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(i1)
ABSTRACT.

The organic nutrition of a facultatively autotrophic Thiobacillus

(T. novellus) and an obligotely sutotrophic Thiobacillus (T. thioparus)

were compared. &L wide range of orgunic compounds as potential growth
substrates and as effeetors of growth were tested in agar plates and in
liquid culture. The uptake and metabolism of 14C-labelled glucose,
glutamnte and acetate was examined in greater detail.

(1) T. novellus used = wide range of organic compounds, including
amino=-acids, sugars, organic acids and alcochols, aos substrates for

heterotrophic growth. T. thioparus used no organic compounds as a sole

energy or corbon source.

(ii) of the tested organic compounds most, but not all, were
inhibitory to I. thioparus, but very few to T. novellus. Some similarities
in the shepe of the growth curves for the two species were evident in the
presence of inhibitors, and possible mechanisms for this are discussed.

The ccmpounds eapable of reversing threonine inhibition of T. thioparus

are biosyntheticelly related.

14

(iii) A very low rate of uptake of ' "C-labelled glucose and

glutomnte (supplied at p Molar 1evels) wos found in T, thioparus,

compared tc the high rate of uptake in T. novellus. Acetate was rapidly
taken up by both species. The assirilated compounds were largely

oxidized to 002 by T. novellus, both heterotrophically- and autotrophically-

14

grown, but in T. thiopzrus most of the "C taken up was incorporated into

cell constituents.

(iv) The metabolism of both acetate and glutamate by T. thioparus

was restricted by an incomplete TCA cycle: the resultant distribution of
ﬁhc can be correlated with o lack of '=ketoglutarate dehydrogenase. The
TCA cycle wns apparently complete in T. novellus.

(v) The inhibitory effect of 16 mM succinate on T. thioparus

was investigonted. In liquid culture growth and consequent thiosulphate

consunption and pH changes were inhibited. In cell suspensions the

14002 assimilation was unaffected. The

uptake and metabolism of acetate was unaffected. The uptake of 140—

rate of acid production and of

glucose was markedly depressed, and possible mechanisms for this are
discussed. No basis for the inhibitory effect of succinate on growth
was found in these experiments.

The findings are discussed in relation to the current theories
of obligate autotrophy.
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PREFACE

"The characteristics of the chemosynthetic organism are as

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 the scle 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 as the sole source of carbon, for

chemosynthesis."

S. Winogradsky (1890) Annals Instiut 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: mixotrophy can exist with
respect to autotrophic and heterotrophic biosynthetic mechanisms and/or
to chemolithotrophic and chemoorganotrophic energy-generating processes.

Examples remain of bacteria 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 an achronism on earth as it now exists."

S.C. Rittenberg (1972) The obligate autotroph - the demise
of a concepts Antonie van Leeuwenhoek Journal of Microbiology
and Serology. 38 457.




1. INTRODUCTION

141+ OBLIGATE AUTOTROPHS.

The problem of obligate autotrophy has intrigued biologists since
the concept of "chemosynthesis" was introduced by Winogradsky (1890) (see
Preface). During the ensuing years the changing understanding of metabo-
lism and a wider knowledge of the different nutritional types found amongst
living organisms, has led to a changing meaning of the terms "facultative
autotroph" and "obligate 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 are thus lithotrophs, obtaining energy tf'rom 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
carboxylase; but the energy-generating mechanisms and the existence of
obligate methylotrophs indicates many affinities with the autotrophs so
they are considered in this study as autotrophs.

The term "obligate autotroph" is used to denote an autotroph incapable
of using organic compounds as a sole carbon or sole energy source under
most experimental conditions. It is a term that loses much of its
effectiveness if too rigorously def'ined, so 25 to be incapable of
accommodating exceptions under certain experimental 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).



w & 3.

The blue-green algae (Schizophyceae) have generally been classed as

obligate autotrophs, i.e. obligate photo-lithotrophs (Van Baalen, Hoare

and Brandt 1971). However a report by Khoja and Whitton (1971 ) in which
17 out of 24 strains of blue-green algze were capable of growth, albeit
slowly, on 0.01M sucrose in the dark, suggests that the heterotrophic
potential of more strains on more substrates should be examined. It dn
unfortunate that the organisms widely used as typical examples, in research,
of blue-green algae, do not appear, zs yet, to have been shown to use
organic sources of carbon.

The distribution of autotrophy and obligate autotrophy amongst the
bacteria is complicated by conceptual difficulties as to the nature of
lithotrophy (Kelly 1971a). Obligate autotrophs are found among chemolitho=-
trophs (such as species of thiobacilli and nitrifying bacteria) and among
the photolithotrophs (such as Chlorobium spp). Certain methylotrophs may
also be regarded as being obligate autotrophs because of their dependence on
the presence of one specific form of reduced carbon as an energy source.
However increasing knowledge of the physiology of these groups has lead to
the need to qualify the classification of many organisms as obligate
autotrophs. Kelly (197a) recognises a number of physiological types which
he has classified as shown in Table 41, in which the classification is by
reductant source as well as the more traditional carbon and energy source.
One organism can, according to conditions, adapt to life over a spectrum of
types so that it belongs to several or many of these groups; at least one
organism exists to exemplify each of these types.

Types 1 and 7 are the obligate autotrophs - metabolically conservative
- while types 2 and 7 are facultative autotrophs.

Certain supposed autotrophs in the bacteria have not been sufficiently
studied to establish their status as autotrophs let alone as obligate auto-
trophs. The quite high organic content of most mineral-salt solutions,
even in distilled water, often hampers such characterization; as it did
for Desulphovibrio (Rittenberg 1969).

It is noteable that obligate autotrophy is confined to unicellular
organisms and quite probably entirely a property of prokaryotes.



TABLE I
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Light ( water as sole

H- donor)

t}pe 8

Sources a of energy and carbon in lithotrophic bacteria

¥

Type 1

Obligate chemolithotrophs( some thiobacilli,possibly

Nitrosomonas, Spirillum sp, Gallionella)

Type 2; '"facultative autotrophs " and mixotrophs ( Hydrogenomonas,
T.novellus,T.A2,Begriatoa,N.agilis , T.ferro-oxidans,T.intermedius)

Type 3;Chemolithotrophic heterotrophs (T.perometabolis,Desulfovibrio)

Type 4 Pseudomonas oxaliticus Type 4a

Type 5 None clearly shown

Obligate methylotrophs

Type 6 Obligate photolithotrophs

(Chlorobium spp,Prosthecochloris , some Thiorhodaceae,Pelodictyon)

Type7 Many Thiorhodaceae, the Athiorhodaceae
Type Ta lossibly some Athiorhodacese on some subatrates
Type 8 Cyanophyta( blue green algae)
Type 9. None clearly shown.Type 10 . None clearly shown.
AFTER KELLY 197la. Terms as defined by RITTENBERG 1969,




1.3. EVOLUTIONARY SIGNIFICANCE OF OBLIGATE AUTOTROPHS.

The earlier view of Breed et al.(1957) that photosynthetic and
chemosynthetic organisms represented a primitive form was based on the idea
that their independence of preformed organic media, i.e. their autotrophy,
enabled them to live in the totally inorganic primaeval environment.

Thus the obligate 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 place to that of Haldane and Oparin (Oparin 1968)
who suggest that "1life" originated in a "primaeval" soup of organic com-
pounds formed by various energy sources from an atmosphere considerably
more reduced (as against oxidized) than the contemporary atmosphere. The
succession of metabolic forms that follows from this is almost the reverse
of that suggested by Breed et al, (1957).

The chemosynthetic organisms would be regarded as highly evolved, being
both oxidative and independent of the presence of organic compounds, in some
cases. The loss of the primitive feature of heterotrophy would suggest

that the "obligate autotrophs" have become even more specialised.

1 o4 RMECHANISHS FOR OBLIGATE AUTOTROPHY.

The basis for obligate autotrophy must lie in some specific difference
between obligate autotrophs, on the one hand, and facultative autotrophs
and heterotrophs, on the other.

The explanations, beside explaining the inability to utilise organic
compounds must also explain the general but not total sensitivity to organic
compounds.

An early suggestion that obligate autotrophs were a totally different
life-form seems to have been based on the claims of Winogradsky concerning
the general toxicity of organié compounds to obligate autotrophs
(Winogradsky 1890, 1922). The discovery of T. novellus by Starkey (1934),
a facultative autotroph in an otherwise obligately autotrophic genus,
rendered this view very unlikely. An analysis by Uwmbreit (1e Page and
Umbreit 1945) indicating the presence of 3'-ATP rather than 5'-ATP
temporarily revived this idea. Subsequent reinvestigation of this finding

has failed to substantiate the result.
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L number of different hypotheses attempting to explain obligate auto-
trophy in terms of specific differences in the physiology and biochemistry
of these organisms has been put forward over the last fifteen years. The
explanation may well only be valid in the presence of the organic compound

and/or the absence of the energy 'source.

1+44 « RESTRICTED PERMEABILITY TO ORGANIC COMPOUNDS .

Umbreit (1951) suggested, in relation to the extreme acid tolerance of

T. thio-oxidans, that the cell membrane was impermeable, even to the small

hydrogen ion (which is variously hydrated in aqueous solution). This was
soon discounted but the basic idea of the obligate autotroph as a biological
submarine (Umbreit 1951 ) was revived by Dugan and Lundgren (quoted by
Rittenberg 1969) to explain the inability of T. ferroxidans to utilise

organic compounds. The inhibitory properties of certain organic compounds,
it was suggested, arose from their effect on the membrane, which was such as
to decrease the permeability to ferrous jons and hence inhibited growth.

There is however a wealth of data to indicate that organic compounds can
penetrate cell membranes of obligate autotrophs. Assimilation or organic ‘
compounds is amply documented by Rittenberg (1969).

It is, however, possible that certain compounds inhibit the uptake of the
autotrophic energy source in chemolithotrophs or the inorganic reductant in
photolithotrophs. It has been suggested that the metabolism of the
inorganic energy source in some chemolithotrophs, at least in the initial
stages, takes place at the membrane surface (Trudinger 1965). If this is the
case then although permeability changes may not account for the inhibition,
membrane changes affecting this surface step may.

Even if the organic compounds are taken up, they must be taken up in
sufficient quantities and at sufficient rates to act as energy source for
growth. The rate of energy production for detectable growth must exceed
the maintenance energy requirement. This maintenance energy requirement
is often seriously underestimated and can vary with substrate and nature
of the growth-limiting components (Stouthammer and Bethenhausen 1973).

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

Pelroy et al, (1972) concluded that the absence of a glucose permease
is responsible for the low glucose metabolism rates of the two obligately
autotrophic blue-green algae, Synechococcus 6301 and Aphanocapsa 6308, in
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comparison to the high rate in the facultative photo-autotroph Aphanocapsa
6714, which is freely permeable to glucose.

142, METABOLIC DEFICIENCIES.

Assuming the organic compounds can penetrate the cell membrane they

must bc metabolised to be effective.

The organic compounds that sre utilised as energy sources by hetero-
trophs are those which can be readily transformed into intermediates of
"oentral metabolic pathways" (i.e. those pathways such as the EMP,
Hexosemonophosphate, Entner-Doudoroff and TCA cycles which serve to provide
the cellular requirement for ATP and reducing equivalents such as NADP@Q or
are intermediates already.

TFor those compounds that require one or more enzymic steps for conversion
to intermediates of central metabolism, the presence or absence of the
specific converting enzymes determines the ability to utilise these compounds.
This, in many cases, is sufficient to explain the range of utilisable sub-
strates available to various heterotrophs. The absence of these enzymes in
obligate autotrophs would not be & unique feature.

Since the central metabolism pathways provide all the energy generating
mechanisms for heterotrophic growth, either by substrate-level phosphoryla-

tion or by providing NADH, for oxidative phosphorylation, a biochemical

"lesion" in these pathwayi such as that suggested by Smith, London and
Stanier (1967) for > -keto-glutarate dehydrogenase or NADHz-oxidase could,
if appropriately located, prevent energy gencration from organic sources.

A number cof investigations of label distributions and enzymes
occurrences has, with some contradictions, shown that if there are lesionms,
there are no common lesions to explain all situations of obligate autotrophy.

The first lesion to be detected was in the tricarboxylic acid cycle at
=keto glutarate dehydrogenase which would, it was suggested, convert a

cyclic degradative pathway producing CO,, and ATP, to a solely biosynthetic

2!
system.

A survey of published evidence from enzymic studies (Table II)
supported by labelling patterns, does indeed confirm the low level or absence ..
of ™~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.



TABLE II
QCCURRENCE OF

~KETOGLUTARATE DEHYDROGENASE IN

OBLIGATE AND FACULTATIVE AUTOTROFPIS.

Obligate Autotrophs

i

Facultative Autotrophs

Lacking Type I Methylotrophs (1)
o-ketoglutarate Chromatium (3)
dehydrogenose Nitrosomonas (3)
T.neapolitanus (3)
Anacystis nidulans (2)
Cocco-chloris
paviocystis (2)
Containing Type II Methylogrophs (5); Nitrobactera gilis (3)
» “ketoglutarate Hydrogenomonas d.gilis (3)
dehydrogenose Hydrogenomonas e.utropha (2)
Gleoccapsa alpicols (2)
T.thio-oxidans (2)] T.novellus (6)
T.thiopams_ (2) T.intermedius (2) (7)
T.denitrificans (L) T. A2 (u)
T.ferro-oxidans (8)
(1) Davey, Whithenberg and Wilkinson 1972
(2) Smith, London and Stanier 1967
(3) Relly 19712
(4) Taylor and Moore 1971 a
(5) Wadzinski and Ribbons 1972
(6) Charles 157Ma
(7) lMatin and Rittenberg 1970b
(8) MTabita and Lundgren 1971b.
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This lesion could be circumvented by the operation of the glyoxylate
cycle as shown in Table ITI.

Such an effectively cyclic system could then enable the organism to
oxidise the products of catabolism such as pyruvate and so generate ATP.
In order to prevent the operation of both the TCA cycle and the Glyoxylate
cycle from functioning other lesions, in addition to that at
X -ketoglutarate dehydrogenase, must exist. A single lesion at isocitrate
dehydrogenase, x-ketoglutarate dehydrogenase, succinate thiokinase,
succinate dehydrogenase or fumarase disebles the TCA cycle but still allows
it to function biosynthetically. The simultaneous absence of the
glyoxylate enzymes, malate synthase and isocitratase, will disable both

cycles from separate lesions.

TABLE IIT
COMBINED TRICARBOXYLIC ACID CYCLE AND GLYOXYLATE CYCLE.
Pyruvate
* 60, S
i Acetyl Coh
Nalate -0xalo acetic  Citrate
deH. E heid Synthasé
LfMﬁiatec o A ditrate aconitase
. et -
g ! 3 3 l =
Fumarase \\Malata _——>— cis Aconitate
synthase y
Furarate glyonylate ———" —-isocitrate

I S _,-J""(J / isocitrate deH
Y / .

d 1 = '

.?P = “~ketoglutarate

\‘- /"’ /f
Succinate - "
“~succinate //// {~ketoglutorate deH

thiokinasehhnh“ﬁmu.succinyl Cotp—"

// = 8ite of deficiency
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From the data of Table IV it would eppear that only in T. thioparus and

Nitrobacter, and possibly T. neapolitenus are there lesions such as to

prevent the effective cycling of compounds to yield 002 and energy.
Other lesions exist so as to prevent the operation of various carbo-

hydrate pathways. Thus the absence of hexokinase in Methylococcus

capsulatus was considered to be a sufficient explanation of this organism's

inability to metabolise glucose (Amemiya 1972).

TABLE IV

OCCURREINNCE OF TCA AND GLYOXYIATE CYCLE LESIONS IN
OBLIGATE AUTOTROPHS.

TCA Cycle 3 Glyoxylate Cycle Enzymes

enzyme

absent. Malate Synthase or Malate Synthase or
Any of. Isocitrase present. Isocitrase absent.

> *®

Citrate Synthase T.neapolitanus (co)
Aconitase Nitrobacter (co)
Malate deH.
«=ketoglutarate deH T.thio—oxidans (co) T.thioparus
Isocitrate deH T.denitrificans T.neapolitanus
Succinate Nitro-somonas

thiokinase Chromatium 3 *
Succinate deH
Fumarase

From (Kelly 1971a) and (Cooper 1964)
(co)

Contradictory Reports.
Although there is no complete lack of isocitrate dehydrogenase
some organisms may lack either the NAD or the NADP specific

enzyme .

n
1

No cycling possible

1 = Cycling possitble.
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Type II Methylotrophs (Methylococcus trichosporium, Methylosinus

sporium, Methylocystis parris (Davey, Whittenberg and Wilkinson 1972) lack

glucose—-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase of
the oxidative pentose-phosphate cycle, although the TCA cycle is complete.

6-phosphogluconate dehydrase is low or absent in T. neepolitanus,

T.thio-oxidans, and T.thioparus, all obligate autotrophs, as well as in

T. novellus but present in T. vperometabolis (liatin and Rittenberg 197a).

In T. ferro-oxidans this and other Entner-Doudorcff pathway enzymes are

present (Anderson and Lundgren 1969; Gale and Beck 1967; Tabita and
Lundgren 1971b).

The absence of phosphofructokinase in T. neapolitanus and

T. thioparus would prevent the operation of the Embden-Meyerhof-Parnas
pathway (Johnson and Abraham 4969).

Even in the absence of = clearly evident lesion there may be no

utilisation of the substrate: the blue-green algae Anabaena variabilis,

Anacystis nidulans and Chlorogloea fritshii are enzymatically fully capable

of assimilating and converting acetate to necessary cell components and yet
are obligate autotrophs.

Thus although there are many reported instances of specific metabolic
deficiencies or lesions of central metabolism among obligate autotrophs,
there are few cases where it has been shown that the lesion(s) are such
that they cannot be circumvented by some alternmative pathway. In the
case of lesions that would prevent ATP synthesis via oxidative phospheryla-
tion, substrate level phosphorylation could provide an adequate substitute.
However, in this case, toxic or repressivc end products might accumulate,
€.g+ pyruvate, in the absence of functional terminal pathways such as the
TCA cycle. However, continued ATP synthesis by substrate level phosphoryla-
tion would require some mechanism of re-oxidation of N&DHQ. The absence
of fermentative enzymes such as lactate dehydrogenase in obligate autotrophs
would mean a reliance on mechanisms coupling N&DH2 re-oxidation to an
external electron acceptor such as oxygen.

Smith, London and Stanier (1967) on finding an absence of NADHé oxidase
in obligate autotrophs, concluded that an inability to utilize organic

compounds as an energy source arose from an inability to utilize NADH, as

2
an electron donor for oxidative phosphorylation. The occurrence of
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NADHQ—oxidase in most obligate autotrophs has since been established
(Davey, Whittenburg and Wilkinson 4972; Kelly 197ia;

1967; Smith, London and Stanier 1967; Matin and Rittenberg 1971a) but
only in a few cases has the enzymes ability to catalyse reduction of

nor has the

Pearce and Carr

cytochromes concurrently been investigated and shown;
coupling of NADHz—oxidation to iADP phosphorylation been shown. This is,
no doubt, partly duc to the fact that in vitro bacterial electron trans-

port systems give low P/0 ratios. However the N.Di, -oxidation coupled

2
production of ATP hus been shown in the blue-green algal obligate

autotroph Anabaenz variabilis (Leach and Carr 1970).

1e43. DISTINCTIVE CONTROL MECHANISMS.

As e existence of metabolic lesions i :re. i ffici
As th % f metabolic 1 ns is generally an insufficient

explanation, it has been suggested that the autotrophic levels of central
metabolism enzymes are fixed i.e. permanently repressed. A comparison of
the enzyme levels in facultative autotrophs (as in Table V) under
autotrophic and heterotrophic, conditions, indicates a change in enzyme
levels such that the energy-yielding steps are favoured and the "carbon

distribution" is to all metabolic areas.

TABLE V
COMPARISON OF LEVELS OF CERTAIN CENTRAL METABOLISH
ENZYMES IN 4 FACULTATIVE AUTOTROPH ON VARIOUS SUBSTRATES.

52 3” + | Acetate | Pyruvate | Suceinate | Glucose
co,, B

Citratc Synthase B.5 62 L6 58.9 24
Aconitase 143 367 1 128 99
Isocitrate deH 451 689 144 452 L3
¥-ketoglutarate 0.5 Tl 1.8 Poeli G
Succinate deH 10.6 136 82 8l 5e2
Fumarase 55 169 124 114 128
Malic deH 124 224 121 127 69
Isocitrate lyase 97 160 166 115 214
Malate Synthase 13 177 L3 58 33.7
NADH-Oxidase 25 67.5 2 T 45

From Charles 1971a

n moles/min/mg protein
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If such a shift is not possible, in obligate autotrophs, then the organism
will be unable to adapt its metabolism to allow it to utilise organic
compounds at a rate sufficient to sustain growth. It is noteworthy in
this context that the differential rate of incorporation of organic com-
pounds by obligate autotrophs does not increase with time during auto-
trophic growth, which suggests that there is no induction or derepression
of enzymes to favour such incorporation (Kelly 1974a).

This permanent repression was first suggested by Pearce and Carr (1967)

for fnabaenz variabilis as shown in Table VI.

TABLE VI

EFFECT OF ACETATHE ON CENTRAL IETABOLISM ENZYMES
LEVELS IN OBLIGATELY AUTOTROPHIC BLUE=GREEN ALGAE

Photosynthetically grown in Anabaena Lnacystis
prescence 20m Acetate Variabilis nidulans
absence "i" " -y
Acetate kinase L5 L 0 0
Acetyl synthetase 0 0 3.0 34
Phosphotransacetylase Yt 1 o nt nt
Isocitrate lyase .38 35 45 L3
Malate synthase .82 .80 1.07 1 .00
Isocitrate deHydrogenase 5.0 bt 146.7 16.5
Citrate synthase 6.1 5e 67 .70

From Pearce and Carr 1967 n moles/min/mg protein

A comparison of enzyme's levels in Thiobacillus neapolitanus and

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

that there is a small but possibly significant increase in isocitrate

dehydrogenase and glucokinase for T. thio—oxidans and in glucokinase,

glucose-6-phosphate dehydrogenase, phosphogluconate dehydrogenase, and
fructise di-phosphate aldolase for T. neapolitanus.

It can be seen that the presence of an organic compound may, but need
not, affect enzyme levels in the obligate autotroph; it yet remains to be
shown that this can happen in a co-ordinate manner, so as to give the

enzyme levels required to utilise the substrate at an adequate rate.



TABLE VII

EFFECT OF GLUCOSE ON CENTRAL METABOLISH ENZYME
LEVELS IN OBLIGATE AUTOTROPHIC THIOBACILLI

T. neapolitanus T. thio—-oxidans
190 190 5903" - 190 190 3205" +
" s " :
5203 0.8% Glucose 3205 0.8% Glucose
Isocitrate deH 1672 1605 1167 1330
NADH Oxidase Y 65 L2 40
Glucokine se I 490 590 LO LO
Glucose-6~P deH 1410 140 68 162
phosphogluconate de-
hydrase 2 2 2 2
phosphogluconate deH Th 97 4.2 L
Fructosc-di Paldolasec 16 20
Phosphoglycerate deH 1320 1380 1.3 14
From Matin and Rittenberg 19 a. {0_4 enzyme units/mg protein

e

In ‘an alternative theory to "permanent rcpression", Borichewski and
Umbrcit (1966a) suggested that organic compounds were toxic because their
metabolic products repressed essential central metabolism cnzymes; and
that such products formed during sutotrophic growth could limit autotrophic
growth. If this was the case then removal of the taxic products, which
might accumulate in the absence of a specific disposal mechanism, might
well permit heterotrophic grawth. In attempts to achieve this, organisms
have been grown in dialysis sacs with continuous flow remiyval of dialysing
fluid. Such results &s have been rcportcd have been contradictory: as
can be seen from Table VIII.,



TABLE VIIT

GROWTH OF OBLIGATE AUTOTROPHS ON ORGANIC SUBSTRATES
UNDER DIALYSIS COHDITION

Orgenism Substrate Result | Reference
T.thio-oxidans Glucose - ve (60 days) |Levin 197
o Borichowski &
¥ W2 mbreit 1969a.
Lcetate - ve (60 days) JLevin 197
T. neapolitanus Glucose + Ve Pan & Umbreit 1972a
" - ve (60 days) L g
ittenberg 197a
T. denitrificans Glucose (aerobic) + Ve Pan & Umbreit 1972a
" (an * ) + Ve it
T. thioparus Y + ve "
Nitrobaocter.agilis Glucose + Ve Pan 1971 a
- = + Ve |Pan & Umbreit 1972a
Nitrosomonas
europaea Glucose + Ve I
Methanomonas
methano~oxidans Glucose - ve (3 days) Ameniya 1972

The results of Borichewski (1966b) show an increase in growth rate
in a dialysing system that contained an "inhibitory" concentration of
pyruvatc.

The results must be confirmed and contradictions resolved before the
theory of Borichewski and Umbreit can be accepted as an explanation. The
changes in enzyme levels in the presence of an organic substrate or the
absence of the lithotrophic energy source may be such as to permit
accumulation of toxic products: the inhibitory compounds removed by
dialysis from autotrophic growth commonly appear to be keto-acids,
especially pyruvate.

It has been suggested that a situation resembling catabolite
repression might occur: compounds capable of producing or of affecting
the production of a general metabolic effector, such as cyclic AMP might
so effect metabolism, via this effector as to prevent or inhibit growth.

Such a situation may well explain the inhibition of autotrophic growth of
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T. novellus by glucose, lactate, glycerol, lactosc, ribose and pyruvate
(Le John, van Caesecle and Lecs 1967).

There need not be a2 single general effector through which many
inhibitors operate. It is possible that in the obligate autotrophs
the presence of an organic compound represses the formation or activity of
enzymes not, as in heterotrophs, only in metabolically-related pathways
but also in distant metabolic areas. Thus there may be supcrimposed on the
normal compact heterotrophic control patterns, a wide "super-control"
pattern in which the presence of, for example, pyruvate, might repress
enzymes involved in the biosynthesis of wvarious amino acids. This control
could be direct, not through the intermediary of such an effector as
cyclic AMP,

In the case of many inhibitory compounds it is not necessary to invoke
special mechanisms. Thus the "building block" organic compounds such &s
amino-acids and nucleotides which are end-products of long branched bio-
synthetic pathways, may be inhibitory because they exert feed-back repression
or inhibition on early steps in biosynthetic pathways and so block the
synthesis of other amino-acids derived from the same pathway (Kelly 1969b,c,d).

Similar inhibitory effects are not uncommen among heterotrophs.

144, OBLIGATE LINKS BETWEEN PATHWAYS OF OXIDATION OF INORGANIC
ENERGY SOURCE AND OTHER AREAS OF METABOLISH.
Some type of obligotely link may occur between autotrophic functions

such as to the energy-generating mechanism or the 002 fixation or mecthane
fixation pathway, and some other essential facet of metabolism.

The uptake of organic compounds is an energy-requiring step and hence
could be linked to the energy=-generating mechanism. If this link involved,
not ATP, but some intermediate of the substrate oxidation pathway, e.g.

APS (Adenosine-5'-phospho-sulphate) then the uptake requires autotrophic
metabolism. In support of this suggestion it has been shown that in

T. denitrications, acetate uptake requires both an oxidizable inorganic

substrate and bicarbonate and was proportional to the inorganic substrate
oxidized (Taylor and Hoare 1971a).
The formation of some essential compounds may depend on autotrophic

functions. Sulphur oxidizing phototrophs such as Chlorobium, Chromatium,

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

r
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assimilated (Kelly 19712); T. neapolitanus also cannot assimilate sulphate

(Kelly 19712). Nitrosomonas could require ammonium ion as a nitrogen source,

as well as an energy--source; Baslsrud and Baalsrud (1965) found NHA+

necessary for isolation of T. denitrif'icans.

The formation of vitamins cte. may be linked to sutotrophy. Certain

hydrogen bacteria (Rittenberg 1969) and somc Athiorhodaceae require vitamins

for autotrophic growth; the reverse may well be true. In liquid culture
the growth rate of T. novellus on liquid media is enhanced by low concentra-
tions of yeast extract (Matin and Rittenberg 19Ma).

Poly—f?whydroxybutyrate can act as an energy-source during cell
division and normal turnover in resting cells, so there is no obligate link
between nutotrophy and the functions that result in growth and division.
However even if' this is true some autotrophically-linked function may be rate
limiting; heterotrophic growth of Nitrobacter agilis on acetate is very,
very slow (Pan and Umbreit 1972&).

The over-rigorous sxclusion of carbon-dioxide in experiments designed to
test for photo- or chemo— orgenotrophy and also in experiments designed to
test for heterotrophy may be responsible for the inability to grow: many
many hcterotrophs require small amounts of CO2 to start growth and some
require CO, for continucd growth (Kelly 19672).

The absence of the autotrophic energy sourcec or the presence of some
inhibitory organic compound may alter the permeability of the membrane or
even induce active secretion, so that an essential metabolite is actively or
passively secreted. The cell thus is metabolite-limited for continued
growth. Borichewski (1965) obtained results to suggest that glucose gave
abnormal morphologically-distorted I. thio-oxidans which were stabilized by

1-5% sucrosc so that at least some substrates give osmotically fragile cells:
the consequent leakage may well be growth-limiting. Pyruvate and oxalo-
acetate accumulate in cultures of T. thioparus on sulphur - so this leakage

could be a normal end effect in growth.

1 o45. SUMEARY.

It is possible that there is no singlc mechanism which accounts for
the general inability of obligate autotrophs to utilise organic compounds,
and for the toxicity of many organic compounds towards these organisms.
Different mechanisms may be involved for different organic compounds and the
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effect of the organic compound may depend on the presence or absence of the
autotrophic energy source. However the possible mechanisms can be
summarised as follows.

The compound, unless it affects membrane-associated autotrophic
functions, must penetrate the cell membrane to be of effect either as a
substrate or as an inhibitor (in most cases, at least). It must, if a
substrate, penetrate at a sufficient ratc so that subsequent metabolism, if
it occurs, produces sufficient energy and reducing power, at a rate exceed-
ing the maintenance energy requirement. Even if the enzymes exist to
perform energy-yielding steps, the levels of these enzymes may be insufficient
and rcmain so, or products toxic to the organism may accumulate.

The compound, which may not be utilisable by available enzymes, may
af'fect control patterns so as to be inhibitory by mechanisms; analogous to
catabolite repression, by "super control" or by normal heterotrophic control
patterns of feed-back inhibition and repression in biosynthetic pathways.
4n obligate link between autotrophic functions and some zssential metabolic
facet may exist.

It is possible that some combination of lesions, inhibitions and links
may mean that a single compound cannot fulfil all the required biosynthetic
and energy-yielding functions so some combination of compounds is necessary.

To test the theories a comparative study of a2 closely related obligate
and facultative autotroph would be of maximum benefit as physiological
differences other than those responsible for obligate autotrophy would be
minimised. The thiobacilli contain such types and representative species

of each type were chosen for this study.

1+5. THE THIOBACILLI.

The currently accepted definition of the genus Thiobacillus is;
"those bacteria capable of obtaining metabolically useful energy from the
oxidation of reduced sulphur compounds".

As a genus containing both obligate and facultative autotrophs,
obtainable in reasonable yields, the thiobacilli were a natural choice
for study of obligate autotrophy.
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4451+ CLASSIFICATION OF THE THIOBACILLI.
The classification of the thiobacilli of Breed et als (1957) was based

on characteristics, such as the formation of tetrathionate during thiosulphate
oxidation (no longer regarded as definitive), and included only I. novellus

and T. trautweinii as facultative autotrophs. Since then further

facultetive autotrophs have been isoleted, while T. trautweinii is now

regarded as a pseudomonad since it is non-autotrophic.

The major criteria for subdivision of the obligately autotrophic
species are: the ability to carry out anaserobic respiration and the pH
optima and limits.

The species commonly accepted are shown in the Table IX.

TARLE IX

CLASSIFICATION OF THi GENUS THIOBACILLUS

pH optimun

Obligate Autotrophs

Facultative anaerobes

T. denitrificans /pH 7.0 Nitrate Anaercbic Respiration

o o -

Obligate aerobes

I, thiparus ApH 7.0

T. neapolitanus #pH 6.0 Resistant to osmotic stress.

T. thio=-oxidans i} 2pH 3.0

Able to oxidize Fe i | Some strains facultative autotrphs
T. ferro-oxidans ApH 3.0 also utilizes reduced S compds.

Spore~former

T. thermophilica Obligate thermophile

Facultative Autotrophs

T. novellus #pH 8.0 Low Autotrophic ability

T. perometabolis Cannot grow autotrophically -

T. intermedius + pH3=-pH4 Autotrophic. Chemoheterotroph

2;_&2 Autotrophic heterotrophic ability
high.

# Can only grow mixotrophically or on two C. compounds.
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From Jackson, Moriaty and Nicholas (4968)
Hutchinson, Johnstone and White (1969)
London and Rittenberg (1967)

London (1963)

The DNA base composition of the Murrcy strains and some others was

determined by Jackson et al.(1968) as shown in Table X.

TABLE X

CLASSIFICATION OF THE GENUS THIOBACILLUS BY

MULTIVARIATE ANALYSIS AND DIN. COMPOSITIOL.

DA Cmmp.m'E
Species Group No.x S Rangex Me‘;an’e %CsC
z. |
trautweinii 0 S = 63 7 66
novellus 1 49 - 46 L7 66 - 68
denitrificans 2 6l
thioparus ; 3 L5 = 21, 35 62 - 66
thiocyano-oxidans 63
neapolitanus L 37 - 48 2% 56
ferro-oxidans 6 2T
thio-oxidans ) 51
concretivorus ) 5 5 - 52
intermedius T

% Hutchinson, Johnstone and White (1969)
¥% Jackson, Moriaty and Nicholas (1968)

A multivariate analysis by Hutchinson et al. (1969) did not confirm
to strict Adansonian principles because it was not possible to find a set
of common incubation conditions. This is due to the wide range of forms
available in the thiobacilli; facultative and obligate autotrophs, aerobes
and anaerobes, iron oxidizers, and cbligate mixotrophs. However a series

of co-ordinate groups was differentiated as shown in Table X.
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Organisms not included in this study are T. perometabolis and

T. thermophilica, both somewhat unusual organisms.

The species can be differentisted by ultrastructure (Shively et al
1970) and by phospholipid composition (Barridge and Shively 1968): such

criteria give a similar grouping to that shown in Table X.

1.52. ENERGY PRODUCTION IN THE THIOBACILLI.

The sequence of reactions and the intermediates involved in the

oxidation of reduced sulphur compounds are not well characterized. This
is, in part, due to the number of rcactions and intermediates, the transient
appearance of some intermediztes and the chemical reactivity of certain
intermediates, which can yield a variety of products by non-enzymatic
reactions.

The only well characterized ATP-yielding step results from a substrate-
level phosphorylation during oxidation of sulphite to sulphate

= APS reductase (4denylate-5"'~phosphosulphate )

S RN s o oy, N - -+ ADP + SOE_

Adenylate kinase
ADP 4+ ADPgz—roe——mee o o AP 4 AMP

which contributes at least 45% of the total ATP produced by oxidation of
thiosulphate.

The naturc of other energy-yielding steps is uncertain.

The mechanism for the production of the reductant for 002 fixation is
also uncertain. In chemo-organotrophs (senso Rittenberg 1969) the
organic compounds can generate reducing power; in the obligate autotrophs
this is impossible. It has been suggested that an ATP driven reversal
of oxidative phosphorylation might occur; although this is not universally
accepted (Szdler and Johnson 4972).

ADP Amytal, Rotenone
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Such a pathway could provide a means by which some organic compounds
could influence the oxidation of thiosulphate and the production of ATP
and NKDH2.

1.6+ AINS AND EXPERIMENTAL APPROACH USED IN THE PRESENT STUDY.

The aim of the present study was to investigate the effect of a range of
organic compounds on the growth of sclected species of chemolithotrophic
bacteria and also to study the metabolism of selected organic compounds. It
was hoped that such a study would contribute to an understanding of the
distinctive features of obligate autotrophs, namely their inability to
utilise organic compounds as an energy-source or as a carbon-source, and
their sensitivity to inhibition by a wide variety of organic compounds. In
order to reveal those characteristics which are specifically related to the
nature of obligate autotrophy it was proposed to compare an cbligate
autotroph with a closely related facultative autotroph. As mentioned

earlier the genus Thiobacillus is an o6bvious choice for such a comparative

study, since it contains apparently closely-related facultative and obligate
autotrophs.
Facultative species of thiobacilli that have been clearly recognized

are T, novellus and T. intermedius. Both of these, by the available criteria,

have related obligate autotrophs. One of these pairs was chosen, namely

that of T. novellus and T. thioparus; the other pair was T. intermedius

and T. thio-oxidans.

The extent of the "facultative" and "obligate" nature of each of these
species was first re—examined since a literature search reveals that,
particularly in the case of T. novellus, this has not been thoroughly
investigated and there are some contradictions.

A thorough examination of the effect of various organic compounds as
substrates, inhibitors and stimulators on solid media was used to establish
the "obligate" and "facultative" featurcs 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 effeects.
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At the same time a comparison of the distribution of1hc-—
label from various labelled compounds in the two organisms, under similar
conditions was undertaken in an attempt to reveal any metabolic
differences.

The alterations induced in the labelling patterns, by heterotrophic
growth for T. novellus and by growth in the presence of the inhibitor

for T. thioparus, might give a clue as te the differences that result

in obligate autotrophy.





