
DTMMO Microbial Metabolism Overview 
and Experimental Design 

Learning Objectives 

The student will 

 Make accurate observations and appropriate interpretations of biochemical test results and 
use them in the identification of potentially disease causing microbes. 

Background/Theory 

Metabolism is the sum of the organism’s catabolic pathways (enzyme systems which breakdown 
large molecules into smaller molecules) and anabolic pathways (enzyme systems that build complex 
molecules from smaller subunits).  Understanding these processes is important for several reasons. First, 
because the main metabolic processes involved are common to a wide range of chemoheterotrophic 
organisms, we can learn a great deal about human metabolism by studying metabolism in more easily 
manipulated bacteria like E. coli. Second, because animal and human pathogens are 
also chemoheterotrophs (use chemical energy found in large food molecules that they get from the 
environment) learning about the details of metabolism in these bacteria, including possible differences 
between bacterial and human pathways, is useful for the diagnosis of pathogens as well as for the 
discovery of antimicrobial therapies targeting specific pathogens. Last, learning specifically about the 
pathways involved in chemoheterotrophic metabolism also serves as a basis for comparing other more 
unusual metabolic strategies used by microbes. (OpenStax CNX, 2018) 

Glycolysis 
For bacteria, eukaryotes, and most archaea, glycolysis is the most common pathway for the 

catabolism of glucose; it produces energy, reduced electron carriers, and precursor molecules for 
cellular metabolism. Every living organism carries out some form of glycolysis, suggesting this 
mechanism is an ancient universal metabolic process. The process itself does not use oxygen; however, 
glycolysis can be coupled with additional metabolic 
processes that are either aerobic or anaerobic. 
Glycolysis takes place in the cytoplasm of prokaryotic 
and eukaryotic cells. It begins with a single six-carbon 
glucose molecule and ends with two molecules of a 
three-carbon sugar called pyruvate. Pyruvate may be 
broken down further after glycolysis to harness more 
energy through aerobic or anaerobic respiration, but 
many organisms, including many microbes, may be 
unable to respire; for these organisms, glycolysis may 
be their only source of generating ATP. (OpenStax 
CNX, 2018) 

The type of glycolysis found in animals and 
that is most common in microbes is the Embden-
Meyerhof-Parnas (EMP) pathway, named after 
Gustav Embden (1874–1933), Otto Meyerhof (1884–
1951), and Jakub Parnas (1884–1949). Glycolysis 
using the EMP pathway consists of two distinct Figure 1 Glycolysis (OpenStax CNX, 2018) 
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phases.  See Figure 1. The first part of the pathway, called the energy investment phase, uses energy 
from two ATP molecules to modify a glucose molecule so that the six-carbon sugar molecule can be split 
evenly into two phosphorylated three-carbon molecules called glyceraldehyde 3-phosphate (G3P). The 
second part of the pathway, called the energy payoff phase, extracts energy by oxidizing G3P to 
pyruvate, producing four ATP molecules and reducing two molecules of NAD+ to two molecules of 
NADH, using electrons that originated from glucose. (OpenStax CNX, 2018)  

Other Glycolytic Pathways.  When we refer to glycolysis, unless otherwise indicated, we are 
referring to the EMP pathway used by animals and many bacteria. However, some prokaryotes use 
alternative glycolytic pathways. One important alternative is the Entner-Doudoroff (ED) pathway, 
named after its discoverers Nathan Entner and Michael Doudoroff (1911–1975). Although some 
bacteria, including the opportunistic gram-negative pathogen Pseudomonas aeruginosa, contain only 
the ED pathway for glycolysis, other bacteria, like E. coli, have the ability to use either the ED pathway or 
the EMP pathway. (OpenStax CNX, 2018) 

A third type of glycolytic pathway that occurs in all cells, which is quite different from the 
previous two pathways, is the pentose phosphate pathway (PPP) also called the phosphogluconate 
pathway or the hexose monophosphate shunt. Evidence suggests that the PPP may be the most ancient 
universal glycolytic pathway. The intermediates from the PPP are used for the biosynthesis of 
nucleotides and amino acids. Therefore, this glycolytic pathway may be favored when the cell has need 
for nucleic acid and/or protein synthesis, respectively. (OpenStax CNX, 2018) 

In summary, bacteria use a variety of glycolytic pathways.  The type of pathway(s) present are 
genetically determined and characteristic of each species.   Regardless of the specific pathway, the result 
of the multi-step process is a 6 carbon glucose molecule is split (lysed) into two 3 carbon pyruvate 
molecules.  In the process, some elections are stripped away (carried by NADH) and a little bit of ATP is 
generated.  The intermediates carbon molecules as well as the pyruvate can be used to build other 
necessary organic molecules. 

Transition Reaction, Coenzyme A, and the Krebs Cycle 
Glycolysis produces pyruvate, which can be further oxidized to capture more energy. For 

pyruvate to enter the next oxidative pathway, it must be attached to coenzyme A (CoA).  In this process, 
the 3 carbon pyruvate molecule, loses a carbon (as CO2) and some 
elections (carried by NADH) to become acetyl CoA.  This reaction is 
called the transition or bridge reaction (Figure 2). The transition 
reaction occurs in the mitochondrial matrix of eukaryotes; in 
prokaryotes, it occurs in the cytoplasm because prokaryotes lack 
membrane-enclosed organelles. (OpenStax CNX, 2018)  

The Krebs cycle, shown in Figure 3, transfers remaining 
electrons from the acetyl group produced during the transition 
reaction to electron carrier molecules, thus reducing them. The 
Krebs cycle also occurs in the cytoplasm of prokaryotes along with 
glycolysis and the transition reaction, but it takes place in the 
mitochondrial matrix of eukaryotic cells where the transition 

reaction also occurs.  
The Krebs cycle is named after its discoverer, British scientist Hans Adolf Krebs (1900–1981) and 

is also called the citric acid cycle, or the tricarboxylic acid cycle (TCA) because citric acid has three 
carboxyl groups in its structure. Unlike glycolysis, the Krebs cycle is a closed loop: The last part of the 
pathway regenerates the compound used in the first step (see figure 3). (OpenStax CNX, 2018) 

The eight steps of the Krebs cycle are a series of chemical reactions that capture the two-carbon 
acetyl group (the CoA carrier does not enter the Krebs cycle) from the transition reaction, which is 

Figure 2 Transition Reaction. Adapted 
from (OpenStax CNX, 2018) 
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added to a four-carbon intermediate in the Krebs cycle, 
producing the six-carbon intermediate citric acid (giving 
the alternate name for this cycle). As one turn of the 
cycle returns to the starting point of the four-carbon 
intermediate, the cycle produces two CO2 molecules, 
one ATP molecule (or an equivalent, such as guanosine 
triphosphate [GTP]), and three molecules of NADH and 
one of FADH2 (carrying electrons) . (OpenStax CNX, 
2018)  

Although many organisms use the Krebs cycle 
as described as part of glucose metabolism, several of the intermediate compounds in the Krebs cycle 
can be used in synthesizing a wide variety of important cellular molecules, including amino acids, 
chlorophylls, fatty acids, and nucleotides; therefore, the cycle is both anabolic and catabolic. 

More detail about these pathways can be found 
in Appendix C of OpenStax Microbiology.   

 
 

Cellular Respiration and the Electron Transport system 
The electron transport system (ETS) is the last component involved in the process of cellular 

respiration; it comprises a series of membrane-associated protein complexes and associated mobile 
accessory electron carriers (see Figure 4). Electron transport is a series of chemical reactions that 
resembles a bucket brigade in that electrons from NADH and FADH2 are passed rapidly from one ETS 
electron carrier to the next. These carriers can pass electrons along in the ETS because of their redox 
potential. For a protein or chemical to accept electrons, it must have a more positive redox potential 
than the electron donor. Therefore, electrons move from electron carriers with more negative redox 
potential to those with more positive redox potential. The four major classes of electron carriers 
involved in both eukaryotic and prokaryotic electron transport systems are the flavoproteins (generally 
the carrier interacting with NADH), iron-sulfur proteins, quinones and the cytochromes (generally the 
last carrier interacting with the final electron acceptor). (OpenStax CNX, 2018)   

As electrons are passed from one carrier to the next, hydrogen ions (protons) are pumped to the 
outside of the membrane.  This 
creates a high concentration of 
H+ outside compared to inside.  
Not only is there a 
concentration (pH) difference, 
there is a charge difference or 
electrochemical gradient.  The 
combination of electrical and 
pH differences creates the 
proton motive force.  When 
protons flow back into the cell 
through large intramembrane 
complexes called ATPases, the 
energy released will drive the 
phosphorylation of ADP to ATP.  
For each NADH oxidized to 

Figure 3.   The Krebs cycle (also known as the Citric 
Acid Cycle) (OpenStax CNX, 2018) 

Figure 4.   ETS and Oxidative Phosphorylation. The electron carriers are in blue and 
the ATPase is purple.  Adapted from (OpenStax CNX, 2018) 

https://cnx.org/contents/5CvTdmJL@4.24:zA9qaT_-@4/Metabolic-Pathways
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NAD+ at the beginning of the ETS, 3 ATP can be generated (2 ATP for each FADH2).  
 There is a wide variety of electron transport systems in prokaryotes, each using different 

versions of the carriers.  At the end of each sequence the final carrier must have an inorganic molecule 
to which elections are passed.   If that molecule is O2, the ETS is aerobic.  If the final electron acceptor is 
something else, S2O3

2- or NO3
- for example, the ETS is anaerobic.  Either way, additional ATP is produced 

and NAD+ and FAD are regenerated. 

Fermentation 
Many cells are unable to carry out respiration because of one or more of the following 

circumstances: 
1. The cell lacks a sufficient amount of any appropriate, inorganic, final electron acceptor to carry 

out cellular respiration. 
2. The cell lacks genes to make appropriate complexes and electron carriers in the electron 

transport system. 
3. The cell lacks genes to make one or more enzymes in the Krebs cycle. 

Whereas lack of an appropriate inorganic final electron acceptor is environmentally dependent, 
the other two conditions are genetically determined. Thus, many prokaryotes, including members of the 
clinically important genus Streptococcus, are permanently incapable of respiration, even in the presence 
of oxygen. Conversely, many prokaryotes are facultative, meaning that, should the environmental 
conditions change to provide an appropriate inorganic final electron acceptor for respiration, organisms 
containing all the genes required to do so will switch to cellular respiration for glucose metabolism 
because respiration allows for much greater ATP production per glucose molecule. (OpenStax CNX, 
2018)  

Cells that 
cannot perform cellular 
respiration, rely on 
fermentation to 
produce ATP.  
Fermentation begins 
with glycolysis.  It 
includes the reactions 
of glycolysis (where a 
single molecule of 
glucose is broken down 
into 2 molecules of 
pyruvate), as well as 
additional reactions 
that produce a variety 
of end products (acids, 
alcohols, gases). The 
end products are 
characteristic of 
individual bacterial 

species. (Petersen, 2016)  The fermentative pathways serve to regenerate NAD+ so that glycolysis will 
not grind to a halt for lack of electron carriers.   

Although the substrate molecule for fermentation is always glucose, some bacteria use 
additional chemical reactions to convert other monosaccharides as well as disaccharides into glucose. 

Figure 5.  Carbohydrate Fermentation.  (Petersen, 2016) 
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Therefore bacteria can be differentiated based on their ability to ferment various carbohydrates, as well 
as the end products that result from the fermentation process. (Petersen, 2016) 

Metabolism Summary 
Figure 6 summarizes the main metabolic pathways of most cells.  Glucose is split into pyruvate 

and in the process, electrons are transferred to carriers (NADH) and a little ATP is produced.  If the 
enzyme systems are present, it can enter the Krebs cycle producing a little more ATP and NADH/FADH2.  
Then the carriers take the electrons to the ETS.  Additional energy (in the form of ATP) can be generated 
through oxidative phosphorylation.  In organisms possessing one or more electron transport systems, 
the bulk of the ATP is generated there. 

Fermentation pathways can be used to regenerate NAD+ if an organism does not have the 
genetic ability to make enzymes of the Krebs cycle and ETS or there is no O2 available to accept the 
electrons and the end of the ETS and the organism is a facultative anaerobe.   
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Figure 6 Summary of Carbohydrate Catabolism, Fermentation and Cellular Respiration.  Adapted from (OpenStax CNX, 2018)   

Figure 7 summarizes the theoretical maximum yields of ATP from various processes during the 
complete aerobic respiration of one glucose molecule. If the organism is capable of respiration, 
potentially 38 ATP molecules are generated.  If fermentation (via EMP pathway) alone is used, only 2 
ATP can be made.  (The NADH never goes on to an ETS and does not result in additional ATP 
production.) This is a dramatic difference! 
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Differential Testing 
As you observed in previous exercises, staining procedures can be used to discriminate between 

bacteria based on morphology, arrangement and cell wall structure.  Staining techniques can also allow 
visualization of other structures associated with bacterial cells such as flagella, capsules and spores. 
However, staining procedures are not sufficient to identify bacteria at the species level. For example, E. 
coli, Pseudomonas aeruginosa, Proteus vulgaris, Enterobacter aerogenes, and many other bacteria are 
all Gram negative rods and are indistinguishable by Gram staining. Therefore, additional methods are 
required to identify individual species. (Petersen, 2016) 

Microbes have enormous variation in biochemical activity.  On the evolutionary time scale, they 
are the oldest forms of life on earth.  As such, there has been considerable divergence in the 
biochemical abilities of prokaryotes. Each bacterial species has a characteristic metabolism.  Examples of 
differences in metabolic properties were observed when you used selective and differential media to 
identify Staphylococcus based on the ability to grow in 7.5% NaCl and the ability to ferment the sugar 
mannitol.  There are many other types of differential and selective media and biochemical tests that can 
be used in the identification of bacteria. (Petersen, 2016)  We can use these metabolic characteristics, 
along with microscopic appearance to distinguish one group from another.   

Experimental Design 
When performing these differential tests, it is important to remember that biochemical 

reactions occur in living cells.   Thus the conditions under which the experiment takes place are very 
important.  Erroneous or misleading results can be obtained if the proper incubation time, incubation 
temperature, the age of the parent culture, size of the inoculum and technique are not used. For 
example, an inoculum containing large amounts of bacteria might give a strong positive reaction, while 

Figure 7 Theoretical maximum ATP yield from one glucose molecule. (OpenStax CNX, 2018) 
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one containing a very small number of bacteria might only produce a weakly positive or a negative 
result. (Petersen, 2016)   

If a test fails to detect a chemical (or organism) when it is actually present, the test system is 
said to have poor sensitivity.  The test is not “sensing” the chemical. The lack of sensitivity results in a 
false negative.  On the other hand, if a test fails to distinguish between chemicals and reacts to a wide 
range of chemicals, the test lacks specificity.  The test may end in a positive result when the 
chemical/organism in question is not present, a false positive.  Figure 8 summarizes these ideas.  As you 
will see in the coming exercises, many factors can contribute to poor specificity and poor sensitivity.   

Using both a positive control and a negative control can help identify test conditions likely to 
produce false results.  The positive control contains the chemical you are testing for and you expect the 
result to be positive.  If the positive control shows a negative outcome, there is something wrong with 
the test system.  Perhaps the reagents used were not reactive or some other test condition was 
preventing a reaction.  A positive control guards against false negative results and poor sensitivity.  
Conversely, the negative control lacks the chemical in question.  If the test system is functioning 
properly, you expect a negative control to show a negative result.  A false positive reveals the test’s poor 
specificity.  The reagent is reacting to some other chemical present and failing to discriminate between 
chemicals.  Incorporating both positive and negative controls in differential tests allows greater 
confidence in the results for the unknown organisms. 

 

 
Figure 8 Experimental Descriptors 
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Lab Report:  Microbial Metabolism Overview and Experimental Design 

Name ______________________________ 
Lab Section __________ 

Post Lab Questions 
1. This lab exercise greatly simplifies the cellular metabolic processes.   

a. In the diagrams, arrows represent multiple ___________________ and leave out all of the 
_____________ compounds formed. 

b. The names of the ___________________ that catalyze each step of the processes have also 
been omitted. 

 
2. Glycolysis 

a. In glycolysis, a _______________ molecule is split into two ________________ molecules.  
b. The electron carrier, _____________ accepts electrons to become ______________.   
c. The reaction in b above, is called _________________. 
d. There is a net gain of _____ ATP molecules. 
 

3. Krebs Cycle 
a. In the Krebs cycle, more electrons are stripped away and carried by ______ and ______. 
b. A few more __________ are produced. 
 

4. Cellular Respiration and ETS 
a. The electron carriers _________ and __________ generated in __________________ and 

_________________ will take the electrons to the ____________________ located on the 
cell membrane. 

b. As the electrons are passed from carrier to carrier in the ETS, ________ are pumped outside 
the cell into the ________________ space creating a ______________________.   

c. When these hydrogen ions flow back into the cell through ATPase, ___________ is 
generated.   

d. If the organism uses oxygen as its final electron acceptor, it is considered _____________ 
e. If the organism uses another inorganic compound as the final e acceptor, it is 

______________________. 
 

5. In the absence of a final electron acceptor for an ETS or the inability to produce the necessary 
enzymes and intramembrane electron carriers, an organism may have the ability to regenerate 
NAD+ without the ETS through _________________ pathways 
 

6. Define obligate aerobe 
 
 

7. Define obligate anaerobe 
 
 

8. Define facultative anaerobe    
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