophic growth. ·-: Most of these were _very good heterotrophic substrates 

and with the exception of pyruvate gave good het erotrophic growth in the 

presence of thiosulpha t e . 

T . thioparus is inhibited by a vride variety of compounds; although a 

sufficient number of organic compounds were without effect, to make the 

generalisation that all ar e toxic (Winogradsky 1890) invalid . This 

insensitivity of the facultative autotroph and the sensitivity of the obligate 

autotroph is the most obvious distinction between the responses of the t wo 

species to exogenous organic compounds . 

3 . 6. REVERSAL O:F THREONINE INHIBITION OF _AUTOTROHIIC GROWTH 

OF T. THIOPARUS . 

Threonine which caused inhibition of T. novellus and T. thiopa rus., was 

selected for further study. If, as sugge sted in the Introduction, many 

amino-acids aff ect the obli gat e autotroph via the same mechanisms by which 

they inhibit heterotrophs, then the inhibition may well be r eserved by a 

variety of metabolically relat ed compounds . 

Using a concentration of threonine lmown to be inhibitory in solid media~ 

plates were spread so as to give a l awn of T. thioparus if growth occurred . 

Various compounds were placed in the plates so as to give a series of pa ir­

wise inter a ctions. Singl e compound effects would be shown by a ring of growth 

ar ound the application spot. Pa irwise interactions, depending on their nature , 

would be revealed either by an arc joining the spots or a line between the 

spots, at right angles to the common axis . 

Plates containing threonine to a final concentration of Oo5mM were set 

up as in Section 3.22. for T. thioparus. A suspension of T. thioparus 

sufficient to form a lawn on the agar , and free of heterotrophic contaminants ~ 

was spread on the plate surfaces and allowed to dry. When dried, holes were 

cut in the agar with an a lcohol sterilised cork-borer; aliquots of selected 

sterile organic compounds, prepared as in Section 3.21. were placed in the 
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wells , a ccording to a pattern drawn to give all possible pairwise interactions. 

Plate s wer a incubat ed at 30°c, until growth was evi dent . During this 

period the well content s (0 . 2 to G.4 mls . of solution; were compl eteJ.y 

absorbed . 

ConJcr cl s wero:; also run and shom . .;d the.t 0 . 51:u1 threonine was completely 

inhihitory . 

Photographs were taken to record the results . lln exampl e i s shown in 

Plat es 1'' . 

Reverso.l of the i nhibition is shown in the table: 

Re l easer. 

Methionine 

Isoleucine 

C11 samino Acids 

Vtline 

Aspartic :,ci d 

Cystino 

Aspar agino 

D .A .P. 

Ar ginine 

Lysine 

Cone . 

2 . 5mM 

250 11 

. 25% 

2 . 5mM 
II 

II 

2 . 9m.M 

25 11 

" 
250m1! 

Effuct Score 

Permits gronth 2 +ve ; 1 doubtful 
II 11 

It 11 

Doubtful 
II 

No Effect 

" " 
II II 

ii " 

II It 

5 +ve 

2 +ve ; 2 doubtful 

4 Doubt ful 

3 II 

1 No Effect 3 Doubtful 
2 tl II 2 tl 

l+ 

3 

3 
" 
It 

II 

" 

1 

2 

" 
It 

Tota l 

3 

5 

4 

4 

3 

4 

4 

5 

5 

3 ---------..... -----+-----~~~--~-----------'---~ 
Tvro select ed pl ates , i llustr~tin6 tht.: uffects , are shown in Plater. F. 

The close packed nature of the well s and th~ effi ciency of r ever sal of 

some of t he effectors, by themse lvos , may have obscured some interaction. 

Lu, Matin and Rittenberg ( 1 971 ) have also investigated the necha,n.izm 

of inhibition by amino acids of T. thioparus . They found tha t case in hydro­

lysatc (i. e . casamino acids) r eversed compl etely or partially the inhibitory 

effects of amino acids, a nd that the L- serine inhibition of T. thioparus 

v:as partially r eversed by L-threonine and compl etely r eversed by either 

L-valine or L- isoleucine . 

It i s a lso noteworthy tha t the inhibition- r eversors, methionine , 

isoleucine , and valine, belong with t hreonine to the postulated Group a 

set of amino acids with a common transport mechanism in T . nea politanus 

(Kelly 1 969b) . Other members of the same group wer e not test ed. Members 

of Group II, a separate transport mechanism, wer e without effect. 
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Pla t es F. 

REVERSAL OF THREONINE I NHI BI TION OF 

T o THIOPiiRUS : 'l'YPIG\.L EYl..b.MPLES 

/ ~ 

I 

KEY 

C: Ca samino acids 

V: L-va line 

I: iso l eucine 

A: a spartic acid 

M: methionine 

R: a r ginine 

D: D.A.P. 
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In the obligate Methylotroph , Methylococcus capsulatus, Eccleston and 

Kelly (1972a) found that the inhibition by 1.0mlvl tbreonine was r eversed by 

L-methionine, L-allanine and L-valine but not L-lysine, D .A .P. or L-arginine; 

this was suggested to be rela t e d t o the efi'ect on homoserine dehydrogenase. 

Figure 19 shows the biochemica l r elat ionships of the compounds that 

reverse L-threonine inhibition. The f a ct trot these act singly with 

full effect rather than only in concert or in sorne combination is difficult 

to explain in t e rms of this rela tionship . 

Fl.~rther investiga tion is n eeded to esta blish the mechanism but sufficient 

has been shovm t o est a blish that the i nhibition effect of threonine is fully 

compatible with the normal he t erotrophic rnetabolisr;i . As suggested by Lu, 

Matin and Rittenberg (1971) a nd Kelly (197'! ), the inhibition by amino acids 

of obligate auto trophs is ana logous to that of he terotrophs and requires no 

special or unique mechanism. 
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FIGURE 1·9. 

BIOCHEMICAL RELATIONSHIPS OF Ai\UNO ACI DS, METHIONIIlE , I SOLEUCINE, 
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4. UPr.L\.KE AND METABOLISM . OF 14c-LA.BELLED ORGli.NIC COMPOUNDS 

BY T. NOVELLUS AND T • THIOPARUS , 

4.1. INTRODUCTION 

94. 

Although ther e is a certa in amount of information on the metabolism of 

both T. thioparus and T. novellus, most of this has been derived from studies 

on enzyme activities in cell extracts. '.!.'here have been few comparative 

studies uaing l abelled organic com.pounds, apart from that of Smith, London 

and Stanier (1967). Some studies of the uptake an d metabolism of l abelled 

compounds have been made with other autotrophs. 

In the study of Smith~· (1967) autotrophically-grown T. thioparus 

and T. thio-oxidans we r e compar ed with heterotrophically-grown T. intermedius. 

In the present study it was proposed to make three types of comparison: 

(a ) bet ween autotrophically and heterotrophically-grown T. novellus 

(b) between autotrophica lly-grown T. novellus and T. thioparus 

(c) bet ween T. thiop~rus 6rown autotrophically in the presence and 

a bsence of 16rnM succina t e , an inhibitor. 
14 I sotopically-labelled compounds used wer e C- acet at e , -glutamat e , 

-glucose and co2: very low levels of tra cer, without carrier, were used in 

order to avoid inhibitory effects and the ind~ction of met abolic adapt ations. 

4.2. METHODS. 

4.21. CULTIVATION AND HARVESTING. 

4.21 .1 ~ T. novellus. 

Heterotrophica lly-grown Cells. Autotrophically-grown T. novellus was 

inoculated into 1 .O}b glutamate mineral-salts solution (Section 2.23.7.) 
a.nd aerated with water-saturated air while shaken at 12 cycles per minute at1 

25°c. The heterotrophically-grown cells were harvested in mid-log phase 

(20-40 hours after the first appearance of detectable turbidity). 

Autotrophically-grown Cells. Autotrophically-grown T. novellus 

was inoculated into 1 .5% thiosulphate mineral-salts solution (Section 2.23.7~) 
and aerated with water-saturated air at 25°c for 14-28 days. 

In both cases the resultant suspensions were centrif'uged at 4x1 rY g 

for 20 minutes. Cells were '(i8.Shed in fresh sterile medium and recentrifuged •. 



The cells wer e finally r esuspended in f r esh sterile medium. 

4. 21 • 2 . T. t hioparus . 
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J.. •r . thioparus 1 .5% thiosulphate miner al-salts solution ( Section 2 .3.) 

wa s inocula t ed with cold stored T. thioparus, lmown to be free of hetero­

trophic contaminants, and incuba t ed in the a ppar a tus shown in Figure 6, a t 

30°C while aer a t ed with wat er-saturated 5% Co2: 95% Air. Cells wer e 

harvested in mid-log phase (20-40 hours after turbidity first became 

appar ent). 

Succinate-inhibited cells were harvested f rom a similar medium conta ining 

16mM succina t e incuba ted simila rly, al so harvested in mid-log phase (60-100 

hours after turbidity first became apparent). 

The cell-suspensions wer e centrifuged at 4x1o' g for twenty minutes. 

The sulphur pres ent formed a hard cake at the lower edge of the centrifuge 

bot t l e a nd was overla i d with a pink l ayer of cells. The cell l ayer was 

suspended in fresh st erile medium pipet ted actively a t the cells. The cell-

suspension was t ransfer red t o sterile centrifuge tubes and cent r ifuged at 

2X1 o' g f or ten mi nut es. Again the cells we r e separ a t ed f rom the sulphur, 

and wer e resuspended i n f resh s t erile medium by agitating with a s t erile wire 

loop. The trans f er, centrifuga tion a nd suspension we r e r epeat ed. 

4. 22 . INCUP.ATION CONDITIONS. 

4. 22 .1 . Incubation Appa r a tus. 

The appar atus used is shown in Figure 20 . A glass ultra sonicator cup 

( 1 OQnl, 25X1 00mm) conta ining between 15 and 70 mls of cell suspension, 

depending on t he number and size of samples to be taken, wa s fitted with 

the bung , a nd the acid/alkali feed and a erater adjusted so a s to be a s close 

to the bottom as possible . The alcohol-sterilised combination pH probe was 

inserted and adjusted simila rly. The aer a tion rate was adjusted t o give a 

vigorous rate so that mixing was good. Exhaust ga s passe s through two 

successive 5 . 0 ml quantities of 18% v/v ethanolamine : water to trap co2 
(which it does with high efficiency). The acid/alkali feed was adjusted 

so that the magnetic valve released the minimum addition of acid or alkali 

at each adjustment of pH. When this was done , all joints were sealed with 

~inger-nnil polish and the bung wired down. The pH probe and the magnetic 

va lve were connected to a Radiomet er 1 Ot pH Sta t set a t the appropriat e pH 

a nd to minimal adjustment time and closest pH range . 
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4. 22 . 2. Experimental Procedure for Het erotrophic T. novellus. 

Preliminary experiments showed that suspensions of T. novellus in 1 . (% 

glutamat e media , wher e ae r a t ed at 25°c, did not show a turbidity increase 

for some time (6-8 hours) although the pH dropped slightly during this 

period. 'l'he growth of the culture w~s accompanied by a l a rge increa se in pH . 

As the pH incr ease affected the upt ake of label in preliminary experi­

ments the pH !!lust be controlled; the drop in pH during the lag-pha se means 

tha t a pre incubation is necessary . 

The pH at which the optimum growt h r ate wa s obtained was with 

phosphate buffer pH 8 . 0 (Section 2.23 .4. ) so t he pH was controlled a t pH 

7.8 with acid addition by the pH-Sta t . 

A suspension of wa shed T. novellus glutamate- grown cells in glutamate 

media was adjus t ed t o a turbidity of around Klett 1 00, and then incubat ed 

at 25°c, while aer at ed with wat er - saturat ed Co2- free air, for six t o ei ght 

hours. 

An appropri at e quantity of incubated suspension was pl aced in the cup 

of the incubation appar atus, the pH-Stat was set to pH 7.8, acid wa s pl a ced 

in the reservoir and the pH of the incubator contents adjust ed to pH 7.8. 
A squirt of aerosol Antifoam A (Dow-Corning) was added to prevent frothing. 

4 . 22.3. Experimente l Procedure for Autotrophic T . novellus . 

A suspension of autotrophically-gr ovm T . novellus in autotrophic medi um 

was placed in the cup . Aft er aer a tion for about an hour, with water­

sa tura t ed air , at 25°c, t he experiment wa s started. The pH was recorded 

but not controlled a s only a minor increase in pH occurred during the course 

of the experiment . . Aeration was continued during the experiment. 

4.22.4. Exper imental Procedure for T. thioparus. 

The suspensions of T. thioparus in the appropriate medium were incubated 

overnight a t 30°c while aerated with water- saturat ed 5% co2:95% Air. This 

was r equired by the pr olonged l ag-phase and t he initial pH increase that 

occurred, somewhat simil ar to the situation during growth (see Section 

2.34. 2.). With an initia l cell density giving a turbidity of around 

Klett 1 00, the lag period, until the pH began to drop, wa s 1 2-14 hours for 

normal T. thioparus e.nd 18- 20 hours for succinate inhibited T. thioparus. 

After this the appropriate quant ity was placed in the cup . The pH-Stat 

wa.s set to pH 6.8 (and to t he most rapid r esponse and most narrow pH l imits) 
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and alkali was placed in the reservoir . When continued incu• a tion 

brought the pH down to pH 6 . 8 it wo.s maintained a t this l evel a nd the 

experiment started. 

4.23. SAMPLING AND EXTR11.CTION PROCEDURES . 

All experiments with radiochemicals, save for those involving 
14co

2 
uptake by T. thioparus, wero run for six hours . At zer o time (i.e . 

time of addition of the 14c-labelled compound) and at subsequent fifteen 

minute intervals 0 . 2 ml sampl es were r emoved , by pipette, through the sample 

port of tho appar a tus (Fi gure 20) . 

The zero-time 0 . 2 ml sample was placed into t oluene , to kill cells, 

to gi ve a total l a bel when counted . Other samples were f ilter ed on to 

0 . 22 µ.m membr ane filters, under suction, and washed with about 1 . O.ml of 

appropriate sterile medium , also under suction. The process was very rapid: 

f roo sample to finish of wash took about one minut e . The membrane filters 

we r e removed to a ring holder , several drops of toluene added to kill the 

ce lls, and the whol e was then dried under a U.V. l amp. 

5 . 0 ml samples were removed after 0. 25 , 0. 5 , 1 . O, 1 . 5 , 2. 0 , 3. 0 and 

6. 0 hours from the commencement of the experiment. These were removed 

with a bulb- pipette, also through the sampl e port, into sterile Klett tubes 

in which the turbidity wa s deterCTined. At the same time the amount of 

acid/alkali removed from the r eservoir during the course of the experiment , 

or the pH in the case of autotrophically- grown T. novellus, was r ecorded . 

The two ethanol amine/wat er Co2 traps were a lso r eplaced at the same 

time . 

4 . 23.1 . Procedure for Determining Distributi_£L1l_ of 14c in 

Various Cell Fractions. 

The 5 . 0 ml a liquots of radio- active cell suspension were spun a t 

4x1o3 g for ten minutes , r esu spended in fresh sterile chilled medium and 

r espun . The supernatant was stored f r ozen, aft er a 0 . 2 ml sample had 

be en removed for counting. The second supernat ant was discarded and the 

cells drained, before being r esuspended in boiling 701/o ethanol . This 

concentr ation of alcohol was found to be the most efficient for 

extract ion. 
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A 0 .5 ml sample of this cell suspension in ethanol w~s counted to give 

the TOTAL CELL FRACTION and thE.. remainder was spun at 2x1 cY g for ten 

minutes. The supernatant was r emoved : 0. 5 mls counted as CELL EXTRACT 

FR.ACTION and the remnant stored in the freezer. The ethanol-insoluble 

cell r esidue was resuspended in 1 . 2 ml s of water. A 0.2 ml sample of this 

was counted a s the CELI RESIDUE FRACTION and the remnunt frozen. 

Where calcul ations indicated tho.t the l abelling level was sufficiently 

high to give detectable spots on radio-chromatogr ams , the CELL-RESIDUE 

FRACTION was thawed and transferred with 2. 0 mls of concentrated HCl 

(pronalys-BDH) (to give a final concentration of 8N HCl) to a vial . 

This was sealed under suction and autoclaved overnight (for at l east t welve 

hours) at 121 °c (15 lbs./sq . in. or 72KN/Il ) (Smith, London and Stanier 1967) 

to give e.n a cid cell hydrolysate in which lipid components and amino-acids 

are the major constituents . A 0 . 2 ml sample of this was counted as the 

CELL HYDROLYSJ.TE FRACTION. 30µ1 vm. s spotted on to chromatogr aphy pla tes . 

The st ored a lcohol extract wa s dried in an a ir stream in a warm oven 

(40-6o0 c) and the dry film r edissolved in 0 .4 mls of water . 0 . 2 mls of 

this was counted a s RECONSTITUTED EXTRACT: 40µ1 of this was spott ed on to 

chromatography plates . 

Extraction of Poly-,8-Hydroxybutyra t e . J,. method adopt ed from Williamson and 

Wilkinson ( 1 958) was used. 

Reagents. Alkaline Hypochlorite . 200 gms of bleaching powder was ground 

with distilled water and the volume brought to 1 litre . One litre of 

3(% w/v Na2co
3 

was then added with stirring . After standing for 2- 3 hours, 

shaken at intervals, the mixture was filtered . The filtrate was adjusted 

to pH 9.8 wit h cone . HCl, warmed to 37°c and r efilter ed. This solution was 

stored at 4 °c . 
Method. The 1 . O ml remnant of CELL RESIDUE FRACTION was thawed a.t 37°c and 

mixed with 5 . 0 mls of alkaline hypochlorite o.nd then incubated at 37°c for 

ninety minutes . The mixture which had cleared consider ably as most cell 

components dissolved, was spun a t 2X1 cY g for ten minutes . The supernatant 

was counted as ALKALINE HYPOCHLORITE FRACTION and contains most of the cell 

consituents a.part from poly-f)-hydroxybutyrate. To the drained precipitate 

0 . 4 ml of boiling chloroform was added . This was spun a t 2X1 er' g for 15 

minut es and 0 . 2 ml s counted as CHLOROFORM EXTRACT; this represents the poly­

'J3 -hydroxybutyrat e . There may be some loss of 14c-compounds as the r esidue 

from t he second centrifugation. 
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While not entirely specific this method has the advant age of ease . 

Ca lculations. The dilution due to the a cid/a lkali added was corrected for 

in presenting the figures f or the various fractions det er mined. 

A further allowance was made in the dpn errors for pi petting errors . 

The se were estima t ed as be ing equiva l ent t o 1/2 the smallest division on the 

pipette . 

Radio-a ctive Compounds . All r adi o-active compounds were obta ined f rora the 

Radiochemica l Centre (Amersha.m) . 

L-Glutami c acid (uniforrnall y l abelled and chromatogra phically pure) ; 

1 µCi was used in each exper ment . The specific a ctivity was 1 O. OµCi/µmol. 

He nce the final concentrations were between 3 and 5µM. 

Na acet at e-14c (uniforma l l y l a belled a nd chemi cally and chromatographically 

pure) ; 1 OµCi was used in each exper iment . The speci f i c activity was 

57µCi/µr;iol. Hance the fina l concentration was between 2 . 2 a nd 9.8µM . 

D- Gl ucose (uniformally l a belled and chromatogr aphically pure ); 

appr oxiP.g,t el y 1 OµCi was used in each experi r:ient . The specific acti vity was 

311 µCi/µmo l. Hence tho f ina l concentration wns bet ween . 28 and 1 . OµM. 

4. 24. RADIO-ISOTOPE METHODS. 

4. ?l._.1. Counting Techniques. 

Scintillation Fluid. 

Redistilled S-free Toluene 

P.O.P.O.P. (Koch-Light) 

P.P.O. (Koch-Light) 

Tri ton X-1 00 (Rohm a nd Haas) 

Solution of Substances to be Counted. 

1 Litre 

.3500gm. 

3 . 000 gm. 

500 mls . 

The following orders of addition and the given quantities of additives 

must be followed to give clear solutions of acceptable quenching l evels 

( 0.4 or higher). 

(a ) For 18}& v/v Ethanolamine :water from Co
2 

trap. 

9.0 ml of scintillation fluid then 0 . 5 ml water , shaken and the n 0. 5 ml. 

at' the ethanolamine solution is added, then shaken vigorously. 

(b) For Aqueous solutions. 

1 . O ml of solution tran 9 . 0 ml of scintillation fluid, then shaken 

sufficiently to mix . [ IBRARY 
MAS,. '"Y L ;·v-r siTY 
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( c) For Alcoholic extracts ( TOTltL CELL FRACTION or CELL EXTRACT FRliCTION) . 

0 . 5 ml 70lo Ethanolic extra.et, then 0 . 5 ml wat er, shcken then 9 . 0 ml 

of scintillation fluid added, then shaken sufficiently t o mix . 

(d) For hcid hydrolysat e . 

0 . 2 ml SN HCl (CELL HYDROLYSATE FRJ~CTION) 0. 9 ml 2N NaOH, mixed to 

allow neutralization . Then 9 . 0 ml of sc intillation fluid wa s added and 

shaken sufficientl y to mix . 

( e ) For J~LKALINE HYPOCHLORITE FRh.CTION. 

0 . 5 ml ALKALINE HYPOCHLORITE FRJ~CTION and 0 . 5 ml 2N HCl added and mixed 

to allow neutralization . After aer ating out any chlorine vapour l eft, 

9 . 0 ml of soi ntil l a tion f l uid w~s added and the vial shaken suff iciently to 

mix. 

( f) For CHLOROFORM EXTRACT FR.i.'\ CTION 

0 .1 ml CHLOROFORM EXTRACT FRACTION and 9 . 0 ml scintillation fluid added 

and shaken sufficiently to mix. 

(g) For Membr ane filters etc. 

9 . 0 Lll scintic.llo.tion f l u i d and membr ane filter (dried under the U.V. 

l aop to the point wher e it is just abl e to crack when flexed so that the 

wat er present does not g ive an opaque film in the f l uid) or the r a.dio­

chromntogr am "spot". 

Any solutions that fa iled t o clear could gener ally be clear ed by adding 

0 . 2 ml water , 0 . 2 ml toluene , 0 . 2 ml ethrmolamine or finally 3.5 ml of 

sci nt illE.tion fluid . After each addition the raixture was shaken vigorously 

and a llowed to stand for some minutes . 

Scintillation Counting. A Packard 3375 Tricarb Scintilla tion Spectromet er 

(Packo.rd) · · on standard pre set 3H and 1·4c channels, a t 5ofo and 5 .~ 

amplifications r espectively wa s used. 

All vials were counted t wice , each time for ten minutes . If the 

r eadings, after conversion to absolut e counts did not agree within the limits 

of error, a further count wa s made . 

the via ls. 

This was not necessary for 90-95% of 

A channel-ratio method of correction for quenching was used to give 

absolute counts of 14c ( Peng 1 965 ; Herb erg 1 965) . 

A lmown activity of 14c-hexadecane was placed in a scintillation via l 

and 9.0 rnls of scintillation fluid added. A series of such vials had 

quantities of quenching agents added so t hat the whole r ange ofcmnnel-ratios 
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of interest wa s covered in a series of overlapping r anges for each 

quenching a gent . These gener a lly corr0spond to the norma l solvents used 

in the dct ermina tions: wa t er , chloroforra a nd ethanol. Methyl-e thyl 

ketone wns a lso used . 

From the 14c - standard the counting e fficienty (det ermined 

cpm/expected cpn a s a percentage ) wa s det ermined: the channel-ratio is the 

r a tio of the cpra in the 14c channel a nd the 3H channel and is a measure of 

quenching effects. From this a curve r el ating channel-ra tios to % counting 

efficiency wc s constructed and w.:::. s f ound to be absolutely congruent with the 

sa me curve constructed using the ma nufacturer ' s quenched standards. 

The accuracy of the curve Y1a s a ssumed to be such t hat using it a dde d 

1 . (% to the error of the a bsolute count s t hn.t r esulted . The e ccuracy is 

much l e s s a t low cha nnel-ra tios (less t han 0 .1) at which the background 

counts ar e a significant contribution . The a ctual accuracy was det errained 

a s a sta ndard deviation of 1 . 3% at a cho.nnel - r a tio of around 0.75 . 

b lthough the det ermined counts in the 14c channel for successive 

de t emina tions of the same vi al may vary consider ably, the absolute counts 

obtained f rom the conversion curve using clw.nnol-ra tio agree within the 

expect ed error liri:.its . 

The absol ut e counts i nclude backgr ound counts which wer e t hen deducted 

to give dpr:1 (disintegr ations per ILinut e ). Background WP.s 53 .9 ~ 1 . 6 dpra . 

4.24.2. Chronatography and Autoradiography. 

Aliquots of extracts a nd cell hydrolysat es wer e spotted on to 0.1 ram 

thick 20 cm x 20 cr.i plat e s spread with cellulose powder (MN 300: Macherey 

and Nagel) . The se wer e run first in phenol:wa t er (100:40 w/v) (the 

phenol wa s r edistilled according to Draper a nd Pollard 1 949) . After 

drying the plate wa s run, a t right angl e s to th& phenol direction , in 

n-butanol: n-propionic aci d: wat er (47: 23:30, v/v/v) (Bassham and Ca lvin 

1957). 

When run a nd dried, two spots of r adio- active ink, to correle.te the 

orientction of the pla t e s and the developed film , were applied to the 

pl ates above the solvent f'ronts . The two spot s were asyooetr i o . These 

plat es wer e then applied f a ce- down to the filD surface of 8 in. x 1 0 in. 

Osray- M (Agfa- Gevaert) X- r ay film and st ored in the original f i lm packet , 

at room temperature , for periods of up to t wenty weeks . 
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When developed , filr:ls were trnced on to clear sheets of plastic 

then on to parchment (:u;1itation gr easeproof). When this tracing nnd the 

plate orientated using the ink- spots , a needle punched through the tracing 

into the plate outlined the r adio- active spots . 

The most efficient nethod of transf.,,r from the pla t es to vials was 

found to be spraying the plate with 0 . 8;~ Celloidion (Gurr) dissolved in 

5(% ether: ethanol, ._ spots wer e scribed with a hot needle a nd excised with 

a ra zor-blade . 

Counts a s low as a 5(% excess of background could be det ected . 

Spots were identified by r ef er ence to standards similarly run , by the 

r eactions of spots with various identifying sprays and by r efer ence to 

standa rd maps (Bassham and Calvin 1 957) . 

Sone difficulty was experienced in obtaining accurat e and compl et e 

reproductions of the developed radio~hromatogram films. Photographic 

r epresentations of high contrast f a iled t o detect the faint er spots . 

Tracings fail to show the differing densities tha t were developed . 

4 . 25 . EXAMINATION OF T. THIOPARUS CULTURES FOR HETEROTROPHIC CONTAMINATION. 

Before the experment wns st arted a 5 . 0 nl sample was r emoved f rom 

the cup of the appa ra tus and sptm at 2x1cY g f or t en minutes . The pellet 

of cells was stor ed wet in the cold for up t o two weeks . 

Plates conta ining 0 . 25%, 0 . 5% and 1 ,c.% of a cet ate , glutamat e , glucose 

and succinate , with and without added thiosulphate (1 . 5%) in the norr.ial 

miner a l sa lts solution, were prepared . Small quantities of a suspension 

of the cells in wat er were spread on these pla t es and on thiosulphat e-

mineral- salts agar and nutrient agar plates . These wer e incubated for up 

to one week. Growth on a ny pL~t e other than t he thiosulphate-only pla t e 

indicated contamination. 

No contamination of T. thiopa rus cultures was noted. 
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4.3. RESULTS . 

The r esults obtained using each of th0 14C-la belled compounds will be 

presented in turn. The most compl et e se t of r esults wer e obtained f rom 

experiments in which 14C- glucose o..nd 14c- o.ceta t e were used. Mu6h l ess 

compl et e do.. t e c.r e available from the series of experiments using 
14C-glutamat e . Finally c coopurison of 14co2 metabolism by T. thioparuli 

in the pres ence and a bsence of the inhibitor, succinate , will be 

presented . 

I n each case , dat o. will be presented for total uptake , 14co2 
evolution, 14c incorpora t ed into ethanol-soluble (CELL EXTRACT) a nd 

insoluble fractions (CELL RESIDUE FRACTION) and also , in some ca ses , for 

incorpora tion into specific amino a cids of the CELL HYDROLYSATE .FRACTION. 

4.31 . Q!NERAL CONSIDERATIONS . 

The following general consider ations need to be borne in mind in 

exanining these da ta . 

(a ) ~ot~l Uptake . The fo llowing vc.lues r epresent equiva l ent det er-

minations of tho sane function: 

(i) Cell s tro.pped by thE. ner.1bran0 filt er (CELL); 

(ii ) 'I'OTJ\.L CELL FRi.CTION, i. e . from cell-·suspcmsion in 7cfo 

ethanol - see Section 4 . 23 .1 .; 

( iii) The sUr.J of the CELL EXTRl.CT and CELL RESIDUE FRACTIONS; 

These with the addition of the counts in 14co should be 
2 

equivalent to 

(iv) the decrease in SUPER.Nli.TAN'l' .FRl-1.CTI ON from total zero l abel; 

a nd the total s ( i), (ii) a nd (iii) with the addition of 14co 2 
and the SUPERNATANT FRACTION should give similar figures (the 

"budget" ), equa l to the "zer o- time total" l abel. 

The correlations between the equivalent number s and the budgets is e. 

f air indica tor of accuracy. 

The total uptake presented in the figures i s the sum of 14co2 and 

CELL dpm figures . 
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The CTeLlbrane filt er figures (CELL) wore frequently higher than the 

other two equival ent figure s ( ii) and (iii) . The cellulose r:ia. t erial of 

the membrane nay tr.ap some of the l a bel fro0 the supernatant , depending on 

the ionic strength and pH of the so lution a s well a s on the organic c ompound. 

An approxima t e maximwn measure of this for 14c-glucose may be gauged from 

the T. thioparus succinat e-inhibited 14C-glucosc uptake . This shows a 

maxim.ur.i of 0. 6% uptake which, even if this is a ll 14C-glucose trapped in 

the membrane, is a very low figure . Further l abel may be absorbed on to 

cell-wall and capsula r material, or on to sulphur and not be r emoved by the 

membrane-wushing mat erial. The wa shing of cells before extraction into 

ethanol may permit the l eakage of l abel f rom the cell into the wash 

mediwa; the subsequent centrifugation r:1 i ght r emove absorbed ~at eria l 

from the cells. This variation will vary with the compound and conditions; 

but will be l argest for het erotrophica lly-grown T. novellus, which foms 

a mucilaginous capsule . 

The TOTAL CELL FRACTION and CELL ·RESIDUE FRJ;.CTIONS are perhaps more 

variable than the errors indica t e . The boiling ethanol used in the 

extraction caus es a ny sulphur present , forr1Gd in the autotrophic expe riments , 

to become 11 t a cky" and fom clump s with the ce lls . This extraction a lso 

foms ropey-clumps i n the glutamate - grown T. novellus. In all the se ca ses 

the clum~ing ce.n pr event correct distribution of the fraction in th8 

suspension, tha t is then sampled. 

(b) 14co Va lue s . It is Qssur:i.ed that the 14c trapped by the 
2 

ethanol arnine solutions r epre sents co2 • The efficiency of Co
2 

capture i s 

very high . Even in a f ast stream of 5% co2:95% Air for three hours, the 

first five mls of 18% ethanolamine solution trapped most of the issuing 
14co 2 (90-95% in most ca ses). However the back pressure is such that any 

l eakages r esult in a fairly heavy loss of 14co2: for this reason the joints 

were all wired and sealed with finger-nail polish , and the bung wired down. 

The gas flow wa s such that the loss during sampling wa s small; and a 

"dead-volume" correction was not ne cessary. 

(c) The presence of sulphur in the T. novellus autotrophically­

grown runs often gives quite variable Klett readings and uptake readings 

as the amount of sulphur, and sonetimes of absorbed cells, varies as the 

amount of sulphur in the sampl e varies with settling. This problem does 



not arise to the SD.D.e ext ent in T. thiopnrus, where sulphur occurs to a 

lessor proportion of turbidity and is ulso finer and l es s prone to 

precipitation . 

(d) The aDcali required to oa intain the pH in T. thiopa rus is 

a dded at simila r r at es in both the pr esence end absence of succinat e . 

The appears to contradict the dat a of Section 3. 53 . in which succinat e 

inhibited the utilisation of thiosulphat e and pH changes to the same 

extent to which it inhibited t he increas e in turbidity . However this 

is a growth situation in which very low initia l ce ll inocula a r e used . 

In the uptake experiments heavy suspensions ar e used and grown to the 

same pH (i . e . same pH changes) and s:i.milnr t urbidit i es . Thus it is a n 

indication tha t succinate, in f act has no effect on the r a t e of thiosul­

phate utilisation per se . As will be evident from the results , it is 

markedly inhibitory t o organic wet abolism even at these high cell 

densitie s . 
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4.4. RESULTS AND DISCUSSION FOR 14C- GLUCOSE-(U) EXPERIMENTS. 

The tota l a ssimi lation of 14c- glucose-(U) by the two species is shown 

in Figure 21 . This i s the stm. of CELL and co2 dpo figures . Since somewhn.t 

di fferent concentrutions of labelled conpounds wore used these absolutG 

rates ar c not strictly compar able . The tota l upt uke curve for glutamate­

grown T. novellus is in two parts o.s two separate experiments, with 

different l abel l evels , were run . 
14 The distribution of l abel, that is t aken up, o.mongst co2, G'ELL 

RESIDUE and CELL EXTRACT FRACTIONs us a percentage of the total of the se 

fractions is shown in Tabl e XV. Thora i s no l ubel distribution data. ava ilable 

for thiosulpha.te-grown T. nove llus . 

Time 

Hours 

0. 25 

0. 5 

1 .o 

1 .o 
2 .0 

0 . 25 

0. 5 

1 .o 
1.5 
2 .0 

0.25 

0.5 

1 .o 
1 .5 

2. 0 

TABLE XV 

PERCENTAGE DISTRIBUTION OF ASSIMILitTED 14c FROM 
14

c- GLUCOSE-(U) 

AMONGST VARIOUS CELL FRACTIONS. 

Cell Fractions 

Gas Extract 

T. novellus 
+ 3.11- - . 3 

- Heterotrophically- Grown 

5L~ . 3 : 6 ,3 

5. 7 :!: .5 

1 7 .4 :t 1 .4 

+ 37.0 - 6.4 

64.1 :!: 9. 5 
I 

41 . G :!: 4 . 8 

41 • 9 :!: 5 .1 

16 . 9 ± 2. 7 

11 . 0 :!: 1 .5 

T. thioparus - Nomal 

T. 

8. 0 :!: 2 . 2 

21 .5 :!: 5 .9 

19 ,1 :!: 4 . 7 

32.7 :!: 8 . 7 

22 . 9 :!: 5 .4 

thioEarue -
+ 4 . 0 - 4 . 0 

6. 0 :!: 5-~-
+ 12 . 7 - 14,8 

13 . 2 ± 15.8 

29 .6 t 16 .5 

61 .o :!: 25 . 7 

59 .9 : 25 .8 

64.5: 26 .3 

62. 9 !. 26.4 
+ 61 . 9 - 24.5 

Succinate Inhibited 

82 .3 :!: 37. 3 
+ 93 . 0 - 33 .4 
+ 78 . 2 - 44.1 

80 .8 t 38. 9 

64.9 t 21 . 9 

Cell Residue 

38 .9 :!: 5 .4 

52 .6: 6. 7 

41 . 6:!:5 . 8 

46.1 :!: 8 . 2 
+ 24. 9 - 3. 9 

31 .1 :!: 8 . 3 

27 .4:. 7 . 9 

31 .3 :t 7.8 

23 .1 :. 6 -~ 
14. 6:._3 . 5 

13 .s:!:10.5 

6. 7:!: 4 .1 

9 .1 ±10. 6 

6. 0 :!: 7.9 
+ 5 .5 - 4 .2 
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4.41 • COMPARISON OF T. NOVELLUS: HETEROTROPHIGALLY­

AND AUTOTROPHICALLY- GROWN. 
14 The total ~ssimilation a s a percent~go of the tota l C-glucose added 

is shown in Figure 22 . The Co
2 

production for the autotrophically-grown 

T. novellus was calculat ed from the diffe r ence between the a ctivity present 

in an 0 . 2 ml sampl e t aken and placed in toluene a t the appropriat e sampling 

tmes, and the initia l tota l activity in a 0. 2 ml sampl e t aken a t zero-time . 

This e stima t e will not be a s accurat e a s tha t obta ined from the ethanolamine 

co
2 

trap , the data for which ar e not availab l e in this ca se . 

There is an incrensed production of 14co
2 

by autotrophic T. novellus, 

in comparison to the het erotrophically-grown T. novellus , so thnt a lthough 

the r a t e of increase in CELLs is similar, tho t ot a l r at e of a ssinilation is 

higher i n the autotrophic foro . 

~ho total upta ke in tho heterotrophic form ceases when about 50% of 

the ava ilable 14 -

r educe s the l ev 

(not shown ). 

. 14 d t continued Co
2 

pro uc ion 

ed 

Ther e ar e some minor differ ences in distribution of l abel anongst 

CELL HYDROLYSATE FRi~CTION components in t hiosulphat e- grown and glutanat e ­

grovm L, novellus, a. ~ shown in r D.diochrom'. togr aws; these minor 

differ ences are shown in det a il in Tabl e 1.'VI. 

TABLE XVI 

DISTRIBUTION OF 14c FROM 14c-GLUC0SE-(U) AMONGST COMR)UNDS IN CELL 

HYDROL YSATE FRACTIONS 

Lipid Components 
Leucine Isoleucine 
Phenylalanine 

Unknown 1 

" 2 
P!-oline 
Valine 

Unknown 3 
Tyrosine 
Alanine 
Unknown 1+ 

II 5 
Glutamic Acid 
Aspartic .Acid 
Others near origin and origin 

Figures are% of tota l 

T. novellus 

Autotrophically-grovm Het8rotroohicallv-,grown 

18.5 + 4.3 1 6.1 + 3.6 
5.6 + 1 .6 7.6 :!: 2. 0 -
5. 0 + 1 .4 7.8 :t 2.1 

5.5 + 1 .6 absent 

5.2 + 1 .5 II 

4.9 + 1 .4 4.8 + 1 .3 -
4.3 + 1 .3 5 .1 + 1 .6 -
4 . 2 + 1 .3 4.3 + 1 .3 
9.6 + 2 .1 8.6 + 2.6 
5 .1 + 1 .6 6.3 + 1 .8 

6.7 + 1 . 9 4.8 + 1 .4 - -
absent 4.2 + 1 .3 

+ 5.7 - 1 . 8 7.3 + 2.2 
+ 5.0 - 1 .6 4.4 + 1 .4 
+ 14.4 - 4.2 1 7.6 + 5.9 

r adio--activity r ecovered. 



Fi gure 23: KEY . 
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• autotrophically-grown T.novellua 

• T.t,hioparus 
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4.42. COHPL.R.ISON OF L.UTOTROPHICALLY-GROWN T. NOVELLUS AND T. THIOPARUS. 
~ ~ -" 

Tho uptake , c. s o. percentngc of the 14C-gluco so added , is shown in 

Figure 23 , for these two situa tions . 

The r o.te of production of 14co2 and of upt ak e is f a r higher in 

T. nove llus than in T. t hiop.'.lrus. In T . novellus oaxim~~ uptake is r each ed 

a t 1 • 5 hours, while i n T. thiopec r us t he uptnke of 14c-glucose continue s c. t c. 

stec.dy, though r.mch lower , r a.t e for up t o four hours, o. s shown in Figure s 

2-1 ::i.nd 22 . This suggests tmt the T. thiopa rus glucose upta ke systEE filay 

bo s o..turo.ted, even a t these very low conc entra tions. Furthe rmore since n 

linear r ~to of uptake w~s nainta ined for four hours, it s eeras unlike ly that 

thi s i s dub t o p2ssive diffusion, as the upfake ceased abruptly c..f t er four 

hours, v1hen l e ss t han 2(% of the a vail~bl u totc.l 14c-glucose h.<i.d been 

t a k en up . 

It 2ppe.'.lrs tha t the ma jor lifilitation of glucose utiliza tion in 

T. thiopar~ is the uptak e systeo . Once t o.k en up the me t a bolisw of glucose 

in the two organisn: s i s appc:. r e ntly simib .r, a lthough less oxid~.1, tion of 
14

C-gl u cose to co
2 

occurs in T. thio pn.rus . In the Cll.Se of -':'.utotrophica lly -

growing cells crny 14co
2 

produced r:w.y well b0 r ofixod by co
2 

o.ssifilib.tion, 

o. l though r cfixc. tion of 14co
2 

rele r.. s ecl l"roo the cells will be r educed by the 

r ap i d gr.s flo v: used . Thus, c. s T. tp..9J2_0rus i s the oore o.ctive with r e spe ct 

t o o..utotrophic co2 fixo.tion , it will effectively release l e ss 14co
2

, if this 

is a n ir::Jportant factor , t ho.n T. novellus . 

Rndiochroontogr2.ns of CELL EXTR11.CT FRACTIONs ~how fewer l a be lled 

conpounds in T. novellus, but both org2.nisws exhibit the s ane na jor coopon-

ents. Sinco the l abelled coQpounds in CELL EXTRJ,CT FRh CTION ha ve not been 

ide ntif i ed, furthe r discussion of t he r adiochrooatograo's patterns is not 

justified . 

The distribution of ln.bel in CELL HYDROLYSATE FRl.CTION conpounds, 

for T. thiopa rus, a s shown in Figure 24, i s v ery sinilar to that of a uto­

trophica lly-grown a nd het erotrophically-grown T. novellus. 

The incorpora tion of l a be l into poly-J~ -hydroxybutyra t e hns be e n 

relie bly shown only in T. novellus, where it initially forms some 10}& of 

the CELL RESIDUE FRACTION. 

The linear uptake of 14C-glucose by T. thioparus suggests thn t ther e 

is no adapt a tion of rae t a bolism, such as induced or repressed synthesis of 

enzyme s. Howev er the concentration of g lucose use d (a bout 0.5µ.ra) is 

proba bly too low to induce such clw..nge s in any case . The distribution 
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of l a be l a s r eveal ed by tho r a diochromatogr ams of both CELL EXTRACT 

and CELL HYDROLYSATE FR.hCTION5, do e s not alter with til:le f or T . thiopa rus, 

aga in indicating no ~daptive cha nge s in met ~bolism. 

4 . 43 . cm)iP.ARISON OF T . THIOPARUS I N THE PRESENCE AND ABSENCE OF 

THE I NHIBITOR , succ1~~ . 
The ['.. Ctual upt a k e f i gur es ['. r e shown in Figur e 21 ; the upt a ke a s o. 

percentage of the 14 c i n itia lly pr e s ent i s shown i n Figure 25 . The 

di stribution of l a be l nft er a s s iBil'.:1. tion i s shown in Ta ble XV . 
14 The uptake of C- glucose in T . thiopnrus i s a lmost comple t ely 

supp r e ss ed by 16 mM succin:1. t e . This is de spite the f a ct thn t a t the 

siri2ila r turbio.itie s used the et lka li- 2,ddition rn.te s o.r e substantia lly 

i denticc. l in t he t wo situr.tion s , :i s s hovm in F i gur e 36 . 

Beca use of this lon l eve l of up t ake in th0 p r e s e nce of succina t e , the 
14 di stribution figure s (Ta ble XV) show l arge errors. The a ppear a nce of C 

i n Co 2 indica t e s tha t sono oe t a bolisn i s occurring . The proportion of l a be l 

in the CELL RESIDUE FR,'.. CTION r enains v ery low (4-14%) wher ea s the proportion 

in co
2 

i s increas e d towards the e nd of the ex pe ril:lent (not shown) in the 

p r ose ncG of succina t o . Thus succino.. t e appea rs t o affect the met a bolisn of 

g lucose .::-.s well '.:1.S i ts up t ake . The specific effe cts on 14C-distribution 

a r e unknovm ·.~s the l ow l eve l s of l o.bel a ssinilc,t ed precluded a.ny r adio­

chrona t ogr aphic exaoi na t i on . 
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4-.5. RESULTS AND DISCUSSION FOR 14c-ACETATE-(ULEXPERIMENTS. 

Thu total uptake figures in dpn l~ r G shovm in Fi gure 26 . The diffe r e nces 

a rise frm. diffcrencus in initia l l ab0 l l eve l s . The tota l upta ke present e d 

is the six:1 of tht: 14c in c ells reta ine d on L1oubra.ne filt e rs (CELL) a. nd 14co 2 
figure s . The di stribution of l a bel c.uong st ve.rious cell fra ctions, a s c. 

pe rcenti:~ge of th"' SUL: of the se fr['.ctions, i s shovm in Table s XVII ( a ) and (b). 

Tine 

Hours 

0. 25 
0.5 
1 .o 
1.5 

0. 25 
0.5 
1 .o 
---~-
0. 25 
0.5 
1 .o 
1 .5 

0.25 
0.5 
1 .o 
1 .5 

'°' 

Cell 

Gc. s 

TABLE XVII (2.) 
PERCENI'AGE DISTRIBUTION OF ASSIMILATED 14c FROM 
14c-ACETATE-(U) AMONGST VARIOUS CELL FAACTIONS. 

Fra ctions 

Extrc.ct + 
T . novellus - Ee t erotrophicc. lly-Grown 

Cell Re sidue 

5.8 :t .9 41+.4 :t 7. 8 49 .7 :t 9.3 
1 0. 2 + 1 .8 43 .7 :t 7. 9 45.6 :t 8. 7 

18.2 + 3.5 35.9 :t 6.4 45.9 + 8.7 

23 ~0 + 4.8 22 .8 "±: L~. O 54.2 ± 1 0. 2 
,..c;.:#--=--=~-.or-~-=- · 

T. nove us - Autotrophicc.lly- Gro1m 

13.6 :t 1 .4 84.8 ::: G.o 1 . 6 + .1 :it -
25.8 :t 2.4 71 • 7 + 7.7 2.4 + . 2* -
67.4 1 7 .1 22 . 7 + 2 . 4- 9.8 + 1 .o - -

L._j;llioEarus - Nor nc.l 

1 .o ± 49.0 :t 4 .6 + 6. 7 .1 I 50.0 -
2 .2 ± . 2 ! 57.5 + 4 .5 40. 2 + 4.8 3-w 51 . 4 

+ 7.6 45 .9 + 8. 6 - -
+ 6. 2 + 6.6 - • 7 70 . l+ - 23 .1 - 3.0 
--· --

T. Thioea rus - Succinate Inhibit ed 

1 . 6 ± . 2 76.3 ± 8.7 22 . 2 ±. 3 .1 
+ 1 . 7 - . 2 77.9 ± 8. 7 18.6 + 2.5 

2.9 + .3 + 73.4 - 8.4 23 .5 + 3.3 
2.4 + .3 58.7 :t 6.8 38.9 + 5.2 

1' The se t wo figure s were derived fror:::i the poly-/3-hydroxybutyrate ALKALINE 

HYPOCHLORITE FRACTION r c.ther than the CELL· RESIDUE FRACTION, since the l a tter 

figures were obviously a.moolous . Therefore this whole set of CELL 

RESIDUE figures mcy be n considerable under-estimate, in which case the 

Co2 and CELL EXTRACT proportions woul d be a rtificially inf'lated. 
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• glutamate-grown T.novellua 
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Figure 27 

J~RCENTAGE UPI'AKE OF 14C-ACETATE-(U) DY 

T.NOVELLUS 

90 

80 

70 

:~ 
ri 

60 i 
__, 
C, 
.0 
rcJ __, 

50 __, 
ro 

+J 

0 
~ 

~ 
40 0 

0 

o' 

30 

20 

IO 

0 

0 Q.5 1 0 
HOURS' 

rrt 

CELL +c0 0 ... 
CELL 

I 

C02 . 

1. 5 



4 . 51 . COMPARISON OFT. NOVELLUS: HETEROTROPHICALLY­

AND AUTOTROPHICALLY- GROWN . 

118 . 

In both autotrophically- .::.nd heterotrophicc. lly- grown T . nove llus 

about 70-8(% of the total 14c- c. cetc. t e is faken up in the first hour. The 

initi~l r c. t e of uptake is nbout hc. lf ~s greet o.gc. in in th8 glutamo.t e- grown 

cells, than in the thiosulpha.t e- grown cells . HoVJe ver a g r eater proportion 

of tota l upt o.ke is oxidized to 14co
2 

by the thiosulp~te- grown cells aft er 

the first hnlf- hour; t his i s evident fron Table XVII (a ) nnd f rora Figure 27, 

Bo t h sots of CELLs figures r oach c:. 1:1::.x i nun aft er 0. 25 hours then r el"!,n in 

o.t a constant l evel . 
14 I n the aut otroph the proport i on of C incorporc.t ed into CELL RESIDUE 

is ver y ouch l e ss (see , howe ver, footnot e to Tc.bl e XVII (a) ) &ni rise s 

oany-f old while in the het crotrophico. lly-grown cells it is subst e.ntfolly 

consh:.nt. 

I n tho t hiosulphat e- grown T. novel!2;1~ en increc.sing proportion of l o. bel 

in CELL RES I DUE is incorporo.t ed into thu st or0,ge conpound poly-jl,-hydroxy-

butyr~t e to c. t l eQst 25% . 
T. novellus . 

Ther G is no coopo.r able dat a for gluto.mat e- grown 

--~ 
Although the le.belled cor.1pounds present in the CELL EXTRACT FRACTION, 

sho wn by the r a diochrooa togro.os, have no t been identified sooe conclusions 

can bo drc.wn fro1:i the gener a l r egi on in which the l abel lie s . In the 

het erotrophi°'--'1. lly-grown cells the distribution of l nbel is linited to a f ew 

ooopounds . After 30 o inute s exposure to 14c- o. cet at e oo st 14c is in the 

lipid cooponents; only four other .co1::ponents v,ere evident . h. f ew rJ.ore 

coopounds we r e l abelled o. t 0. 25 hours, but longer exposures than 0. 5 hours 

do not give o.dditiono. l l a belled coopounds . In autotrophically- grown 

T. novellus the CELL EXTRACT FRACTION r o.diochrooc. togroos show f ar more 

conpounds , although most of these are only present in the early samples cnd 

disappe~r in l a t er r o.diochrooo.tograms . Those that linger a re present 

initially and r emain in s:ifilila r proportions. 

In the CELL HYDROLYSATE FRACTION r ~diochrooatogr a::!ls there is cgain 

evident o. nuch l a rger nuraber of l a belled coopounds in the autotrophically­

grown T. novellus samples t han in th0 heterotrophically- grown T. novellus. 

This is despite the lower proportion of assimil at ed l abel incorporated into 

the CELL RESIDUE FRACTION in the autotroph, vrhich is compensa ted for by 

the higher l abelling l everl used (see Figure 26 ). 
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4.52 . Cm.1P.ARISO~UTOTROPHICALLY-GR01:m 1'_: NOVELLUS b.ND T. THIOPARUS. 

The maxioUD uptake for the t wo systeos spec i es is swilar (70 a nd Bo% 
of the 14c- a cet ate pre sent) but the r a t 0 of uptake is much more r ['.pid with 

T . thiopa~ . There a r e also na jor differ ences in 14co2 production. The 

production of 14co by T thioparu.l! is only 3% of tota l a ss:ir:.ila t ed l abel 
2 • 14 

at 1 . O hours, while in T. novellus it i s 67fo of t ot a l a ssui'.ilnted C at 

the scne t:ine ; thi s is shown in Tabl e XVII (a ) and in Figure 28 . 
This may r eflect the differ enc e s i n r e l ative activitie s of Co2 

fixation in the t wo organisr.is , with the 14co 
2 

produced being r ofixed nor e 

~ctivel y in T . thioparus; but the distribut ions in the r adiochromatograms 

indic::'. t e tho.. t this is not so. Th\;;; r 0 a re fev, le.bell ed coopounds in 

.1:....!).1io..£2,rus; oany in T . novellus. The 14co
2 

production by T. thioparus 

from 14C-glucose is ther efore a lso genuine . The 14co
2 

production thus 

indicates t rot a cet a t e can be r eadily oxidized by autotrophically-grown 

T. novell us , wher e2 s T. t hioparus l a r gely l a cks the ability to oxidize a cet a t e 

to Co
2

• 

The r adi ochromo.. t ogr aos of the CELL EXTRACT FRJ.CTION show a nuch 

gr eat or vo..rioty of coopounds f or !:....£ove~l us than for T. thiopa r~~· The 

m1nbur of cor._pounds in e3.ch decr eases with tiL1e : nlthough the r el a tive 

proport ions of t hose tha t ling0r a r e f airly constc.nt throughout the exposure 

tine . In neithe r org2.nisr.1 have the l e.belled con,pounds pre sent in CELL EXTRACT 

FRACTIONs been identified . However the spot s in the c.r eas char acteri stic 

for or ganic acids, sugars and sugar-phosphates ar e r educed in intensity in 

T. thiopart.1~ . 

The difference in distribution of 14c is eve n mo r e evident in the 

r adiochronatogro.ms of CELL HYDROLYSATE FRACTIONs . The patt ern of distribu­

tion runongst tho nmino acids do es not alter with time for T. thioparus (a t 

0 . 25 , 0 . 5 , 2 . 0 and 6.0 hours). Ther e i s n ouch l a rger number of amino 

a cids in the T. novellus distributions. These spots cnn, in the main, be 

identified. The r adiochromntograns are shown in Figures 29 and 30. The 

distribution of label in the T. thioparus CELL HYDROLYSATE FRACTION r adio-

chromatogrons is shovm in Ta ble XVIII . 

significant l evel of incorporation. 

Only .'.:'. f ew fil'lino acids have a 

Incorpora tion of l a bel into poly-p -hydroxybutyrnte in T. thioparus 

does not exceed 4% of the CELL RESIDUE FRJ~CTION and is poorly characterized; 

in T. novellus it r eache s 25% of the CELL RESIDUE FRACTION and has increased 

with time. 
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J~RCENTAGE UPI'AKE OF 14C-ACETATE-(U) :AUT OTROPHICALLY­
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4.53 . cmrni_~ISON OF TO THIOPARU~ I N THE PRESENCE 11.ND 11. BSENCE OF 

THE INHI B]JO& SUCCINATE. 

1 21 • 

A cor:iparison of the u pta k e for T . t hio pe.rus in the presence a nd 

a bse nce of succina t e , is shown in Figure 26 a nd, i n 1.1ore de t a il ove r a 

short e r period, i n Figure 31 , e..s ,". pe rcentctge of tota l e..va il.'.l ble l abel a dded . 

The s lov1o r ini tie.. l r c..t o of uptnke for the suc cina t e -inhibit e d syster.1 is 

probably o. r e sult of the l mer cell density used (initial Klett 264 in .the 

presence of succ ino. t e , a s again st Kle tt 580 in the uninhibited syster:i ). 

The subse quent d e creas e in tho presence of succ ino.te i s l e ss thnn in its 

a bsence ( Figure 26: not shown in Figu~e 31 ) . The r e is a n a pparent increa s e 

in superna t a nt 18.bel with this decre{l.se in assimil.::i. t ed 14c but the r e a r e 

equiva l ent e rrors in " budget" figure s so it i s difficult to ::..ttc.. ch much 

significance t o these de creo.s e s . 

Ti.De 

Hours 

0. 25 

0. 5 
1 .o 
1 .5 
2. 0 

3.0 
6.0 

0. 25 

0.5 
1 .o 
1 .5 
2 .o 
3.0 
6.0 

TABLE XVII (b) 
PERCENTAGE DISTRIBUTION OF ASSIMILATED 

14c FROM 
14c­

ACETATE (U) AMONGST VARIOUS CELL FRACTIONS. 

Cell Fra ctions 

Gas Extrn ct Ce ll 

T. Thiopa rus - Nar o.a l 

Re sidue 

1 .o :t .1 I 49 .0 + 4. 6 ~o·o :!: 6. 7 J • 

2. 2 + . 2 57 .5 + 4.5 40. 2 + 4 .8 
i 

-
3.0 + .3 51 . 1 + 7.6 45 . 9 + 8. 6 

6. 6 ±. .7 70.4 + 6.2 I 23 .1 + 3. 0 -
5. 3 :t + + .6 51 . 9 - 5. 0 42.8 - 5.8 

+ .5 59 .4 + 5.3 36.6 + 4.8 4 .0 - - -
11 . 6 ±. 1 .4 I 55.7 + 5. 2 52.7 + 7. 0 

T. Thio:earus - Succino.te-Inhibite d 

1.6 + . 2 76.3 + 8.7 22 . 2 + 3.1 

1 • 7 + . 2 77. 9 + 8.7 1 8.6 + 2.5 - -
2. 9 + . 3 73 .4 + 8.4 23 .5 + 3.3 - I -
2 .4 + .3 58 .7 + 6.8 38.9 + 5.2 

3. 2 + .4 68.7 + 7.9 28 .1 + 3.9 -
3.6 + .5 79.2 + 8.9 1 7.2 + 2.4 
5.6 + .9 70.8 + - 10.2 23 .6 + 4.1 
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FIGURE 29. 

DISTRI BlYfI01'! OF CELL RESIDUE 14c FROM 14c-ACETATE-(U) 

I N COMPOUNDS Il'J AUTOTROPHI C T . NOVELLUS . 

Dotted line s r epr e sent solvent fronts 

l eu L-leucine ileu L-isol eucine 

phe L-phenylo.l n.nine vo. l L-valine 

pro L-pr oline tyr L-tyros ine 

a l e.. 1-nl n.nine t hr eo L-threonine 

glut L-glutn.mic acid o. sp L-o. spnrtic o. cid 

o.r g L-o.r ginine lys L-lysine 

cys L-cyste ine 

1 22 . 
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FIGURE 22_ . 

DISTRIBlffION OF CELL RESIDUE 14c FROM 14C-ACETATE-(U) 

I N COMPOUNDS I N AUTOTROPHIC T o NOVELLUS . 

1 22 . 
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Dotted l ines r epresent solvent fronts 

l eu L-leucine ileu L-isol eucine 

phe L-phenylo. l n.nine vo.l L-valine 

pr o L-pr oline tyr L-tyrosine 

a l ~ L-a. l n.nine threo L-threonine 

glut L-glut runic acid o. sp 1-a. spa rtic a cid 

.'.lr g 1-a.r ginine lys L-lysine 

cys 1-cysteine 



K_IGVJ.1E _lQ. 

DISTRIBUTION OF CELL RESIDUE 14c FROM 

14c - A CETATE- (U) AMONGST COMPOUNDS I N 

T . THIOPARUS . 

- -----· ------- -
leu, ilea. 

phe 

pro 

l eu 1-leucine 

phe 1-phenyla l anine 

glut L-glutan ic a cid 

I 

ileu L-isoleucine 

pr o 1-pr oline 

nr g L-a r 5inine 
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R<'-dioch r omo.togr ,'.:.D s of SUPERNATAI'{L' FRACTIONs wer e ba dly affe cted 

by so.lt-inducod streo.king but t he nur..1bor of s epar a t ed compounds pre s e nt 

is gr eat er in the a bsence of succinate than i n its presence . 
14 I n both ca s e s Co

2 
production is l i.Dit ed . Tr.. ble XVII (b) 

shows tho di s tribution of a ssir.1ill'.. t €.: d l o.bo l for a longer period than 

T"'b l o XVII (e. ). 

Fr o;:; t h i s it can be s een th~~t v1hile ·J 4co
2 

production is linited in 

both cases it i s r.:ore re stricted in the pre s ence of succina t e . The 

proportion of l o. b0l in CELL EXTRACT a nd CELL RESIDUE FRACTIONs is fairly 

constant i n both Cl;'.ses, although there are sooe erratic vn 

a round t his co , but the proportion in the CELL .RESIJXJE ION is 

r educed in the pr esenc e of succina t c , and thr. t in CELL EXTRACT 

correspond ingly inorc~s ed (55% to 73%). This r educed incorpora tion in 

to CELL RESI :Jl{jE may rt3flect the lower growth rota in the p esence of 

succin2.. t o . 

The CELL HYDROLYSATE FRACTIOr: r r..d i ochrooc.togr ons show th8 s ar:10 

pa tterns of labelle d conpounds, in the presence r.. s in the a bsenc e of 

the inhibitor, succina t e . 



I Figure 31 : KEY 
presence of I6mM succinate 

• o.bsence of succina.te 
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4.54. COMPARISON V/ITH PUBLISHED RESUL·rs OF DIRECT RELEVANCE. 

Origin 

Glute.nic Acid 

Arginino 

Prolino 

TABLE XVIII __, ______ _ 
DISTRIBUTION OF 14c FROM 14c-i~CET.t1.TE AMONGSI'AMINO-ACIDS 

I N CELL HYDROLYSATE FRJi.arIONS . 

This study Snith, London and Stanier 1 967 . 

T. t hio_.20~ T. interoedius 
~ 

dpo ;~ ~% % 
77 . 2 + 23 .1 + 9 · - 2 • .}~-- . . 

11 20 . 2 ± 48 . 6 33 . 8 ± 4 . 2 42 11 

562 . 6 + 38 . 6 47. 0 :t 2. 6 15 7 
308.8 ± 23 .4 + 9 . 3 - 1 .5 14 5 

Loucino-Isoleucino- ) 
797. 7 .± 49 . 6 24 .1 + - 3. 5 ,~ 29 

( 
Phenyla l ::-.nine ) ( 43 
Methionine ( ( 

Ve.line 6 

Tyrosine 1 

Ale.nine 6 

Threonine 6 

Aspc.rtc.te 8 

Cystine : 1 

Serine-Gly;:ine 

I 6 

Spot 1 39 .1 :: 10 . 9 ,. 2 + .4, I • -

2 24 . 6 ±. 11 .1,. + . 4 I . 7 -

3 63 . 0 ±. 13 .3 1 • 9 + . 6 -
4 30. 6 ±. 1 0 .1 . 9 + .4 -
5 + 5.7- 11.2 . 2 + .4 

Background + 1 77.4 - 15 . 5 5 .3 + . 9 
--

% ar e of totc.l l a bel r ecover ed fron r c.diochro0atograos . 

Ta ble:; XVIII shows thE. distribution, found in this study, of 14c-a cet nte 

in 1:...ll:1iopc.ru~ CELL HYDROLYSl~TE FRACTION Qt 3.0 hours, and coopc.r os this 

with the smiler distribution found by So ith, London and Stanier (1967) for 

T. thiopa rus. The distribution for the f c.cultc.tive autotroph 

T. intemodius r esembles th~t in T. novellus, and although this study used 
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trc. ce l evels, while Sn ith ~.21· used 2 m;(i a ce t ate . 

l a bel found in this study wa s: 

The r ecover y of 

k .bo l plo.ced r.i. t orig in: 5592.7 + 78.7 
Re cover ed Lc.be l : 331 7 . 9 + 270.9 -
the refore% Re covery: 59 . 3 + 5. 7fo 

Johnson c~nd Abrn.ho.r.i ( 1 969 ) found c ons i dernble incorporation of 
14c-u ce t c.t e , into a li.LJ i t ed r ange of con pounds, wit h only tra ce production 

of 
14

co2 . 

4.6. 14c -:"GLUTAMATE-(U) UPl'AKE ii.ND METABOLISL I.t2..f.L]'.JY,..d,lATE- GR..QYfN T. I'!OVELLUS. 

In t hi s cns e glutc.nc. t o is pre s ent ,,s the sole substrnt e in t he oediUD 

a nd conse quently will consider ~bly dilute the spe cific c. ctivity of the 
14 C-glutnoc..t e . The l a r ge difference in external glutaoa t e concentra tion 

c.. nd spe cific nctivity oo.kes inc l usion in the standa rd se t of coopc.risons 

of little value . 

Fror:::. Figur o 32 it cc.n be s een th':'.. t CELL ':.nd 14co
2 

dpr.1 , nft er a n initia l 

period of !'. bout one hour , incroc>. se liner.rly . 'rhe CELL dpo f i gure s increc. s e 

linc:,arly C'. ft Gr one hour c. nd this c an be;; cxtrapol c. ted b.'.'.ck through ZE:: ro. 

This r .'"'.. te of incorpor c.tion i s close ly corre l t,t ed with the r a t e of ncid 

a ddition t o :::.a int~in the pH , which is c. nee.sure of the r a t e of glutc..nnt e 

oet a bolisr., . 

The initic. l fr.. ste r uptake of 14c d urint; which 14co2 is produ c ed only 

very s lm'1ly , 2. s follovrn d by c. p e:, riod in which ther e is little furthe r increas e 

in t he 1 ~-C-contont o:' the c ells but :i. non.ml r c.t e of production of 14co
2

• 

It can be a sswne d tha t this early proportion r epresents excha nge wi th a l a r ge 

ce llula r poo l of initia lly unla belled glut1:..Dat e . The l a g perio~ before a 

stec. dy r a t e of 14co
2 

production is r e:1. ched presur.10.bly r epresents the t ime 

r equired for this l a rge pool t o reach isotopic equilibriw::i. The de l ay oeans 

t ru;.t forma tion of the pool does not involve Co2 production, which occurs 

l a t e r a s the poo l contents r each isotop ic equilibriur::; with intemediates 

of t h e 14co2- producing racta bolic pa thways. 

The distribution of 14c r eveal ed by the ro.diochronatograss of both 

CELL HYDROLYSATE and CELL EXTRACT FRACTIONs show little change with time . 
14c enters the na jority of th0 amino-a cids present in proteins . 
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4. 7. _s;OMPARISON OF 14c- GLUTAMATE UPI'AIG AND l'l1_!,TABOLISM BY 

AUTOTROPHIGALLY-GROWN T. NOVELLUS MID T. THIOPARUS. 

130. 

The uptake of 14C-glutamat e -(U) in t ems of dpo is shovm in Figure 33. 

These fi gur e s are the 

(CELL) and for co
2

• 

tion of 14C-glutarrw.t e 

sun of dpos for cells trapp ed on Deobrane filters 

The differences due to differences in the concentra ­

used ar e allowed for in Figure 34 by using the% 

o~ the tota l zero-tin1e l abel . 

The anount of 14co produced by the autotrophica lly-grown T. novellus 
2 

wa s cD. lculatt.:d froo the difference bet ween l '.:'. bel present in tota l O. 2 Dl 

samples t aken at vn.rious tines and the tota l zero-time l abel. 

The very great difference bet ween the t wo species is evident in 

Figure 34: T. nove llus t akes up nec..rly all the nvailo.bl G 12.bel and oxidizes 

a l ar ge proportion of the 14C-glutaoate to 14co2; T. thioparus a ccUDulo.t es 
14 C-gluto..J21at e a t o.. very rmch slower r o.t e , in par.:1lle l with the a lkali 

r equired t o sa intain the pH, and produces negligible carbon-dioxide. 

The early drop in CELL dpo for T. novellus is a ssumed to be due to 

the production of 14co
2 

beco2ing Dor e evident: af t er this o ost fur ther 

r;ie t abolisu is t o 14co
2 

while the cellul2.r cont ent of 14c r eoains consta nt . 

It cc.n bo pre sur.ed th';. t the r.ie t c.bolis1:: of 14c- glutru::w, t e by T. nove llus 

is l o.. r ge ly by wn.y of the TGA cycle vi'~ gluta1.,c.te dehydrogenase . The 

distribution of 14c differs froo t kt in the glutwc1t e- grovm T. novellus: 

the CELL HYDROLYSATI: r a diochrona t ogrnns differ substantially, but the 

identification of the l ~belled coopounds has not proved possible. 

The thiosulph~t e- grown T. novellus CELL EXTAACT radiochrooa tograos, 

a s shown in Figure 35 , show n l a rge number of compounds , r.:ia inly org::mic 

a cids a nd ru:i ino-a.cids. 

In T. thioparus there wns very little production of c~rbon-dioxide. 

The low level of uptake precluded any r a.diochrono. tograiils a s spots would 

not rea ch detectable levels of l abel . 
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4.8. EFFECT OF SUCCINA.TE ON 14co2 UPI'AKE BY T. THIOPARUS. 

Since the r o. t es of alko.li addition required to me. in t a in the pH c.t 

pH 6.8 o.r e independent of the pres ence of 16 nM succinate this sugge sts 

that succillat e is not inhibiting thiosulpho. t e oxida tion (this is shown 

in L11 igure 36) . However this conc entr::'. tion of succinat e severely 

inhibit s glucose upt~ke so it is still eff ectively inhibitillg met abolism. 

In order t o examine the effects of succiTu.~t e on o.utotrophic co2 
a ssi.r1ilc~ tion by T. thioparus an experiment with 14co 2 wa s carried out . 

An uninhibit ed culture of T. thioparus wo. s mrvested a s in 

Section 4 . 21 . 2. Equal aliquots were plc!.ced in oediUL1 containing only 

half the usual concentration of thiosulpho.t e (i. e . it w~s no w 0.75%) 
with o.nd without 10 mlvi succinat e . These nedia wer e incubc. ted until pH 6.8 
+ - . 2 wo. s r eached. In the cc..se of the 3UC innte-oontc.ining culture a 

longer preincubo.tion period was required. When thiB point was r eached 

7.5 ols of the nediun was transferred t o c. oodified Klett tube , gc. ssed 

out with the 5% co2 : 95% Air Rixtur0, 14co2 added a nd the tube seal ed . 

0 . 2 n l saoples wer e r emoved at various ti.oe intervul3. Th8 first 0. 2 ml 

sar.:1ple vm. s r enoved at zero-tine., il:lmediately after the abel was a-dded, 

and plo.ced in alka line toluene . Lat er 0. 2 ol sar.iple s wer e filter ed, 

dried and eounted a s in Section 4 . 23. 

A 5.0 ol saop l e wo.s r eooved end processed as in Section 4 . 23.1 . 

aft er 25 oinutes . 
. ,:;;' 14 The effect of succino.t e on the~ upt ake of co2 by T. thiopa rus 

is shovm in Figure 37. Ther e is no alter c.tion in the uptake of 14co 2 
in the prcsenco of succinnt e , save c. t the very l a st snr:1pl e , which nay 

be an art ef actual end-effect. 

The percent~gc distribution of tho assir::tilc..t ed carbon araongst cell 

frc..ction, a s shown in the t able be low, i s not c..ffccted n t a ll. 

PercentaQe D=i,stribution of li.ssir.:liln.ted 14co2 Aoon~st Cell Fra ctions. 

CELL EXTlli.CT CELL RESIDUE 

NORMb.L 56.0 ± 7.5 44.0 ± 6.9 
+ + SUCCINATE-INHIBITED 56.2 7.1 43.8 6.4 

CELL HYDROLYSATE FRACTION radiochromatograms of the two situations a t 

the saoe time show the s ame pattern of spots in similar proportions (visually). 

So the effect of succinate is not on the uptake of 14co
2 

and its 

subsequent incorporation into amino-acids. 

is shown in Figure 38. 

The r esultant distribution 



Figure 36: KEY 

a absen;e of I 6mM succinate 

Klett 305 

• presence of I6mlf auccinate 

Klett 337 
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DI STRI BUTION OF CELL RES IDUE 14 c 
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co2 I N T O THIOPARUS 

SOLVENT FRONT 

Dotted lines r epr esent sol vent f r onts 

l eu 1-leucine ileu 

phe L-phenylc l anine 

tyr 1-tyrosine 

a l u 1-a l nnine 

t hreoL-threonine 

ar g 1-e.r ginine 

cys cysteine 
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pro 

glut 

a sp 

1ys 
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L-isol eucine 

L-va line 

L-proline 

L-glutamic acid 

L-a spartic acid 

1-lysine 
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5. DISCUSSION 

The results pr esented in Sections 3 nnd 4 will now be discussed in 

r e l ation t o eD. ch other a nd t o coopnr ::-, bl 1.; r esul ts f r oL, other autotrophic 

species nnd t o t he current theorie s of obligat e c.utotrophy. 

5 . 1 • ~ITY TO UTILISE ORGJ,NI C COMPOUNDS LS GROWTH SUBSTRb.TES 

1' . novellus ill.'.S beon shown (S ection 3.3.) t o use a wide r ango of 

organic coopounds a s substra t es for hot orotrophi c growth. Those include .oo.ny 

ar.1. ino-ncids, sug2.rs , nlcohols , or ganic o. ci ds c.no.. nucle ic acid ba se s . Such 

a wi d5 r ange of substrnt 0s indicat e s 2. vorsc.tility of enzynatic capability 

and inducibl e enzyme alter ations t o covert the coopounds t o i nter oedi c.. t e s 

of centro. l net e.bolic p2. t hvmys nnd thence to distribute car bon t o other 

e ssentic.l 2.r eo.s of neto.bolis::1 . 

Ther e is insufficient inforI!!D.tion to docido on ::.:echaniso s and r e l a tion-

ships of rnet a boliso , 

of T. novellus. 

What i s olec.rly evident is the oet a bolic :->.d11.ptability 

This can be conpared t o T. thiopo.ru s which i s clearly una bl e t o 

subsist on any or ganic coopounds under tho sane conditions. This oay 

r eflect the coopl et o nbsence of the necessary enzyne s or an inability to 

c.dapt n et.J.bolis::: t o the new carbon source . 

possible ( soe Section 1 . ) • 

Other expl anc.tions o.r e 

5 . 2 . I NHIBITORY EFFECTS OF ORGANIC COivI~_§__ON GROWTH. 

_'L., 12£,Vellus i s mrkedly r e sistant to inhibition . Even threonine , 

the only tota lly eff5ctivo inhibitor found in this study, only gave complet e 

inhibition nt 1 00 mM and wo. s only partially inhibitory at 1 0 mM (Figure 13) . 

Sooe explnnation oust exist for this . 

The wide rn.nge of substra t e s utilized shows that the cell i s permeable 

to a os t orgo.nic compounds. However, tho pr esenc e of glutamat e , which wa s 

used a s tho substra t e in t esting the e f fec t s of added organic compounds on 

growt h , r.iay inhibit or r epress the upt '.'lk8 of orgo.nic compounds which a.r e 

r eadily t aken up in its a bsence . The genernl insensitivity to inhibitors 

wa s a l so noted when thiosulphat e was the substrat e , a lthough some of the 

organic compounds c ct ed a s substra t e s in the pres enc e of thiosulphate , so 

it is unlikely t lw.t irapermeability in the presence of glutamat e or thio­

sulpha t e is the explanation. 



It i s possible thut ~ inhibitor~ in oany 09.4...91.,> do not oot 

'beoause they a r e detoxified by me tabolisn , by the enzynes th&t would bo 

induced by the se s ame organic oonpounds a cting in their substra t e 

ea pncity. 

When the effect of organic compounds on gr owth in liquid culture 

wns exanined thore was found to be considerabl e sinilnrity in the shap e of 

the growth curves for the t wo species in the presence of oany or ganic 

compounds (Sections .3,41 ,1 . and 3.52. ): a n effect referred t o n s the "two 

phn s e eff ect". 

Ther e is nn initial period of norno.l grov,1th r a t e , the n a period of 

r educE;d growth r a te, then c. r e sur;iption of the norrn:i. l growth r a te. There 

nay be nn independent effect on fina l yield. Tho second pe riod of norr.10.l 

g r owth r l'..tc.. r.o.y not hav e been r eached when the oxperir:1ent Wc?.S terrainc. t ed, 

n s t he durc.tion of the inhibited ph~s o vnries enorcously, although it vm s 

generally rauch J.onger for T. thiopa rus tha n for T. novellus. The period 

of r educed growth r a te can o~~ at any po int in the growµ ~e. 

log 

Klett 

noroa l 

inhibited pha se 
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This o ccurs in a ll c '.l ses where a n ndded organic conpound affected the 

growth of T . nove llus growing on glutru::2.tc , ,·,ith n gen erally short inhibited 

pha se . 

Ther e i s sooc innccura.cy in th0 turbiditie s of!: thiopa rus detomincd 

a t Klett va lue s of lE:: ss tha n 1 0. However , if it is a ccepted thc.t the 

inhibited pr.a s e r:10.y b(;;gin bef or e the g r owth is e;vident, turbidor:.&trica lly, 

then the sc:.nc " two phn.se effect" is evi dent . 'l'hc inhibited phase ca n be 

ini tio.ted quite r ap i dly or c0..n be atto.ined r.ior o slowly (lower curve in the 

figure ) . 

Lu £._t__tl, ( 1 971 ) appea r not t o have det ected o.ny such e ffect during 

inhibited gr oY1th of T. thiopa rus, T . neo.polit~u~ and T. thio- oxid.ans a t 

e ithGr of th1.:- t wo concentrations ( 1 o- 2
, 1 o-3 M) of o.raino a cids t e sted. 

They not ed v i t hcr inhibited utilizo.tion r c.tvs or corJpletely inhibited 

growt h "3 the only two effects. Howev er thcs0 workers nonitor ed growth 

by i::.:;asurin6 t hiosulphc.t C;. consunption nnd noted th:1.t this need not parall o l 

pr otein incre~se . 

Thi s s tudy used turbidity, which r.ieo.sur·ed c ell d6nsi t y a nd 

precipita t ed sulphur , 1;. s the gro,·rth criturion; which may be one of the 

r easons for the disercpancy . In the studies of the effect of amino-acids 

on g r owth in Methylococcus ca psulatus (Eccles t on and Kelly 1 972n. ), 

T . nc12:,P_olitanus (Johnson and Vishniac 1 970 , Kelly 1969b , e, d) Ana cystis 

nidull'..ns (Hon.re , Hoa r e and Moore 1 967) nnd T . concretivorus (Ke lly 1 969c) 

the inhibitor wa s !ldded t o a ctively gr owing cells and turbiditie~ showed 

D-n inhibited gro\"/th r a t e inr.' edia.t ely or aft er a. short inte rva l with no 

"two pha s& e ffe ct". 

It i s quite possi bl e t hat the "two phase effeot" is a n effect in 

thiobacilli reveal ed in growth ourve s of turbidity against time , only when 

the inhibitor is a dded to culture s a long with the sma ll inoculur.i a t the 

start of gr owth. Such a difference in the c:. ction of the inhihitor a t 

different point 3 in the growth curve wa s considered po~s ible by 

Rittenberg (1969). 
Two possible r.ieehanisos can b e suggested to a ccount for this "two 

pha se eff e ct" . 

(1) The organic cor.ipound may be present initially a t only a 

sli ghtly or n on- inhibitory concentration ~nd if the same or a simila r 

compound is f ormed during met a bolism a threshold inhibitory concentration 
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mo.y be exceeded . This form.1.tion will increase in po.r a llel with growth. 

The atta inDent of the inhibited phase will be a ided by o. small differ ence 

bet ween non-inhibitory and t otally-inhibitory concentra tions. Thus in 
- 2 11.na cystis nidulans a n increase in a cet at e concentration fron 1 0 t o 

4x1 0-
2 

M increases the inhibitory eff ect f r om a minor effect to a lmost 

tota l inhibition (Hoo.r e , Hoar e a nd Ivioor e 1 967). 

( 2 ) I f the compound i s itself not inhibitory but can undergo 

met aboliso to some toxic product then inhibition may become evident only 

when mot abolisn ha s f orr;ied sufficient of the toxic met a bolite . Such an 

effe ct ha s be en sugge sted by Borichewski a nd Umbreit (1 9660. ) (see Section 

1 .43 ,). 

The fornntion of exogenous or ganic compounds is well documented 

(Schvmitriw.n and Lundgr en 1968 ; Johnson and 11.braham 1 969; Borichewski and 

Umbre it 1966a ; Borichewski 1966b; Butler and Umbreit 1969; Pan and 

Uobr oit 1972a ; Kelly 1969a ). 

Tho r esur:ipt i on of noroa l growth r nt o may be due to detoxification by 

either a ssimilation or further i:1e t a bolisn , or by sone adapt ation phenomenon. 

As well as c..n effect on growt h r o. t e an effect on final yie ld is a lso 

possible . I f tho inhibited gr owth phase is prolonged then the pha se 

r esenbles , t o soce ext ent, o. resting cell suspensi on. During this period 

the substrat e , t hiosulphat e or glutano.t e , is depl et ed t o a gr eat er extent 

than t ho increa se in cell density would sugges t at nor mal growth r at e s . 

When norcio. l growth r nt e is r e sumed ther e i s l e ss substrat e thc.n at the 

equiva l ent turbidity i n uninhibited cultures so the final yield is r educed . 

l:..lter rn.1.tively t hi::, inhibitor by its incorporation may have a carbon- and 

ener gy- saving effect so tha t the final yield nay be increased. 

Both the se eff ects ar 0 evident in Figure s 1 2, 1 3, 14, 15, 1 6, 1 7 and 

18. 

5.21. SUCCINATE INHIBITION OFT. THIOPARUS. 

The succiru:.te-inhibited growth of T. thioparus was investigated in 

more deta il. The pH rise and fall and thiosulphate consumption wer e 

de l ayed in duration but this is undoubtedly a consequence of the inhibited 

growth in the pre sence of euccinate (Se ction 3.53.). In the radio-

a ctive uptake exper:in ents it wa s noted that succinate did not affect the r a t e 

of a cid production (Figure 36) or of 14co2 fixation (Figure 37) at 
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compar abl e turbiditie s. As the se cells ha d been harvested frora succinate-

conta ining media it was possiblo that soCTe adaptation to succinate ho. d 

occurred . 

However o. cell suspension of !,_._J;hiopa~ hc.rvested from a rmccina t e­

containing r;iediun t ook consider ably longer t o rea ch comparable pH va lues 

and turbidity valuos in the presence of succina t o than T. thioparus harvested 

from norr:ic. l mediU?:::i did in the absence of succinnt e . This indicate s tha t 

the succinat e effect persists. The succinat c was still ef fective on 
14C- glucoso uptako so it could not h ltv G beon detoxified during incuba tion. 

5 . 22 • . ,'i.UTOTROPHIC SUPPRESSORS 

Cort:-., in cor:ipounds, not a ll of which we r e capable of acting a s substra t es 

for hot erotrophic growth, suppressed autotrophic growth of T. novellus. 

;,. s:iJ .1ilt}.r effoct in !: thioyarus would be inhibitory . One substance, 

pyruvat o , suppr e ssed autotrophic gr owth but did not act a s a het erotrophic 

substr:.,te; in the absence of thiosulphat c pyruvc. t o wa s 2.. growth substrate 

for ·r . novellus . A SL.7iilar affect in T. thio,E:~ oight explc.in, in 

so~e cases , an inability t o utilize potentia l substrat es as ca rbon or 

energy sources. 

5 .3. '.I.'P.E EFFECT OF THREONINE ON T. THIOPARUS . 

Tho r eversa l of the thre onine inhibition of T. thioparus by the 

biosynthdicc.lly-:ce lc.ted anino-a cids, isoleucine and r.1e thionine (S ection 3. 6.) 

indic~te s a close r el ationship of aGino- acid biosynthetic control r;iechanis2s 

in het e r otrophs and oblignt 0 autotrophs. 

The r 8versnl of inhibition mo.y have occurred nt the level of the 

trnnsport sys tem, thus prevent ing the ~ccumulation of inhibitory levels 

of threonine . In J..:..11eapolitanus Johnson ~nd Vishniac (1970) found t hat 

only histidine , ne thionine , phenyl alanine and threonine of the araino- acids 

tested at 3x10-4 M wer e inhibitory: 14C-phenylal anine iL:lpeI'Lleable mutants 

wer e sinultaneously resistant to histidine , phenylalanine and threonine 

inhibition. In .A.gmenellum quadrupliticw-,:i (a n oblige.tely photo-autotrophic 

blue-green alga) the uptake of inhibition concentrations of L-phenylalanine 

was prevented by oany amino-ac ids but once a cctmulated the effect was 

r eversed only by tyrosine; phenylalanine inhibited this organism by 

conversion to phenyl-pyruvate which, a long with shikiL:lic acid, is a feed-

back inhibitor of L-tyrosine formation. s~~ilarly in T. neapolitanus 
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Kelly ( 1 969b, c, d) found that the phenyla lanine inhibition of DAHP 

synthD.se (7-pbospho-2-oxo-3 deoxy D-ar c.bino heptonat e D-erythrose-4-

phosphat e lyo. se E .C .4 .1 . 2 .15) wa s prevented at the transport l evel by sor:ie 

ar.1ino- acids but not others (Kelly 1969a , b , c, d) (Section 3.6.). 

The meta bolism and control functions in the biosynthesis of an 

amino-a cid in T. nt;;o.politanus (Kelly 1969a , b , c, 1967a: Lu .tl...sh· 1971 ), 

T . t hioparus (Lu et al. 1 971 ) , T. thio- oxidans (Lu ~ - 1 971 ) , 

Agr.i.enellun guadrupliticur.; (Ingr aw ancl Jensen 1 973), and Me thylococcus 

co.psula~ (Eccleston and Kelly 1 972c.) cci.n be expla ined in siriila r t ems 

t o those in het erotrophic or ganisBs ( Cohen 1 968). 

De spite this similarity the high sensitivity of most obligat e 

autotrophs to inhibition by such a wide r o.ngo of "building block" coD­

pounds , such as amino- a cids a nd nucle i c a cid ba ses , makes this an unusual, 

though not nece ssa rily unique or distinct ive , feature of obligat e autotrophs . 

T. novel~, a f.?.culta tive aut otroph , w~:s ln.. r ge ly unaff ected while 

T. thiopo.rus , o.n obliga t e autotroph , was ge ner ally sensitive . 

Tho effect of mixtun:s of nDino- o.cids in r eversing individual ar.i ino­

a cid inhibitions mi ght be a t t he trc..nsport l evel, 2. t the l evel of bio­

synthetic control or by pr oviding r equired amino- acids. hs the single 

components of the rr. ixtures r:: i ght we ll be .::i.t inhibitory concentrations the 

inhibition of gr owth, but not the effec t on biosynthetic me chanisr.i s , is 

dependent on the individua l occurrence of the amino-acid. 

As noted by Rittenber g (1972 ) such a sensitivity, which re sults in 

the cessation of biosynth~sis of a n exogenously-supplied compound, permits 

a higher cell yie ld fro~ o. given energy supply . Thus in the organically 

rich environnents in which both het er otr ophs and obligate autotrophs occur, 

in high numbers and presumably some activity, this cessation will provide 

higher cell yi9lds for the saoe autotrophic energy source utilization. 

In the organically-iopoverished environments in which growth and a ctivity 

of an obligat e autotroph has been shovm, cell yields will be much lower . 

There is thus an ecologica l advantage , with no ocological disa dvantage , 

in such sensitivity arising from quite usual control mechanisms . 

Such a f eed-back repression and inhibition expl anation for the effect 

of amino-a cids etc. is not valid for the central met abolism compounds such 

as glucose, pyruvate and citrat e which have only l:i.nited biosynthetic 

functions in t erms of direct incorporation . 
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5 .4 . ASSIJv!ILATION OF EXOGENOUS ORG;,,l\lJ: C COMPOUND...§. . 

The incorporation of exogenous organic conpounds by obligat e 

autotrophs h.~s been well documented by Rittenberg (1969) . However, a s 

shown by Stoutho.n~~e r and Bcthenhausen (1973) a r a t e of assj.Qilation such 

that subsequent metabolis121 provides energy in excess of J:1a intenance energy 

r equirerac.:nts is necessar y for growth to become evident (Section -1 .41 • ) • 

In the pr esent study, the time -course of uptake of trace amounts 

(0 .5 - 10µM) of 14c- l e..belled coE1pounds ( acetate , glucose , and glutamat e ) 

was followed for thc facultative autotroph T . novellus, grown on gluta.D.£l t e 

and on thiosulphat e , and the obligat e autotroph T. thioparus, grown in the 

presence r..nd absenc e of t he i nhibitor , succinnt e . 

ThG upt akG of the compounds by r~_novellus, either het erotrophically­

or autotrophically-grown was f a irly rapid and over 7cJ/o of the 14C-labelled 

cocpound supplied vms assimilated within :~n hour (S ection 4 .3 . ) . In 

T . thio.,2~~:J'.'.1!..~, however , only the uptakG of 14c-acet 2. t e wa s rapid and cor;ip l ete . 

Uptake of 1 Li-C- glucoso and 1 li-C-glutai;nt o was low o.nd occurred at a slow 

r ate proportionl'. l to the:: r r..h; of thiosul ph2.tc, oet o. bolisn (os indico.. t ed by 

the r at e of a lkali addition) . The line~r r r..tos of glucose and glutanat c 

uptake , ~ainta inod for soL1e hours , indica t ed that no adapt ation had 

occur red et th0 concentra tions used . I t is t oopting to a ssune further 

tho. t tho low linoar r at es of uptA.ke for gl ucose nnd glutanat e in T . thioparus 

a r e a consequence of the low l eve l of tho transport system present. This 

Eny not be t:rue ; ther G i s insufficient evidence in this study for a firr.1 

conclusion t o be drawn . 

In the obligc.t e photo- autotroph l1nacystis nidulans Hoare, Hoare and 

Moore (1967) found that a ssimilation of exogenous organic compounds varied 

consider ably: a fter 5 hours the % of added 14c in oembrane - fil t er 

reta ined cells was: 

In the light In the dark 

For Acetate 66 .5 13 . 4 

Succinat e 1 . 2 1 . 2 

Glutamate 0 . 2 0 .1 

Citra t e 0 . 2 0.1 

In the same organism the uptake of 1 0 mM acetate was linear with time 

for twelve hours (Hoare and Moore 1965) . 



Taylor and Hoa r e ( 1 971 a ) found the extent of uptake of 14c- a cet a t e 

by ~ s_,!}iir:,i! icc.ns t o be independent of acet a t e conc entration (from 0 . 75 

t o 18 . 6 r:i1'I) o 

The upt ake pE: r µgo dry we i ght f or a ce t a t e wa s higher than for any 

other compound, at the sa@e concentrations, in the obligat e aut otrophs 

A. nidul~, Gloeoca psa ...tlE,~~ ' Cocciochloris peniocystis, T. thioparus, 

and Thioba cillus thio-oxid.ans (Smith, London and Stanier 1 967) . It is, 

perhaps, of significa nce tha t only a cet a t e and succina t e , of n r ange of 

coopom1ds t Eo stod, wer e a ble t o increa se cell yields in continuous culture s 

of Thiomicrospiro. pel ophll:£., Thiobacillus -~_h ioparus and T. neapolita nus, 

(Kuenen and Vel dkanp 1973). 

Incorporation tha t pa r alle l s grovJth i s very coucon, a l.most char a cter­

istic, of obligat e autotrophs (Kelly 1967c, 1969b, 1970a ; Eccleston and 

Kelly 1 972a ; J ohnson and Vishnia c 1970; Snith and Hoar e 1968; Butler 

and Un breit 1966; Snith, London and Stani er i 967; Hoar e , Hoe.r E: and 

Moor e i 967) with only one exception , f or o.n inhibitory concentration of 

pyruv2 t 0 assiD.ilo. t ed by T. neapolitanus x (Kelly 1 970a ). This doe s not 

i nply t hat t he sys t ec is satura t ed - as shown by glucose uptake in 

Anacysti s ni dula_~ (Se ith, London and Stanier 4967): 

Glucose Cone . 

5 r.i.M 

25 oM 

50 oivl 

Up t ake r a t e (linear) mM/ gm Cells 

4 X 10- 2 

20 X 1 0- 2 

59 x1 0- 2 

The linear diffo r 0ntia l r at e doe s however i ndica t e t ha t no induction 

or adaptation i s occurring t o increase the upt ake r at e . This inplie s tha t 

thr:: syst er.1 for uptake e1. nd subsequent ne t abolisr:: cannot be induced 

(consistent with th~ theory of pem anent r epre ssion , Section 1 .43.), thnt 

such systeos er e fully induced, thnt the uptake systeo is satura t ed a t 

these very low l evels, or tha t internally effective l evels of the compound 

cannot a ccwnula t e since the compound i s used o ore r apidly than it is t aken 

up . 

The existenc e of upt ake systems saturat ed a t very low l evels of 

organic compounds poses the problem of the manner in which the inhibition 

is effected at concentra tions higher than the satura ting concentrations, 

which ar e not inhibitory . The additiona l concentration required to r each 
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the inhibitory concentrations , internally , proba bly a ccur:iulat es by 

passive diffusion Qt high external concentrations. 

Tho uptake of acet~t e by P.nac~t~pj.~lans (Soith, London a nd 

Stani e r 1967) is independent of the concentrc.tion of acet at e: 

Acet a t e Cone . 

1 • 0 r.ilvl 

5 , 0 rnM 

25 mM 

Uptako r at e : mM/gi:i cells Formed 

2 .1 6 

2 .15 

2 . 62 

this organisu is t ota,lly inhibited by 40riM aceta t e (Ho Lt r e , Hoare and Moore 

1 969) . 

Siu ilc.rly in T. neapolitnnus (Ke lly 1967c): 

1,cet a t e Cone . Differentia l Uptake Ra t e olvi/ gm Cells 

1 5 µM 0 . 5 

11 0 ~f 0.5 
51 0 µ11.1 0 . 5 

1 OOO µU . 55 

It is possiblo thr. t in cort8.in C:'c so s the::rc i s sor.ie limitation other 

than tho uptake: systor:i . The trace anounts used in this study r;mko it 

unlikE.: ly t hctt cor:1peti tion f or energy i s :::t limit8.tion on "transport 11 

ope r ation . ·.rhc inability of many organic conpounds t o be t aken up in the 

absenc e of the aut otr ophic energy source probably r efl ects thoir ina bility 

to act a s an alternr.tive enGr gy source r a tht1 r than s 01:ie obliga t e link t o 

autotrophic ener gy- generation mechanisns . Once t aken up t he conpounds oust 

be oe t abolised; if the oet a bolisE of the se c orc:pounds r equires some 

a cceptor t hen the r a t e of supply of the accept or liL1its the r a t e of met abolise 

of tho compound; so tha t in the absence of the a cceptor f eed-back inhibitory 

concentrations a ccUI:lula t e and further uptake ceases . 

For compounds such as a cet ate the acceptors will be coopounds 

capable of r eacting with a cetyl- CoA . Aceta te uptake by T. denitrificans 

required bicarbonate, which could only be replaced by oxalo-acetnte 

(Taylor and Hoa r e 1971 ); in T. neapolit~ bicarbonate wa s required 

(Kelly 1 967c) . 

As these acceptors nre provided by metabolic activity then the r a t e 

of upta ke is a linear function of growth; as the taken-up label enters 

a pool already present even very low concentrations will be assir:iila ted 
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linearly . Furtheroorc the s ize of the a cceptor pool and not only the 

tra nsport-systeu a ctivity, nay decide tho 11 saturation l eve l" for upta k e . 

5.5 . Q!§_TRIBUTION OP LSSD:iILfl. TED LABEL. 

Tho trace amounts of l a belle d compounds we r e u sed in this s tudy so 

tha t the a ssimilc. tion of the s e c or.1pounds woul d not dist ort the norua l 

inte rna l n et abolisr.1 by affecting e nzyr"e l eve l s or a ctivitie s or by oarkedly 

o.lt e ring pool s ize s . The l a be l thus pr ovides an outline of i:;ie t abolic 

pathwo.ys . The CELL HYDROLYSJ,TE an ino- a cids ca n be a ssw:,ed to be cone 

13.belle d by the V/811 r e c ognized biosynth0tic p e.. thv:o.y s , ·d.n inte rr.1ediate s 

of centrn l n et a bolisr:: ( sec Fi gure 40) . 
The 14co

2 
produced i s c oe::i. sure of the oxido. tive de6r o.dation of th-.; 

labe lle d cor.1pounds . 

ThlJ distribution of 14c f r oi:: el'. ch of tho substrl'.te s will first be 

discusse d for each or ganise a nd the di stribution pa tte rn will the n be 

corup .'.l r ed with da t e, ava ilc. ble fron othe r workers. 

5 .51 • GLUT.:Jvi!.TE-GROV/N T. NOVELLUS. 

14 Lnbe l from C- glucosc o.ppoc.rs i n r.1os t ..-: .. n ino- a cids of the CELL 

1IYDROLYSNCJ.:; Ffu.',CTION a nd :1.lso in co
2

, inclic~ting substantio.l oe t .'.lbolisr.i of 

glucos u . Th'-' pr "'senc e of ..,x ogonous g luto...::l'. t o has not gr eatly aff ected tho 

incorpora tion of 14c fror:: 14c- gl ucoso int o t he i;luta r.n t e f ar.lily coino-ncids 

(glutar;1a t 0 , pr a line a nd ar g inine ) since the r e i s Q siDila r distribution of 
11

+c fron 14C- glucos o in thiosulpho.to - grown T . novollus . La be lle d carbon­

dioxide can ari se fro[, glucose by the r ea ctions ca t a lyz ed by ph osphoglucona t e 

dehydrogenaso , pyruva t e dehydrogeml s e and the enzyr.ws of the TCi'. cycle 

( see Figur e 41 ) • 

The continue d production of 14co
2 

a f t e r glucose uptake has cea s e d i s 

presunably due to the continued oxida tion of intern£.l r;ietabolic pools or, l ess 

likely in the presence of the substra t e glutaQate , stored r eserves such a s 

polyf, -hydroxybutyrate , c onta ining 14c . This 14co
2 

would a rise from the 

TCA. cycle r eactions, a nd constitute s the l a rger part of 14co
2 

production 

frora 14C-glucose . 
14c-a ce t a t e is t aken up rapidly a nd coCTple t e ly a nd much of it is 

metabolized to co
2

• Most of th0 label, in CELL EXTRACT a nd CELL 

HYDROLYS.ATE FRACTIONs, appears in lipid corapounds . Thus a m::tjor f a t e of 
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a cetyl-CoA i s incorporatio1 into lipi d . Tha t proportion that doos enter 

thu TCA cycle appenrs in most of t he amino- acids and in co
2

• 
14 1 In the ca se of C-glutaraat e a bout 4Cffo of the a ssiDilat ed glutanat e 

bocones co
2

, presw:1ably by way of tho TCI~ cycle which glutamate ent ers via 

t he degr e.da t ive glutamat e dehydrogen:ise ( Crorles 1 971 ) . 

The distributions indicate that an active , complete TCA cycle is 

opera.ting a s is 2.t l ee.st one of the pathways capable of converting glucose 

t o pyruvate . 

5 ,52, TRIO SULPHATE-GROWN T. NOVELLUS . 
. 14- 14-Agnin C fror.i C-glucose appe ars i n a wide r ange of ~ino- a cids 

distributed sinilarly to t hat in glutamc.te-gr own T. novellus, so a 

functiona.l, coEJpl et e TCi. cycle and nt l ec.st one pc:,thway for thu conversion 

of gl ucose to pyruva t e must be oper ating . 
14c-a ceta t e i s l a rgely ou t aboliz od t o 14co2, presumably by way of the 

TCA cycl e , to a great er extent than f or gl utar.:ate-grown T. novellus. The 

nuch lower incorpora tion into CELL RESIDUE, despite tho only ninor 

differ ence s in distribution of 14c , may be rel~t ed to tho ouch lower growth 

r ~t c of the autotrophic T. novellus (i. e . t o a ouch lower absolute r at e of 

biosynthotic activity). 

Th0 distribution of 14c frm.1 14c- gl utc.on t e into 14co
2

, et hnnol-soluble 

(CELL EXTRACT FRLCTION) conpounds o.nd 2.::1cmgst o.nino- ncids indica t e s that 

glutanat G is ent0ring a compl e t e , functionc.l TCJ.. cycle , pr esur.iably via n 

degrc.do. ti\·e e;l utal:la t o-dehydrogenase , which is pr e sent but a t very ouch l ower 

l eve l s than in glutane. t e- grovm T. novellus ( Charlc, s 1 971 ) • 

5. 53 . T. THIOPlillUS . 

The l abel fron 14C-glucose ~ppear s in mos t of the nraino-acids , but the 

distribution, by inspe ction, is not identica l with that for T. novellus . 

The production of 14co
2 

fror:i 14C-glucose is l e ss than for T. novellus, 

indicating tha t l ess of the glucose a ssimilated is oxidized . The distri­

bution of 14c among amino- acids r e semble s tha t obtained using 14co
2

• This 

partial smilarity raay be due to the similarity of the pathways involved 

in co
2 

fixation and in glucose metabolisn (see Figure 4-1 ) . 
14c- ncetat e is not oxidized and there ar e f ew labelled compounds 

in CELL EXTRACT and CELL HYDROLYSATE FRACTIONs so that the metabolism of 

acetate is quite restricted . 
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ORIGIN OF CARBON SKEIETONS IN AMINO-ACID BIOSTMTHESES 
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The cell hydr olysa t e aoillo- a cids ( Fi s ur~ 3?) ,a r e thos e of the 

glutana t e family ~nd .a n o.ni no- a cid ill thu isol,:mcjnc./~eucille/phenyla l anine/ 
, , t ~ • • ,.. • r . 

me t hi onine . rGgion of -the ·r adio chrona togr':lLS ,' p'r e s lll'.lnbly l cUCillO. Ve ry 

low ; ·rop~~i~ns of ot.he r :ar:-'. i~o-8:c~ids (0 1 (%) may ·'repr ~~~·nt- r E: fixea 14co
2 

or excha nge into other Det a boiic ·:ir cC:·s . As -£he.r e .:i s 'no inco~pora't'ion i nt o 

a spartut c fanily aoillo-acids the TCl~ cy cle cnn bo pr e sume d to be inc oDpl e t e ; 

this i s consis t ent with the low 14co 2 p r oduction . 

i1.s gluto.nat e f amily 3.Dillo- a cids but not a spart a t e f aoily aoino- a cids 

a r e forned ( Figur e L~O) the l esion ill the TCA cycl e mu st lie between 

o(.:...ketoglutarate- de):lydrogena se a nd ma·hte dehydrogena se (:Lr10l:1~~ve ) 

(Figure s 39 a n~ -49) . 

, In none of these r eactions, ,in tho incoc1pl e t e cycle , is }4co 2 f or o0d 

f r oo ~c etate , no~ doe s it a rise in the bios,vnthesis ?f glutanat e ~aD~l y 

ar..ino- a cids a nd of loucino. . .In the se bios_ynthe se s the r 9 is sinilarly no 

oppo-~t unit y for ex change of 14c into ot he r DDino-acids, even b.y trans-

ar:1ino. tion r eactions, snve p ossibly vn. line . In fact the only possible 

origin of the hbe l in the amino- o.cids :1 t l ow l eV8 l s is by fo:rnw. tion of 

pyruvic a cid , by the forrn.t i on of ot her corupounds during lipid EH:: t a bolisrJ , 

or by r e: cycling of th'3 c.nillo- a cids by ca tl'..boli c pathwq.ys . 
14C-glutOIJ.at e i s assir.;ila t ed ~nd incorpora t ed in pa r a lle l with g r owth: 

ther e i s sone 14co
2 

pr oduction but this i s a t such lov; a bsolute value s it 
14 1~ rJay not , i n f a ct, b<3 Co

2 
but sor:e other C-conpounds, or can be n s sur1ed 

t o 11 r iso f r oo ex change into the TCA cycl e c~n d. subse quent fo r II1'.1 tion a s f or 

a ce to.to . The 14c in CELL RES IDUE i s prnsucc1,bly ·due t o .the glutaEJP. t e 

f amily ai., ino- a cids ( glu t anat e , i:trgiri.ine c..nd· ·p r o line ), in prot e.ins. : 

As the TCA. cycle i s incocpl e t e the 14co
2 

f r on 14c-glucos e oust ~rise 

fron t hose decnrboxyla tion s in the TCA cycle , i. e . those which produce 
14

co
2

, 
14 which nenns those cor;ipounds a rising f r o;:.: C-pyruva t e and not froo 

14c-a ce t a t e (see Figures 39 a nd 41 ), a nd a lso froo the de ca rboxyla tions 

by 6-phosphogluconnte dehydrogen a s e and pyruvnte dehydrogenase (see 

Figure s 39 and 41 ). The l a be l t ha t goe s through pyruvate dehydrogenase, 

and henco through a ce tyl- CoA , will a ppea r in the s am€ compounds a s a ce t a t e 

did . No e stima te of these compounds is a va ilable for 14c-gluco ae . 
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This dingr n.r:: .s hows thE:; v o.rious r o.:1ctions t hn.t .'.lr e:, c ons i dGred 

t o be .involved in 11 centro. l cet :ibolisr.i 11
• Sane r earrangenents and 

sone singl e enzyne s thc"t 2. r e not of r:i do spr eo.d occurrenc e hc ve been 

ooitt8d f or cla rity c:. s h c:.ve t hose recections th.:: t fo rr-1 s ooe of the 

products fo n 21c.:d in f8rr:1ent a tive r.,e t c.boli s~::. . The cocbine d TC.A a nd . 

glyoxyl c: t e cycle s h 2..v e bf.::cm shown in nor e dL. t ['., il in T2.ble III on 

fugc; >. 
'I1h,J V'.:'. rious .::nzyoos a r o unde rline d . 

(H) repr0sents t h1:- pr oducts of dehydrcbena tions, e ithe r 

. I'li,DH
2 

or NADPH
2

• 

'r hc conpl cx of r e::.:. rro.1'16eocnts th .. 'l t occur in the pentose. 

phosphate cycle s a r e n ot shovm f or cla rity, but the e nzyue s can be 

a ssuoed to exist in both tht; thiob~cilli under the conditions used . 

·-· 
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CENTRAL METABOLISM 
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5 . 54. T. THIOPARUS I N THE PRESENCE OF 1 6 mM SUCCINATE. 

Both the upt8.ke n n cl the subsequent ne"w.bolisn of glucose a r e 

a ffected by the pre sence of succina t o . Up-cake is very low and the 

proportion of o. ssinila t e d 14c in 14co
2 

i s de creased when succina t e is 

present. 

EoV1ev e r succina t e :bes no effe ct on 14c-a ce t o. t e upta.ke J.nd ne t n bolisr:i ; 

although the r e nay be a r eduction in the r ol oo. se of r adio-a ctive substa nce s 

fror;i the ce ll. 
14 14 14 The r a t e of co

2 
uptake a nd the distribution of C fron Co 2 

ao ong ce llula r constituents is a lso uno.ffecte d by succina t e . It ca n be 

concluded th::i.t succina t e is not inhibitory by a ffecting anino- J.cid 

E1e tabolisn a s CELL HYDROLYSATE r a diochronnt ogr ans , using e ither 14co
2 

or 14c-o. ce t a t e , a r e identica l in the pre s ence und a bsenc e of succina.t e . 

There i s, however, o.. n e ffect on glucos e r.1e t a boliso . 

5 .55 . COMPJ.RISON OF DISTRIBUTIONS OF 14c~ JJ.'10NGST A1v1IN0-ACIDS OBT!,I NED 

IN THIS STUDY WITH THOSE OBI'AINED I N OTHER STUDI ES . .. -
14 Two types of pa ttorn of di stri bution fo r the l o. be l fro r..1 C-e. c e t a t e 

ca n be d istinguishe d: 

( 1 ) a " T ~thiopnrus type" in whi ch CELL RESIDUE l r~ be l a ppears in 

lipids , o. nd t he anino- a cids of the gluto.nat e fan ily and l eucine a lone . 

( 2 ) o. "T. novellus type " in which thu CELL RESIDUE l a be l e. pp o.rs in 

r.iost au ino- a cids c..nd the r o i s conside r a blE: oxide. tion with con sequ ent 

production of 14co
2

• 

The typo (1) distribution is fo und only in obligo.t e l!Utotrophs , and 

type ( 2) only in f a culta tive o.utotrophs o.nd heterotrophs (Ta ble XIX) a nd 

these p c. th.rns can be corre l a t ed with c.. l a ck of ,.'<'.- k e toglutarat e dehydrogenas e 

in type ( 1 ) (T2..ble XX; s oe a lso Tabl e II). 
14 The distribution of l a be l using C- glut ar.iat e can a ga in be 

classifie d as one of t wo type s, which can be corre l at ed wit h the occu:rrence 

of v<- ketoglut a r a t e dehydrogena s e . The T. thioparus typ e in which 
1 4c 

appea rs in only a very f ew amino-acids, of the glutama t e f ar:iily, and onl y 

a ve ry low proportion in Co
2

, has also been found in lmacystis nidulans and 

T . thio-oxidans (Soith, London a nd Stanier 1967) a nd in T . n eapolitanus 

(Kelly 1 967a ). 



153. 

TABLE XIX 

DISTRI BUTION OF 
1 4c-J1.CE~J ... ~E .JF.}.Iii~S z OCCURRENCE 

T . ne9:.Eolita~ c 

T . nea polito.nus x 

1\n abaene. vo.riabilis 

Anacystis n idula ns 

Ifostoc muscorum 

CoccC;._9..hlori s E~niocyoti~ 

Gl oeo capsa ~lpicola 

T . thio- oxida ns 

T . thioparus 

Methyl ocqccus ca£!3ulatus 

( 1 ) (3) 

(1 ) 

( 2 ) 

( 2) (5) 

( 2 ) 

( 2) 

(4) 

(4) 

(4) 

(4) 

(8 ) 

OF TYPES o 

i 
_l 

To nove1lus: Type ( 2 ) 

T . int0n1odius 
~~...-,,,.~-

Ni trob_£9tor agilis 

Chlor ogl oea fritschii 

'I'. A - ---2 

TABLE XX 

DISTRIBUTION OF J(- KETOGLUTl~Rh.T__:p_ DEHYDROGENi1.SE IN TYPE ( 1 ) 

ii.ND ( 21JlllGLNI~. 

Ll(,~ Kot oglutara t e Dehydrogenase 

Abse,_n_t _____________ f,- Presont 

I T . int c r r::edius Aua cys t~s nidula ns (4 ) 

Coccocl~~oris p~nioc.ystis (4) 

~capsa o.lpicola (4) 

!,.._tJ1io - cxide:_ns (4) 

T . thiopa rus (4) 

T. A.2 ( 1 0) 

Me thyl~,.2 ccus ca psula tus (11) 

( 1 ) Kelly 1 970a 

( 2 ) Hoa r e , Hoa r e a nd Moore 1 967 

( 3 ) K~lly 1 967b 

T . thio- oxidans 

Nitroba ctc r ae2lis 

T. A2 
T. novellus 

( 8 ) Eccle ston and Kelly 1 973 

(9) Williams a nd Hoa r e 1972 

( 1 0 ) Peet e rs, Liu and Al eeo 1 970 

(4) Smith, London and Stanier 1 967 · (11) Davey e t a l. 1972 

Butler and Uobreit 1969 

Tayl or a nd Hoar e 1 965 

Charl es 1 971 

( 5 ) Hoare and Moore 1 965 ( 1 2 ) 

(6) Sn ith and Hoare 1968 (13) 

(7) Mille r and Allen 1 962 ( 14) 

(4) 

(6) 

(7) 

(9) 

(4) 

( 1 2 ) 

(6) 

( 13) 

( 14) 
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Thus the f c1. t e of a ce t a t e d epends upon the corapleteness of the TCA 

cycle ; if it is incooplet e , duo to the abse nce of~<~ke togluto.r a t e 

dehydrogcnc. s e , then a ce t a t e carb on is as sir.lilnt e d entire ly into lipids 

nnd a f e w o.mino- a cids, without Co
2 

pr oduction . If ho weve r the cycle is 

coo plet o the o. ce t o. t e is incor por a ted into nost amino- a cids and a l a rge 

proportion appears ::i.s CO ,.., . Unde r such conditions energy-gene r a tion is 
c_ 

possible fro1:i o. c et nt e s o long a s oxido.tive phosphorylation ca n occur; 

a ceto. t 8 ca n s erve .:\s a cn.rbon s ource f o r r:iost aoino- a cids . In the a bsence 

of a cor;!plet e TCA cycle c. functiona l glyoxylo.t e cycle ca n fulfil an 

o. ssir.liln tory rolE- s o tha t 14c- o. c e t :..: t e l a be l vTOuld appec.r in r::1ost ami no- a cids 

a nd eventu2.lly in Co
2

, but not t o t he snuo exte nt r. s f or the dissir.lila tory 

TCA cycle . !.· thi o.J2E:._rus hn s ne ither .o. f unctiona l 'rCA cycle nor c. 

functional glyoxylo. t e cycle ; ,'>(_- k et ogluta r :,. t e uehydrogena s e (Soith, London 

a nd Sta nier 1967) a nd isocitra t e lyn s e (Coop er 1964) nr e both a bsent . 

The f a t Gs of gluta o a t e a l so depend up on a functiomi. l TCA cycle . In 

a n incor.ip l e t e TCA cycle ( c. s in T ~ OJ?3,~) glute . .na t e s erves only o. bio -

synthetic function c. nd n one C[,n bo oxidized . With £, coIJple t e TCA cycle 

tho gl utf'.r:.tc:.t c th·,t does ente r t h0 TCJ!.. cy ch .. via glutar:mt e dehydrogeno.se , ca n 

be di s sir.!ilo.t 0d. with ext ensive p r oduction of co.rbon dioxide . I n the 

pre s e n ce, of t h i osulpha t e the: f c. t e of glut ru:;o. t e in '.i.' . nove llus , c. s :-. bio­

synthetic prE::cursor D.ft e r its entry into the TCb. cycle , is differ ent froo 

thn. t in the pr e s ence of g luto.m. t e ; po ssibly due t o c. diffe r ence in the 

ability of TCA cycle intem edie .. te s t o e nte r C(,rbohydrrc t e pa thways , e . g . 

via the glyoxylnt o cycle . 

Th~t such l e sions a r e c. sufficient explnn D.tion of obligat e a utotrophy 

for c erta in substra t e s is shown by the s tudy of Neilson et a l . (1972 ) on 

o. raut a nt of the gre en o.lgo. £lc..nydo1:1ona s dyso~, which the nce be car::ie a n 

obli ga t e c..utotroph towa rds a ce t a t e , a n orna l he terotrophic substrate . 

Although the TC.A cycle is c onple t e the glyoxy l a t e cycle , which s erve s an 

anapl erotic function in the me t a bolism of a ce t a t e , wa s incooplete as 

isocitra te lya s e was a bsent . The production of ATP in the short t erm wa s 

possible, but dL~inished late r . 

In T . thiopa rus the only pa thway a vn ilD.bl e for glucose rne t abolisn is 

the oxidative and reductive pentose phospmte cycle, as the a bsence of 

phosphofructokinase (Johnson and Abra ha.o 1969) and 6- phosphogluconat e 

dehydrase (Matin and Rittenberg 1971a) prevents the operation of the 
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Embden- Meycrhoff- Po.rn:1.s and Entner- Doudoroff pathways r espectively. 

Thus glucose 14c '.vill e_nter i nteroedia t es of the Hexose Monophospho. t e 

pathway (oxida tive nnd r eductive rantoso phosphat e c:rclo or the Ca lvin 

cycle ) t o gi v0 o. similar distribution of 14c o.Elongst c.nino- o.. cids, to 
14co

2
• The absence of phosphofructokino. s e would bo o. n advanh ,ge , 

o.ut otrophi cally , a s ca rbon dioxide fixed through thG Ca lvin cycle would 

not be r ecycled us e l e ssly through glycolysis (see Figun 41) (Eobden­

=.1eyerhoff- P£:.rnns pc.thwo.y) . This enzyoe i s c. lso a bsent in Ihtr osoSE_is 

.£'?.?_~~~~ ( iiiilli2,ns a nd Watson i 968 ) o. nd 1'_~ n~o.E_olita.nu~ (Johnson o. nd 

Abrahan 1 969). Its presence or a bsenc8 in ether o.utotrophs does not a ppuo.r 

t o ho.ve been ex eJ:1. ined . 

The ne chanisc of the inhibitory eff ect of succina t e on glucose 

octa bclisr.: i s not evident fr o;::,. the d,_1.t 2. of this study. This could be at 

the l eve l of uptake ; or a t a ny of thG 0nzyr:;e s exclusive t o glucose 

raet abolisn , c1.nd not in the r uductivo pont ose phospha t e cycle : 

i . e . hcxokina. se , phosphoglucoisooor o. se , glucose- 6-P-dehydrogeno.so , 

gluconola ct ona se , phosphogluconr,te dehydrogonaso , a s tho 

Entnor - Doudor off and Er::bden- l1,IeyE.rhoff- Pnrno.s p2.t h'no.ys arc 

a bsent . 

;).lthough the upt o.ke oecho.nisr,. f or gl ucose i s unknown in "v'hioba.cilJ .;_, 

the upto.ke coul d well involv8 h0xokin::.se , v;hich is hence a likely cnndicht e 

for succinat e- inhibition of glucos0 odo.bolisr.:. This would eff ectivel y 

inhibit glucose oo t a bolisr.1 wher eas singl o- enzyne inhibition of 2.ny of t he 

other enzyne s ( c. bove ) could siDply divert glucose froc entering the Calvi.n 

cycle by one r oute t o the other a.vnil~ble r oute ( glucosc - 6-P- dehydrogennsc ; 

gluconolactonase a nd phosphoglucon:::.t e dohydroge~se or phosphogluconut.:,se 

serie s of enzynes t o differ ent inter mediat es of the Calvin cycle)(se c 

Figure 41) Qnd this would not explnin thL very l ~rge drop in gluco se 

met aboliso in the pre sence of succinat e . 

Hence pho sphoglucoisone r a se and at l east one of the other enzymes , 

besides hexokin2. se , must be inhibited if hcxokinc se is not . However in 

normal autotrophic met abolisn glucose - phospho.te ~nd not glucose is the 

metabolic intermediary so nn inhibition of hexokinn se by succina t e would 

not expla in the inhibition of growth . 1.1/hatever t he basis, i t is surprising 

to find succinat e inhibiting a n area of netabolisn so far removed froo its 

own met a bolism (see Figure 41 ). 
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As pr evi ously r:wnt.ioned ther e w::t s no effect by succina t e on 
14co2 fixo.t i on by T . thioparus. Succinat e also inhibits the growth of 

14 T . thio-oxid.D.ns but R.8.o and Ber gGr (·1970) found no init ial effect on Co
2 

fixation in this spec i es . Other or ganic conpounds do affect co
2 

fix~tion 

in obli co.t o autotrophs, e . g . a cet ~t o ::i.nJ pyruv~t e at 1 ~ oar kedly depresses 

the 14co
2 

f i xation in T. neapolitanu~ (Kelly 1967c) and T. denitr i f i co.ns 

(Taylor C'..nd Hoc. r 8 1 97~ ) • Such effect s a l ::,o occur in fa culto.tive aut otrophs 

e . g . a cet o. t e depr esses 14co
2 

fixa.tion in Hi t r obc. cter o.gilis (Soith and 

Hoar e 1968 ), ~ (Tay l or and Hoa r e 1971 ) and Hydrogenonona s f acilis 

(Stukus c:.nd De, Cicco 1 970) . Such depressions of co
2 

fixation nay be duo 

t o direct inhibition or repress i on , a s is generally the c::i. se in the 

f a cultf!. t ive or ganisos , or by nc::1. rbon- snving" . This increa sed yi eld for 

the saoe energy-utilization ha s def i nitely buen shown by Kuenen and 

VeldkD.np (1973) in continuous cultures of ~ n.icrospira pel ophila , 

T . thiop::i.rus o.nd T. neapolitanus for o. ceto.t '-' .'.1.nd succina t 0 . The se conpounds 

and no others ga.ve incre['.s ed y i elds, thl, increns e in yie l d being t o the: 

.:mount of the subs t anc e a ssi.Bila t ed: the increnent due t o a cet a t e r eached 

a nax:ir.:w:1 a t 1 r.:11': o. cot a t (:; . The se eff ects WE; r o addit i v€: f or the t wo corJ-

pounds . The other co1.~pounds wer e not effective either because t hey wer e 

not t aken up or bec.1.us e they wer e not r,1ot::.bolised . 

TLe li.nits of "carbon-saving '' pr obabl y r epr e s ent the extent of 

a ss:ir::ilo. tion of thesc.: cor.i.pounds of r1hich thl, or gcm i sra i s capable . It is 

possible , o. s sub6osted by Rittenber g (1969) that sooe spec i a l coobina tion 

e . g . succ ina tE, , a cet a t e c.nd gl ucose - 6-P f or T . thiopo.ru s , of cor::lpounds 

n i ght act ['.Set "sole" ca rbon source for obligat e autotrophs. 

In t hi s light tho statenent of Kuenen and Veldkamp (1973 ) i s of 

interest . "The Ge t abolic nachinery of the obligat ely chemolithotrophic 

thiobacilli and T. polophila appears to be ouch l ess flexible t han t hat of 

the r.-, ixotrophic thiobacilli (Rittenber g 1969 and Kelly 1971). However, the 

oaximw:i specific growth r at e of the obligat e chenolithotrophs in inorganic 

gr owth oedfo. is ouch highe r than that of the r,1 ixotrophs ( 0 . 3 hr -1 versus 
-1) 0 . 05 hr • Appa r ently the price t o be paid f or this advantage i s the 

loss of the het erotrophic potential . The ubiquitious presence of large 

numbers of obligat e ly chemolithotrophic thiobacilli in natural environnents 

indicat es that this loss i s worthwhile . " 
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