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It is generally believed that oxygen was absent from the 
Earth’s atmosphere at the dawn of life and that it was not 
until photosynthetic organisms, similar perhaps to some 
present day bacteria, had evolved that oxygen began to 
accumulate.  Many of the bacteria that flourish today, as 
well as some protozoa, have retained or reverted to an 
anaerobic lifestyle. They cannot tolerate more than a trace 

of oxygen in their environment and retain vestiges of the 
salient characteristics of the original ancient progenitors 
of life on Earth.

One such group of bacteria, the clostridia, includes 
important human pathogens that ferment amino acids. For 
example, Clostridium perfringens was largely responsible 
for gas gangrene associated with trench warfare during 
the First World War and Clostridium difficile causes serious 
problems with antibiotic-associated diarrhoea in hospitals 
today.  Clostridium tetani and Clostridium botulinum are 
producers of potent neurotoxins, the latter producing the 
botulinum toxin that is used as a muscle relaxant (and 
to reduce wrinkling). 

Life with little oxygen: 
lessons from microbes

Figure 1. Individual sporulating cells of Clostridium acetobutylicum, as viewed down the microscope at high magnification (x 1000). They 
have been stained with iodine to reveal developing spores (clear zones) and granules of a storage polysaccharide (darkly stained zones).
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Some clostridia such as Clostridium acetobutylicum and 
Clostridium beijerinckii are harmless saprophytes that 
ferment sugars to produce alcohols and ketones. They are 
the focus of considerable current interest in today’s bio-
industries as they may be employed to produce butanol 
for use as a biofuel from fermentable plant material. 
Other clostridia are able to degrade cellulose, contributing 
prominently to both the natural carbon cycle and to 
herbivore nutrition. One of the long-term goals of biofuel 
research within IBERS is to combine these characteristics 
in a single organism that will ferment cellulosic materials 
to produce butanol in a commercially viable and carbon-
neutral process.

Many clostridia are abundant in soil where their long-term 
survival is assured by their ability to form profoundly 
dormant spores (Figure 1). 

 As spore formation entails a complete re-organisation 
of cellular structure and considerable expenditure of 
energy, it only occurs when conditions are absolutely 
right.  A signalling pathway involving primary receptors 
collects information about the state of the external and 
internal cellular environment and forwards it, via some 
intermediary processing steps, to a master regulator 
that determines whether or not a cell will initiate spore 
formation. The components of the signalling pathway 
and the way in which they are controlled are now well 
understood thanks to pioneering work on the bacilli 
(aerobic cousins of the clostridia) by Jim Hoch and his 
colleagues in La Jolla, California. 

It came as a great surprise to learn from genome 
sequencing projects that clostridia lack the key central 
processing components of this signalling pathway, 
although they do have the master regulator and the 
primary receptors.  This has invited speculation that the 
signalling pathway seen in clostridia may represent an 
ancestral version, to which additional signal processing 
complexity has been grafted over evolutionary time 
as oxygen gradually accumulated in the Earth’s 
atmosphere. 

Professor Mike Young’s laboratory in IBERS is currently 
exploring how the signals collected from primary 
receptors in clostridia are passed to the master regulator, 
a system that orchestrates the differential expression of 
hundreds of genes at the beginning of spore formation.  

At this stage, many genes required only for growth are 
switched off whilst others, specifically concerned with 
spore formation and solvent production, are switched 
on. Once these mechanisms are properly understood, 
we will be better placed to (a) control and manipulate 
solvent formation in the bio-butanol plants of the future, 
and (b) reduce or even eliminate clostridial spores from 
our hospital environments.

Another group of organisms under investigation within 
our laboratories are the myxobacteria, soil-dwelling 
organisms which, in a similar fashion to clostridia, 
respond to stressful conditions by forming spores.  
Myxospores are able to survive many environmental 
challenges, including desiccation, extremes of heat, and 
illumination.  In contrast to what happens in bacilli and 
clostridia, however, myxobacterial sporulation has evolved 
as a social process. Indeed, myxobacterial evolution is 
unique amongst the bacteria, in that it has involved the 
acquisition of several social behaviours, including social 
predation as well as communal sporulation. 

The most important daily challenge faced by any organism 
is the acquisition of nutrients (particularly carbon, nitrogen 
and phosphorus) for energy and growth.  Within the soil, 
there are lots of nutrients, but most of these are relatively 
‘inaccessible’ as they are locked away within other 
organisms. To overcome this difficulty, some myxobacteria 
have evolved the ability to access nutrients by predating 
upon other microbes within the soil, while others can 
unlock nutrients by feeding on decaying plant material. 
Myxobacterial predation is communal and can be likened 
to wolf-pack hunting, with small groups of myxobacteria 
surrounding prey and then collectively consuming it.  As 
myxobacteria are ubiquitous and abundant in temperate 
topsoils, their grazing of other microbes obviously has 
important implications for nutrient cycling within the 
soil ecosystem.

When prey is scarce and conditions are poor, myxobacteria 
engage in communal sporulation.  A population of 
myxobacterial cells (typically around 100,000 individuals) 
will co-ordinate their motions, coming together to build a 
large structure (a fruit), visible to the naked eye.  Within 
the fruit, some individuals become myxospores, the 
nutrients required to provide energy for this process 
being provided by the suicide and cannibalism of the 
remaining cells within the fruit structure. Sporulation 
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Figure 2. Multicellular aggregates of the myxobacterium 
Myxococcus xanthus, as viewed down the microscope.

Figure 3. Picture of a ciliate protozoan from the rumen engulfing 
a plant fibre.

is thus cooperative and results in a large number of 
myxospores bonded together in a fruit. Not only does the 
fruit provide a dispersal vehicle for the myxospores, it also 
ensures that, when conditions become less challenging, 
a whole new population of cells will germinate from 
the spores, a pre-requisite for communal predation and 
feeding. 

In many ways, myxobacterial fruiting and sporulation 
are analogous to the processes of cellular differentiation 
and morphological development that occur during the 
growth of the early animal embryo. As such, myxobacterial 
biology can be very informative regarding the evolutionary 
process to form multicellular organisms, an essential step 
in our own evolution.

While modern myxobacteria have evolved fascinating social 
behaviours, ancient myxobacteria may also have been 
involved in the evolution of the ancestral eukaryote, from 
which all modern animals (including man) and plants have 
derived. In eukaryotes, the genetic information is packaged 
within a nucleus – a membrane bounded sub-compartment 
within the cell –  whereas in prokaryotes, such as bacteria, 
there is no nucleus. It is thought by many biologists that 
the original nucleated cell was the result of one bacterium 
engulfing another in a symbiotic relationship, with the 
current view being that the most likely engulfing cell was 
an ancestral myxobacterium. Thus in some sense, we 
could all be thought of as highly-evolved myxobacteria, 
where social interactions between individual cells have 
been taken one step further to form social interactions 
between aggregates of cells (individuals).  Work in the 

laboratory of Dr David Whitworth at IBERS, is researching 
the biochemistry of myxobacterial sociality, which also 
provides him the opportunity to meet his ancestors down 
the microscope (Figure 2).

It is not only bacteria that live in low oxygen environments. 
We also study the ciliate protozoa that inhabit the rumen 
of cattle and sheep, and the hindgut of horses and other 
equids. The rumen of a cow, or the combination of caecum 
and colon in a horse, can contain somewhere in excess of 
100 litres of digesta in which there is an active microbial 
population encompassing bacteria, fungi and protozoa. 
These microbes allow cattle and horses to survive on 
plant-based forage rations which are unsuitable for other 
animals such as chickens or pigs. The microorganisms 
ferment the complex carbohydrates in the forage plants 
(principally cellulose) to produce volatile fatty acids such 
as acetate, propionate and butyrate that are absorbed 
and used to provide energy for the host. 

Within IBERS, Dr Neil McEwan and Professor Jamie 
Newbold are investigating the role and significance of 
protozoa in herbivorous animals.  These small unicellular 
animals, varying in length from 0.05 to 0.25 mm, survive 
at least in part through engulfing and digesting bacteria. 
It is believed that they first became part of the digestive 
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Figure 4.  Analysis of the codon usage of fibrolytic genes of rumen ciliates.

tract microbiota sometime in the last 40 million years.  
Fascinatingly, the original protozoa that entered the 
digestive tract may have been organisms capable of 
utilising oxygen, as we can still find evidence of their 
previous aerobic lifestyle within their genomes. Over the 
succeeding years, however, they have evolved to survive 
the low oxygen environment of the gut and have lost the 
enzymes required for aerobic life.

Free-living ciliate protozoa, such as Plasmodium and 
Tetrahymena, do not contain genes for fibrolytic enzymes 
and therefore can not ferment plant fibres. Within the 
digestive tract of ruminants and horses, however, some, 
but not all, species of protozoa are able to ferment 
plant material producing volatile fatty acids (Figure 3). 
We have isolated and cloned the genes responsible 
for fibre degradation from a range of rumen protozoa, 
which has furthered our understanding of the role of 
ciliate protozoa in herbivore nutrition and has given 
us tantalising insights into the evolution of these 
organisms.

Based on the phylogeny (relatedness) of the genes, the 
fibrolytic enzymes in rumen ciliates appear to have been 

acquired from the bacteria that they have engulfed in 
the rumen as part of their evolutionary history. When 
we examine the codons (triplets of nucleotides in DNA 
used to specify the particular amino acid sequence of 
cellular proteins) employed in these particular genes, 
they resemble much more closely those characteristically 
used in the prey bacteria than those used in other 
protozoal genes. This indicates that the fibrolytic genes 
have been acquired by the rumen protozoa in their 
recent evolutionary past, certainly after their original 
progenitors entered the rumen some 40 million years 
ago (Figure 4). We are now studying the protozoa from 
the hindgut of the horse to see if a similar evolutionary 
adaptation has occurred here. 

Microorganisms, be they bacteria, fungi or protozoa, are 
ubiquitous in nature. They play vital roles in health and 
disease, in the functioning of our soils and the nutrition of 
farm animals. Work at IBERS will continue to focus on how 
these organisms have evolved and adapted to function 
within their specific niches, effectively underpinning our 
work to address the grand challenges of the coming years 
in terms of food security and safety, energy supply and 
climate change.
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