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Abstract 

Fermentation is a type of metabolism carried out by organisms in environments without oxygen. Despite being studied for over 
185 years, the di v ersity and complexity of this metabolism are just now becoming clear. Our re vie w starts with the definition of 
fermentation, which has ev olv ed ov er the years and which we help further refine. We then examine the range of organisms that carry 
out fermentation and their traits. Over one-fourth of all pr okar yotes ar e fermentati v e, use mor e than 40 substrates, and r elease mor e 
than 50 metabolic end products. These insights come from studies analyzing records of thousands of organisms. Next, our re vie w 

e xamines the comple xity of fermentation at the biochemical level. We map out pathways of glucose fermentation in unprecedented 

detail, co vering o ver 120 biochemical reactions. We also re vie w recent studies coupling genomics and enzymology to r ev eal new 

pathways and enzymes. Our re vie w concludes with practical applications for a gricultur e, human health, and industr y. All these ar eas 
depend on fermentation and could be improved through manipulating fermentative microbes and enzymes. We discuss potential 
approaches for manipulation, including g enetic eng ineering, electrofermentation, probiotics, and enzyme inhibitors. We hope our 
re vie w underscores the importance of fermentation resear c h and stimulates the next 185 years of study. 

Ke yw ords: anaerobic metabolism; fermentation; genomics; metabolic pathways; microbial diversity; prokaryotes 
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Intr oduction: Fermenta tion allo ws life to 

thrive without oxygen 

Nearly 150 years ago, Louis Pasteur described fermentation as life 
without air (“la vie sans air”) (Pasteur 1876 ). During fermentation,
or ganisms br eak down complex or ganic molecules (e.g. glucose) 
into simpler ones (e.g. lactate) (Hackmann and Zhang 2023 ). This 
pr ocess r eleases adenosine triphosphate (ATP) without r equiring 
oxygen. Consequently, it is a major metabolic process for microbes 
in environments with little oxygen, such as the gut (Hillman et 
al. 2017 , Mizrahi et al. 2021 ), sediments (Kessler et al. 2019 ), and 

anaer obic bior eactors (Khanal 2008 ). 
Fermentation is important not only to microbes but also to hu- 

man society. Pasteur studied fermentation in part because of its 
importance in the production of beer (Pasteur 1876 ). Fermenta- 
tion pr oducts r eleased by gut micr obes ar e crucial to our health 

and are major energy sources for livestock (Bergman 1990 , Koh 

et al. 2016 ). Fermentation products are also valuable as biofuels 
(Keasling et al. 2021 ) and other commodity chemicals (Lee et al.
2019 , Varghese et al. 2022 ). 

Despite the history and importance of fermentation, the diver- 
sity and complexity of this metabolism are just now becoming 
clear. Our r e vie w will explor e this div ersity and complexity by first 
examining whic h or ganisms carry out this metabolism. It will fo- 
cus on recent studies that have analyzed written records of thou- 
sands of organisms and shown that over one-fourth of prokary- 
otes are fermentative . T his review will also cover the complexity 
of fermentation at the biochemical level. It will map out path- 
ways of glucose fermentation in unprecedented detail, showing 
the involvement of over 120 biochemical reactions. It will also 
(  

Recei v ed 5 April 2024; revised 23 May 2024; accepted 29 May 2024 
© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ), whic
medium, provided the original work is properly cited.
ov er r ecent studies r e v ealing ne w pathwa ys and enzymes , which
nderscore the hidden complexity of this metabolism. After sum- 
arizing these studies, this r e vie w will discuss applications of re-

ent discoveries to human health, agriculture, and industry. It will
egin, ho w e v er, with defining fermentation—a sur prisingl y c hal-
enging exercise. 

hat is fermentation? 

hile Pasteur defined fermentation as life without air, a num-
er of more detailed definitions have emerged (Table 1 ). Details
ary, but most define fermentation as catabolism where organic 
ompounds are both electron donors and acceptors. Some defini- 
ions also allow inorganic compounds (e.g. protons) if they origi-
ate from metabolism. Some sources define fermentation loosely 
s an y lar ge-scale biological manufacturing pr ocess, but they will
ot be cov er ed her e. 

Any definition of fermentation should be tested to see how well
t distinguishes fermentation from other types of metabolism. The 
imple definition (catabolism with organic compounds as elec- 
ron donors and acceptors) works well in many cases (Fig. 1 A).
t corr ectl y includes lactate and ethanol fermentation (Fig. 1 A),
he types of fermentation that appear most often in textbooks.
t also corr ectl y excludes nitr ate r espir ation, sulfur r espir ation,
omoacetogenesis, and methanogenesis (Fig. 1 A). Like fermenta- 
ion, these types of metabolism do not r equir e oxygen and are
arried out by man y or ganisms in o xygen-de pri v ed envir onments
Müller 2008 ). Mor eov er, it excludes anaer obic phototr ophs, whic h
 is an Open Access article distributed under the terms of the Cr eati v e 
h permits unrestricted reuse, distribution, and reproduction in any 
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Table 1. Se v er al details definitions of fermentation have been proposed. 

Definition Source 

“[B]iological processes that occur in the dark and that do not involv e r espir atory c hains with oxygen or nitr ate 
as electron acceptors.”

(Gottschalk 1986 ) 

“[D]isproportionations of carbon compounds or redox reactions between carbon compounds.” (Schink 1990 ) 
“[A]n energy-yielding metabolic process (in the dark) in which an organic compound(s) serves as both an 
electron donor and an electron acceptor.”

(Meganathan et al. 
2007 ) 

“[A] process… [where] organic compounds are catabolized by strictly anaerobic or facultatively anaerobic 
bacteria by internally balanced oxidation–reduction reactions.… [T]he organic compound serves as both 
electron donor and acceptor, and adenosine triphosphate is synthesized by substrate level phosphorylation.”

(Müller 2008 ) 

“[A] pathway in which NADH (or some other reduced electron acceptor that is generated by oxidation 
reactions in the pathway) is reoxidized by metabolites produced by the pathway… and ATP is produced by 
substr ate-le v el phosphorylation.“

(White et al. 2012 ) 

“[T]he donation of electrons onto terminal acceptors that are generated by the organism during metabolism, 
such as pyruvate (to produce lactate and/or opines), acetaldehyde (to produce ethanol), fumarate (to produce 
succinate), protons (to produce hydrogen), or acetyl-CoA (to produce fatty acids and their deri vati ves).”

(Müller et al. 2012 ) 

“[A] form of anaerobic microbial growth using internally supplied electron acceptors and generating ATP 
mainl y thr ough substr ate-le v el phosphorylation (SLP).“

(Kim and Gadd 2019 ) 

“[A]naerobic catabolism in which an organic compound is both an electron donor and an electron acceptor 
and ATP is produced by substrate-level phosphorylation.”

(Madigan et al. 2021 ) 

“[C]atabolism where organic compounds are both the electron donor and acceptor. Protons can be another 
electron acceptor, forming hydrogen (H 2 ). H 2 can be another electron donor but only if an organic electron 
donor (e.g. glucose) is also used.”

(Hackmann and 
Zhang 2023 ) 

(A)

(B)

Organic e- donor
Organic e- acceptor

Inorganic e- donor
Inorganic e- acceptor

Organic e- donor
Organic e- acceptor

Inorganic e- donor
Inorganic e- acceptor

Ethanol
fermentation

(+)
(+)
(-)
(-)

Glucose

Ethanol

e-Pyruvate

Glucose

H+

H2

e-Acetate

Acetate
fermentation

(+)
(-)
(-)
(+)

(-)
(-)
(+)
(+)

Homoacetogenesis
(with H2)

CO2

Acetate

e-

H2

Homoacetogenesis
(with fructose)

Fructose

Acetate

e-CO2

(+)
(-)
(-)
(+)

Sulfur
respiration

(+/-)
(-)

(+/-)
(+)

S0

H2S

e-

Acetate

CO2

Secondary
fermentation

(+)
(-)
(-)
(+)

Formate

e-

Butyrate

Acetate
CO2 

Nitrate
respiration

(+/-)
(-)

(+/-)
(+)

Glucose

NO3
-

NO2
-

e-CO2

Propionate
fermentation

(+)
(+)
(+)
(-)

Glucose H2

Propionate

e-PEP

Organic compounds
Inorganic compounds

Electrons

(-)
(-)
(+)
(+)

Methanogenesis
(with H2)

CO2

CH4

e-

H2

(+)
(+)
(-)
(-)

Methanogenesis
(with acetate)

Acetate

CH4

e-Methyl-CoM

(+)
(+)
(-)
(-)

Lactate
fermentation

Glucose

Lactate

e-Pyruvate

Butyrate
fermentation

(+)
(+)
(-)
(+)

Glucose

Butyrate + H2

e-Acetyl-CoA
H+

Fermentation Fermentation?

Fermentation Not fermentation

Figur e 1. F ermentation can be distinguished from other types of anaerobic metabolism based on electron donors and acceptors involved. (A) Clear 
cases. (B) Edge cases. CoA = coenzyme A, CoM = coenzyme M, and PEP = phosphoenolpyruvate. 
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use photosynthesis, not catabolism, to form ATP. The definition 

w orks w ell for these straightforw ar d cases. 
The simple definition does not work in all cases, howe v er 

(Fig. 1 B). It is problematic in cases where fermentation produces 
or consumes H 2 (Fig. 1 B). When acetate fermentation produces H 2 ,
the electron acceptors are protons (inorganic compounds). While 
it has been argued that protons come from metabolism (Müller et 
al. 2012 ), some come from water ( Fig. S1 ) and may not originate 
fr om metabolism. During pr opionate fermentation, H 2 can serv e 
as a second electron donor (alongside organic compounds) [see 
Henderson ( 1980 )]. The simple definition is also problematic for 
the secondary fermentation of butyr ate, wher e CO 2 can be used 

as an electron acceptor (Fig. 1 B). These fermentations are not as 
w ell kno wn as lactate or ethanol fermentations, but they are still 
carried out by many organisms (see below). 

The simple definition of fermentation could be broadened to 
address some of these cases. It has been suggested the defini- 
tion be broadened to include protons as an electron acceptor and 

H 2 as a second electron donor (Hackmann and Zhang 2023 ) (Ta- 
ble 1 ). The definition could likewise be broadened to include CO 2 

as an electron acceptor. Ho w ever, if this is done, then homoaceto- 
genesis, not normally classified as a fermentation, would become 
one when it uses fructose or other organic compounds (Fig. 1 B).
We recommend using the broader definition, and leaving it to the 
investigator to decide how to handle edge cases. There are addi- 
tional edge cases, such as methanogenesis with acetate (Fig. 1 B),
that are difficult to resolve with any definition. 

Beyond defining what electron donors and acceptors are used,
many definitions also specify how fermentation forms ATP (Ta- 
ble 1 ). Often, definitions specify that fermentation forms ATP 
thr ough substr ate-le v el phosphorylation, r ather than thr ough an 

electr on tr ansport c hain and ATP synthase. While this definition 

made sense long a go, electr on tr ansport c hains hav e been known 

in fermentativ e or ganisms for ov er 60 years (White et al. 1962 ). In 

one or ganism r ecentl y studied, the electr on tr ansport c hain and 

ATP synthase were found to form up to 1/3 of the total ATP (Hack- 
mann and Firkins 2015 , Sc hoelmeric h et al. 2020 ). T hus , we rec- 
ommend that fermentation not be defined according to how ATP 
is formed. 

In sum, most cases of fermentation involve catabolism with or- 
ganic compounds acting as electron donors and acceptors. For 
the purposes of this review, fermentation can also use protons 
or CO 2 as electron acceptors, and it can use H 2 as an electron 

donor alongside organic compounds. While methanogenesis and 

homoacetogenesis meet one or more criteria for fermentation, 
they are not classified as types of fermentation in this review. 

Fermentative organisms are diverse 

Recent studies reveal unprecedented diversity 

Fermentation was first described in yeast by thr ee separ ate in- 
v estigators ov er 185 years a go (Kützing 1837 , Sc hwann 1837 ,
Cagniard-Latour 1838 ) ( Fig. S2 ). Since that time, it has been de- 
scribed in a range of organisms . T he first attempts to classify fer- 
mentativ e or ganisms and describe their tr aits a ppear ed in the 
early 1900s (Orla-Jensen 1909 , Bergey et al. 1923 ) ( Fig. S2 ). While 
most species and genera they described are no longer recognized,
a few (such as Lactobacillus and Propionibacterium ) are still valid.
These early works evolved into reference books, such as the mod- 
ern edition of Bergey’s Manual (Whitman 2024 ), that have thou- 
ands of descriptions . T hese descriptions ha ve a wealth of infor-
ation, but they are made up of long and unstructured text that

s difficult to summarize. Consequently, it has been challenging 
o understand the full diversity and abundance of fermentative 
rganisms. 

Recent studies have extracted information on fermentation 

rom written descriptions, helping reveal the full diversity of this
etabolism. The first study to do so, r el ying lar gel y on Bergey’s
anual , found that fermentation is carried out by 162 different

enera of prokaryotes (Louca et al. 2016 ) ( Fig. S2 ). This study
sed this knowledge to predict which organisms in the ocean
icr obiome wer e fermentativ e, finding that they wer e widel y

istributed. Given it was a large study covering many types of
etabolism, information on fermentation specifically was more 

imited. Ho w e v er, it pr ovided earl y e vidence that fermentativ e mi-
r obes wer e div erse and widespr ead. 

Mor e r ecent studies hav e focused on fermentation exclusiv el y
nd r e v ealed mor e insights (Fig. 2 ). These studies examined de-
criptions of 8 300 prokaryotes, using both Bergey’s Manual and
he primary liter atur e, and they found over 1/4 of these organisms
arry out fermentation (Hackmann and Zhang 2021 , 2023 ). The
efinition of fermentation used in these studies is shown in Ta-
le 1 . They sho w ed fermentativ e or ganisms ar e found acr oss the
ree of life (Fig. 2 A), though they are more concentrated in some
hyla than others. Also evident is that fermentation forms a range
f metabolic end products (Fig. 2 A and B). Acetate and lactate are
he most commonly formed products, but 55 end products are
ormed in all (Hackmann and Zhang 2023 ). Most organisms form
 ultiple end pr oducts, and nearl y 300 combinations are observed

Hackmann and Zhang 2023 ). Further, fermentation uses a range
f substr ates (Fig. 2 C). Carbohydr ates and pyruv ate ar e those most
ommonly used (Fig. 2 C), but 46 chemically-defined substrates 
ave been reported in total (Hackmann and Zhang 2023 ). These
ndings show a vast diversity and complexity of fermentation.
iven that not all organisms, end products, and substrates have
een described, the true diversity of fermentation is e v en gr eater
han these studies suggest. 

ore work is still needed to uncover all diversity 

he ability to study this range of organisms o w es lar gel y to ad-
ances in data science. Extracting data from descriptions of books 
nd the primary liter atur e is tedious, but it has now been partly
utomated computationall y (Hac kmann and Zhang 2021 ). Ad-
ances in computational techniques, including large language 
odels, should make it possible to extract even more data. Large

angua ge models, suc h as the GPT-4 model underlying ChatGPT
OpenAI 2023 ), may soon ac hie v e human-le v el accur acy in data
xtraction. 

Another opportunity for this field is to investigate eukaryotic 
nd uncultured microbes . Eukaryotes , from microbes to animals,
an carry out fermentation (Müller et al. 2012 ), but compara-
iv el y little information about them is a vailable . Uncultured mi-
robes make up the vast majority of microbial diversity (Nayfach
t al. 2021 ), but given the inability to grow them in the lab, in-
ormation is again limited. T here ha ve been large-scale projects
o cultur e or ganisms, including fr om fermentativ e envir onments
Lagier et al. 2016 , Lagkouvardos et al. 2016 , Wylensek et al. 2020 ),
nd these efforts must continue. With these efforts, we will work
o w ar ds the goal of r e v ealing the full diversity of fermentative
rganisms. 

https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuae016#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuae016#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuae016#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuae016#supplementary-data
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Figur e 2. F ermentativ e pr okaryotes ar e div erse, pr oduce a r ange of end pr oducts, and use a r ange of substr ates. (A) Phylogenetic tr ee of pr okaryotes, 
highlighting those that are fermentative and their end products . (B) T he nine most common end products of fermentation. (C) The nine most common 
substrates of fermentation. The figure is drawn from data in Hackmann and Zhang ( 2023 ). 



Hackmann | 5 

 

 

 

 

 

 

 

n
s  

w  

z  

s
(  

n  

z  

e  

e  

u  

b  

2  

b
[
e  

c  

t  

c  

(  

f  

m  

o

t  

e  

t  

2  

d  

t  

t  

N
t  

B
a  

e  

C  

w
n  

o
e  

[
g  

d  

p  

a  

d  

z  

t  

t
 

f  

u  

e  

f  

f  

b  

d  

(  

g  

u  

p  

t  
Diversity of fermentation extends to the 

biochemical le v el 
The study of fermentation biochemistry has a 

rich history 

Fermentation is carried out by a range of organisms, and this di- 
versity extends to the biochemical level. Attempts to uncover that 
div ersity tr ace bac k to Eduard Buc hner’s discov ery of enzymes 
nearly 130 years ago (Buchner 1897 ) ( Fig. S2 ). Buchner proposed 

that fermentation in y east w as carried out by a single enzyme 
(zymase). Ho w e v er, r eality turned out to be more complex, and 

se v er al decades were spent purifying the responsible enzymes.
The w ork w as painstaking, and one paper purified se v en sepa- 
rate enzymes to outline one pathway of propionate formation 

(Allen et al. 1964 ). By 1986, major pathways r e v ealed with this 
a ppr oac h wer e summarized in a landmark textbook by Gerhard 

Gottschalk ( 1986 ). These same pathways would be r ender ed, al- 
most unchanged, in textbooks and other resources for decades to 
come (Meganathan et al. 2007 , Müller 2008 , White et al. 2012 , Kim 

and Gadd 2019 ). 
While our understanding of fermentation a ppear ed mostl y 

complete decades a go, r ecent studies hav e pointed to se v er al ga ps.
In many cases, these gaps have been identified and filled using 
genomics, an a ppr oac h that has tr ansformed the field of fermen- 
tation bioc hemistry. This r e vie w will sum up all pr ogr ess—fr om 

early work to recent discoveries—by first focusing on the fermen- 
tation of glucose. 

Fermentation of glucose follows several 
pathways 

Given that glucose is the most common substrate of fermentation 

(Fig. 2 C), the biochemistry of glucose fermentation has been stud- 
ied in great detail. T he pathwa ys that have emerged are outlined 

in Fig. 3 and presented in full in Fig. S3 . 
When pathways are viewed in outline (Fig. 3 A), fermentation 

is simple. Glucose enters either through glycolysis or the pentose 
phosphate pathway and is converted to p yruvate. F rom p yruvate,
pathways br anc h out to form a number of end products (e.g. lac- 
tate). At se v er al points, r edox cofactors (NAD and ferredoxin) ac- 
cept electrons and become reduced. At later points, these cofac- 
tors donate electrons and become oxidized. ATP is also formed 

at se v er al points in the pathway, either in fermentation r eactions 
dir ectl y (by substr ate-le v el phosphorylation) or by ATP synthase.
This textbook picture of fermentation suggests a low level of com- 
plexity to this metabolism. 

When fermentation reactions are viewed in full ( Fig. S3 ), the 
complexity of this metabolism emer ges. Acr oss or ganisms, fer- 
mentation involves a total of 123 biochemical reactions, 127 en- 
zymes, and 97 metabolites (Figs. 3 B, S3 , Table S1 ). Additionally,
multiple pathways can be responsible for forming the same prod- 
uct. For forming acetate from its immediate pr ecursor (pyruv ate 
or acetyl-CoA), six separate pathways have been found ( Fig. S3 ).
The process of electron transfer is also complex, and there are 
a number of enzymes just for interconv erting r educed cofactors 
(Fig. 3 B, S3 , Table S1 ). 

Recent studies shed insight into the fermentation 

of glucose 

Examining discoveries from recent studies helps illustrate the 
complexity of glucose fermentation. These studies have discov- 
er ed ne w pathways and enzymes for forming acetate , butyrate ,
butanol, propionate, ethanol, and H 2 (Figs. 4 , 5 ). For acetate, two 
ew pathways have been discov er ed. In Cutibacterium granulo- 
um (Fig. 4 A), acetate was found to be formed from acetyl-CoA
ith two unrecognized enzymes (Zhang et al. 2021 ). These en-

ymes ar e succin yl-CoA:acetate CoA-tr ansfer ase (EC 2.8.3.18) and
uccinyl-CoA synthetase [adenosine diphosphate (ADP) forming] 
EC 6.2.1.5). They were found after searching the genome revealed
o alternativ es. Bioc hemical experiments confirmed these two en-
ymes ar e activ e and form a functional pathway for forming ac-
tate . T he pathwa y they form is analogous to one described in
ukaryotes (Lindmark 1976 ), but the enzymes used by C . gran-
losum are bacterial in origin. The enzymes and pathway have
een subsequently detected in uncultured bacteria (Kumar et al.
022 ). In Chloroflexus aurantiacus (Fig. 4 A), acetate was found to
e formed from acetyl-CoA by one enzyme (acetate—CoA ligase 

ADP-forming]; EC 6.2.1.13) (Schmidt and Schonheit 2013 ). Other 
nzymes for forming acetate were absent in the genome, and the
urrent enzyme was purified to homogeneity to confirm its exis-
ence. It is similar to an enzyme from Pyrococcus furiosus , an ar-
 haeon, whic h was found by traditional purification procedures
Schäfer and Schönheit 1991 , Musfeldt et al. 1999 ). Pathways for
orming acetate in bacteria have been studied since 1940 (Lip-

ann 1939 ), and these recent discoveries underscore the amount
f hidden diversity. 

Recent studies shed insight into the fermentation of glucose 
o butyrate or butanol. In Clostridium acetobuylicum (Fig. 4 B), two
nzymes were found important in the balance of redox cofac-
ors during the formation of butyrate and butanol (Yoo et al.
015 , Foulquier et al. 2022 ). One enzyme (ferr edoxin—NAD 

+ r e-
uctase; EC 1.18.1.3) tr ansfers electr ons fr om r educed ferr edoxin
o oxidized NAD. A second enzyme (ferr edoxin—NAD 

+ r educ-
ase; EC 1.18.1.3) carries out a similar transfer, but to oxidized
ADP. These enzymes ensure that fermentation is balanced and 

here is no build-up of reduced ferredoxin or oxidized NAD(P).
oth enzymes were found by traditional purification procedures 
fter searching the genome revealed no alternatives . T he first
nzyme turned out to be a pr e viousl y known enzyme (butyryl-
oA dehydrogenase; EC 1.3.8.1), and the new role (EC 1.18.1.3)
as discov er ed after this purification. In Pseudobutyrivibrio rumi- 
is (Fig. 4 B), two enzymes were found to be an important balance
f redox cofactors during the formation of butyrate (Schoelmerich 

t al. 2020 ). Both enzymes, Rnf (ferredo xin—NAD 

+ o xidoreductase
Na + -transporting]; EC 7.2.1.2) and Ech (energy-converting hydro- 
enase; EC 7.1.1.-) transfer electrons a wa y from reduced ferre-
oxin to stop build-up of this cofactor . Further , these enzymes
ump out sodium (Kuhns et al. 2020 ) and hydrogen ions (Katsyv
nd Müller 2022 ). These ions in turn drive ATP formation b y tw o
ifferent ATP synthases (EC 7.2.2.1, EC 7.1.2.2), and so these en-
ymes also play an important role in energy conservation. This is
he first example of an organism that forms ATP with two ions and
wo ATPases, and it shows the diversity of bacterial metabolism. 

Recent studies found pr e viousl y unr ecognized enzymes in
orming propionate and succinate. In Prevotella spp. (Fig. 5 A), three
nr ecognized enzymes hav e been found in two studies (Sc hleic her
t al. 2021 , Zhang et al. 2023 ). The first study (Zhang et al. 2023 )
ound that Rnf is present, and as in P. ruminis , this enzyme trans-
ers electrons a wa y from reduced ferredoxin. This is important
ecause a second enzyme was found that forms reduced ferre-
oxin. This second enzyme, pyruv ate:ferr edo xin o xidoreductase

EC 1.2.7.1), is central to the metabolism of many fermentative or-
anisms, and without Rnf, it would quic kl y make fermentation
nbalanced. Historicall y, this pr oblem was ov erlooked because
yruv ate:ferr edo xin o xidoreductase was not recognized as part of
his pathway (succinate pathway) (Allen et al. 1964 ). It is likely

https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuae016#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuae016#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuae016#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuae016#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuae016#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuae016#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuae016#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuae016#supplementary-data


6 | FEMS Microbiology Reviews , 2024, Vol. 48, No. 4 

ATP synthesis Electron transfer Hydrogen formation

outin

outin out
H2

in

H2

Formate

H2

H2

outin

outin

Acetate 
formation II

Butyrate 
formation

Ethanol 
formation

Propionate/succinate
formation

Lactate
formation

Methylglyoxal 
shunt

Glycolysis

Malate 
shunt

Pentose phosphate pathway

Acetate 
formation I

Acetyl-P

Acetate

D-Lactate Ethanol

Acetate

G3P

Glucose-6P

Glucose

G3P

PEPP

Propionate

Pyruvate

L-Lactate

Oxaloacetate

Malate

Succinate

Propionate

ee

Formate (or ferredoxin)
formation

Butanoyl-CoA

Butyrate

Ethanol

Acetyl-CoA

Formate
or
Ferredoxin

ATP
Reduced NAD(P)
Reduced ferredoxin
Other reduced cofactor
Carbon
H2
H+

Na+

ADP
Oxidized NAD(P)
Oxidized ferredoxin
Other oxidized cofactor

Glycolysis
Pentose phosphate pathway

Methylglyoxal shunt
Malate shunt

Formate (or ferredoxin) formation
Lactate formation
Ethanol formation
Acetate formation

Butyrate formation
Propionate/succinate formation

Hydrogen formation
Electron transfer

ATP formation
Total

MetabolitesEnzymes
21
28
11
13

6
3
3

11
9

16
8

10
3

127
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9
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Reactions
19
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12
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3

123
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(B)

Figur e 3. T he biochemical pathways for the fermentation of glucose can be summarized in the outline. (A) Pathways. (B) A number of biochemical 
reactions , enzymes , and metabolites . P anel A dr awn fr om Hac kmann et al. ( 2017 ), Hac kmann and Zhang ( 2023 ), and r efer ences in text. A full v ersion is 
available in poster format as in Fig. S3 and in table format in Table S1 . Reduced ferredoxin refers to two reduced iron–sulfur clusters. CoA = coenzyme 
A, G3P = gl ycer aldehyde-3P, PEP = phosphoenolpyruvate, and -P = phosphate. 
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hat these two enzymes are also used by Anaerotignum neopropi-
nicum (Mor eir a et al. 2021 ), whic h forms pr opionate with an un-
elated pathway (acrylate pathwa y). T he second study (Sc hleic her
t al. 2021 ) found a third pr e viousl y unr ecognized enzyme (Nqr;
C 7.2.1.1). Enzymes similar to Nqr have been found in this path-
ay, but Nqr is unique in pumping out sodium. This adds to the

odium pumped out by Rnf and allows the organisms to conserve
dditional energy. 

Recent studies have found unrecognized enzymes in one or-
anism forming ethanol. In Thermoanaerobacterium sacc harol yticum
Fig. 5 B), tw o enzymes w ere found important in maximizing the
ield of ethanol over other products (e.g. acetate) (Lo et al. 2015 ,
ian et al. 2016 ). The first enzyme (ferr edoxin—NAD 

+ r eductase;
C 1.18.1.3) tr ansfers electr ons fr om r educed ferr edo xin to o xi-
ized NAD. This is the same reaction carried out by the enzyme

n Clostridium acetobuylicum (Fig. 4 B), though the amino acid se-
uences of the enzymes are not related. The second enzyme,
fn (NAD[P] + tr anshydr ogenase [ferr edoxin]; EC 1.6.1.4), tr ansfers
lectr ons fr om r educed ferr edo xin and NAD to o xidized NADP. To-
ether, these enzymes balance redox cofactors and theor eticall y

https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuae016#supplementary-data
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Reduced NAD(P)
Reduced ferredoxin
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Figure 4. Se v er al or ganisms use pr e viousl y unr ecognized enzymes in the fermentation of glucose to (A) acetate or (B) butyr ate or butanol. 
Stoichiometry of ATP formation for acetate is shown in (A) but not (B). Stoichiometry of redox cofactors is shown in full in (B) but not (A). 
Stoichiometry of ions has been simplified. Reduced ferredoxin refers to two reduced iron–sulfur clusters. Enzymes for Chloroflexus aurantiacus and 
Pyrococcus furiosus : 1, acetate—CoA ligase (ADP-forming) (EC 6.2.1.13). Enzymes for Cutibacterium granulosum : 1, succinyl-CoA:acetate CoA-transferase 
(EC 2.8.3.18); and 2, succinate—CoA ligase (ADP forming) (EC 6.2.1.5). Enzymes for Clostridium acetobutylicum : 1, ferr edoxin—NAD 

+ r eductase (EC 

1.18.1.3) or butyryl-CoA dehydrogenase; EC 1.3.8.1; and 2, ferredoxin—NADP + reductase (EC 1.18.1.2). Enzymes for Pseudobutyrivibrio ruminis : 1, 
ferredo xin—NAD 

+ o xidoreductase (Na + -transporting) (Rnf) (EC 7.2.1.2); 2, energy-converting hydrogenase (Ech) (EC 7.1.1.-); 3, Na + -transporting 
two-sector ATPase (EC 7.2.2.1); and 4, H 

+ -transporting two-sector ATPase (EC 7.1.2.2). CoA = coenzyme A, G3P = G3P = gl ycer aldehyde-3P, 
PEP = phosphoenolpyruvate, -P = phosphate, suc = succinate, and sucCoA = succinyl-CoA. 
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Figure 5. Se v er al or ganisms use pr e viousl y unr ecognized enzymes in the fermentation of glucose to (A) pr opionate or succinate, (B) ethanol, or (C) H 2 . 
Stoichiometry of ATP formation is not shown. Stoichiometry of ions has been simplified. Reduced ferr edoxin r efers to two r educed ir on–sulfur clusters. 
Enzymes for Prevotella spp.: 1, ferredo xin—NAD 

+ o xidoreductase (Na + -transporting) (Rnf) (EC 7.2.1.2); and 2, pyruvate:ferredoxin oxidoreductase (EC 

1.2.7.1). Enzymes for Thermoanaerobacterium sacc harol yticum : 1, ferr edoxin—NAD 

+ r eductase (EC 1.18.1.3); and 2, NAD(P) + tr anshydr ogenase (ferr edoxin) 
(Nfn) (EC 1.6.1.4). Enzymes for Thermotoga maritima and Ruminococcus albus : 1, hydrogenase (NAD 

+ , ferredoxin) (EC 1.12.1.4). Enzymes for Pyrococcus 
furiosus : 1, membrane-bound hydrogenase (Mbh) (EC 7.2.1.-); and 2, glyceraldehyde-3-phosphate dehydrogenase (ferredoxin) (EC 1.2.7.6). 
CoA = coenzyme A, G3P = G3P = gl ycer aldehyde-3P, PEP = phosphoenolpyruvate, -P = phosphate, suc = succinate, and sucCoA = succinyl-CoA. 
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llow fermentation to form only ethanol (though in practice some
cetate , lactate , and H 2 are still formed). If genes for both are
eleted, the ethanol yield decreases (Tian et al. 2016 ). 

One final set of studies sho w ed new enzymes for forming H 2 . In
hermotoga maritima (Fig. 5 C), H 2 was found to be formed by hydro-
enase (NAD 

+ , ferredoxin) (EC 1.12.1.4) (Schut and Adams 2009 ).
his hydrogenase uses both reduced NAD and reduced ferredoxin,
aking it the first hydrogenase known to use more than one type

f redox cofactor. It is crucial for balancing fermentation, which
r oduces both r educed NAD and r educed ferr edoxin. This en-
yme was later found to play the same role in Ruminococcus al-
us (Zheng et al. 2014 ) . This enzyme is otherwise well known be-
ause it uses a type of energy coupling known as electron con-
ur cation (see belo w). In Pyrococcus furiosus (Fig. 5 C), it was found
hat H 2 was formed by a membrane-bound hydrogenase (Mbh, EC
.2.1.-) (Sa pr a et al. 2003 ). This hydr ogenase partners with a sec-
nd enzyme that produces reduced ferredoxin (glyceraldehyde-3-
hosphate dehydr ogenase [ferr edoxin]; EC 1.2.7.6). The hydr oge-
ase not only forms H 2 but also likely pumps sodium (Yu et al.
018 ) or hydrogen ions (Sapra et al. 2003 ), which could drive ATP
ormation. A r elated hydr ogenase, Ec h, was later found to play a
imilar role in Pseudobutyrivibrio ruminis (Fig. 4 B). 
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Se v er al pr e viousl y unr ecognized enzymes help form ATP or bal- 
ance redox cofactors . T heir impact becomes clear when summing 
up ATP and reduced redox cofactors from fermentation (Fig. 6 ).
Rnf and Ec h, e.g. incr ease the yield of ATP by up to 50% when bu- 
tyrate is formed. Consequently, they decrease the Gibbs energy 
( �r G ) per ATP and bring it near −60 kJ/mol, the minimum energy 
observed for most types of metabolism (Schink 1990 , 1997 ). Bu- 
tyrate fermentation was once considered energetically inefficient 
(Thauer et al. 1977 , Kohn and Boston 2000 ), but it is now clear it 
can be just as efficient in forming ATP as other types of fermen- 
tation. 

In summary, recent work underscores the complexity of the fer- 
mentation at the biochemical level. It shows that even for fermen- 
tation of glucose, a well-studied pr ocess, ther e ar e man y enzymes 
and pathways that had been pr e viousl y unr ecognized. Man y of 
these enzymes are involved in the balance of redox cofactors, and 

no doubt there are many to still be discovered. 

Recent studies shed insight into the fermentation 

of amino acids and other substr a tes 

While most recent studies have focused on the fermentation of 
glucose , there ha ve been advances in understanding other fer- 
mentation pathwa ys . We co v er major adv ances since the land- 
mark textbook by Gottschalk ( 1986 ). 

T here ha ve been several advances in understanding the fer- 
mentation of amino acids. In Clostridium tetanomorphum (Fig. 7 A),
Rnf and a second enzyme were found to balance redox cofactors 
during the fermentation of glutamate (J ay amani 2008 , Buckel and 

T hauer 2013 ). T his w as the first fermentation in which Rnf w as re- 
ported, and it set the stage for understanding its role in other path- 
ways (see Figs. 4 B, 5 A). The second enzyme, butyryl-CoA dehy- 
dr ogenase (EC 1.3.8.1), r educes cr oton yl-CoA to butyryl-CoA and 

forms both reduced ferredoxin and oxidized NAD in the process.
This enzyme was pr e viousl y known, but it was pr e viousl y thought 
to form oxidized NAD only. This discovery also set the stage for un- 
derstanding its role in other pathways (see Figs. 4 B, 7 B). In Clostrid- 
ium sporogenes (Fig. 7 A), a similar role for these two enzymes 
exists (Liu et al. 2022 ). Historically, it was believed this organ- 
ism ferments amino acids by simply transferring electrons from 

one amino acid to another (Stickland 1934 ). Ho w e v er, electr on 

tr ansfer is mor e complex, and both butyryl-CoA dehydr ogenase 
and Rnf are involved. Depending on the amino acid fermented,
butyryl-CoA dehydr ogenase is r eplaced with 3-(aryl)acrylate r e- 
ductase (EC 1.3.8.15) or an analogous acyl-CoA dehydrogenase. 
Acidaminococcus fermentans (Buckel and Thauer 2013 ) and Clostrid- 
ium difficile (Neumann-Schaal et al. 2019 ) are other organisms that 
ferment amino acids and have genes for Rnf and acyl-CoA dehy- 
drogenases . T his set of enzymes thus appears prevalent in this 
type of metabolism. 

One of the most unusual and longest-studied fermentations 
is in Clostridium kluyveri . In this organism, both ethanol and ac- 
etate are simultaneously fermented (Fig. 7 B). Two enzymes have 
been discov er ed as crucial in balancing r edox cofactors in this fer- 
mentation (Fig. 7 B) (Li et al. 2008 , Wang et al. 2010 ). One enzyme,
butyryl-CoA dehydrogenase (EC 1.3.8.1), serves the same role as 
in C. tetanomorphum (Fig. 7 A), where it was characterized around 

the same time . T he second enzyme, Nfn, serves the same role as 
in T. sacc harol yticum (Fig. 5 B), and it was c har acterized first in C.
kluyveri . Together, these enzymes balance fermentation (Buckel 
and Thauer 2013 ). It is possible that redox cofactors are balanced 

by Rnf , also , (Buckel and Thauer 2013 ), given genes for it have been 
ound in the genome (Seedorf et al. 2008 ). Ho w e v er, the catal ytic
ctivity of Rnf has not been demonstrated experimentally. 

Gottschalkia acidurici ferments uric acid, and one study shed 

nsight into this process (Fig. 7 C). This study (Wang et al. 2013 )
ound the enzyme formate dehydrogenase (NAD 

+ , ferredoxin) (EC 

.17.1.11) forms both reduced ferredoxin and reduced NAD. This 
nzyme was pr e viousl y kno wn, but it w as unclear whic h r educed
ofactors it formed. By forming both of these reduced cofactors,
he enzyme balances other reactions forming oxidized cofactors. 

Acetylene is an organic compound with a carbon–carbon triple 
ond, making it an unlikely substrate for fermentation. Ho w ever,
he organism Syntrophotalea acetylenica can indeed ferment this 
ompound to acetate and ethanol (Fig. 7 D) (Schink 1985 ), and one
ecent stud y gi ves insight into this process . T his study (Seiffert et
l. 2007 ) sho w ed the carbon–carbon triple bond is broken by the
nzyme acetylene hydratase (EC 4.2.1.112), and it accomplishes 
his by using water and tungsten as a cofactor. Redox cofactors
re not used at this step, though both NAD and ferredoxin are
sed in later steps of the pathway (Schink 1985 ). 

Two recent studies have studied Syntrophus aciditrophicus to 
hed insight into secondary fermentation (Fig. 7 E). Secondary 
ermentation involves fermenting butyrate or other end prod- 
cts from other microbes, forming even simpler molecules. One 
tudy (James et al. 2016 ) showed this organism forms acetate
rom acetyl-CoA with a single enzyme (acetate—CoA ligase; EC 

.2.1.1). This enzyme is unique because it forms ATP from adeno-
ine monophosphate (AMP) and pyrophosphate, not ADP and in- 
rganic phosphate. By using this enzyme, the organism can con-
erve an extra 0.75 ATP (assuming 1 ATP is saved by not synthe-
izing ADP from AMP and 0.25 ATP is spent on synthesizing py-
 ophosphate fr om inor ganic phosphate; see Fig. S3 ). This enzyme
s well known for its role in anabolism, and this is the first case
here it was shown to have a catabolic function. A second study

Agne et al. 2021b ) sho w ed ho w this or ganism balances r edox co-
actors . T his study r e v ealed how electr ons ar e tr ansferr ed fr om
educed cofactors to CO 2 , forming formate in the process. While
ome enzymes were known from other pathwa ys , one enzyme ,
MO (electr on-tr ansferring flavopr otein:methylmenaquinone ox- 
doreductase; EC 1.5.5.1), w as unkno wn and ne wl y c har acterized
n this study. The enzyme EMO has since been found involved in
nother pathway of secondary fermentation (Agne et al. 2021a ),
nd it could be k e y to manipulating this process. 

ome pathways still have gaps remaining 

hile recent studies have found and filled many apparent gaps in
ermentation pathwa ys , others still r emain. One ga p that still r e-

ains is in the bacterium Butyrivibrio proteoclasticus , which lacks
nolase, a k e y enzyme of gl ycol ysis (K ell y et al. 2010 ). It is still
ot clear what enzyme or enzymes may substitute; the methylgly-
xal shunt was proposed as an alternative (Kelly et al. 2010 ), but
ot all needed enzymes are encoded by the genome (Hackmann
t al. 2017 ). T he problem is heightened by the disco v ery of mor e
acteria lacking this seemingly essential enzyme (Hackmann et 
l. 2017 , Seshadri et al. 2018 ). While genomics can highlight gaps,
ore classic biochemical experiments are needed to fill them. 
Another outstanding gap is in the pathway for forming propi-

nate . While the pathwa y in Prevotella spp. is now clear (Fig. 5 A),
t is still unclear in pr opionibacteria, wher e the pathw ay w as first
elineated (Allen et al. 1964 ). It is now known that propionibacte-
ia form r educed ferr edoxin via pyruv ate:ferr edoxin oxidor educ-
ase; knocking out this enzyme results in poor growth (McCubbin
t al. 2020 ). Ho w e v er, it is unclear whic h enzyme tr ansfers elec-

https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuae016#supplementary-data
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Figure 6. Summary of ATP and reduced cofactors formed in fermentation of glucose to different end products. (A) ATP. (B) Reduced cofactors. Formate 
and H 2 are treated as equivalent to reduced ferredoxin. Values are mol/mol glucose unless otherwise specified. Values for acetate are based on 
Thermotoga maritima and Ruminococcus albus ; values for ethanol are based on Thermoanaerobacterium saccharolyticum ; values for succinate and propionate 
are based on Prevotella spp.; and values of butyrate are based on Pseudobutyrivibrio ruminis . See Figs. 4 , 5 , S3 for more details. Values for lactate are 
those typical for lactic acid (Gottschalk 1986 ). Most organisms form multiple products, requiring values pertaining to the entire fermentation to be 
split arbitr aril y. Tr ansport of glucose and fermentation pr oducts acr oss the cell membr ane is not r epr esented, though this can affect the yield of ATP. 
Standard transformed Gibbs energy of reaction ( �r G 

′ ◦) was calculated following Alberty ( 2003 ) and Hackmann et al. ( 2013 ) with T = 298.15 K, I = 0.25, 
and pH = 7. Reaction stoiochiometry was taken from Hackmann et al. ( 2013 ), except for succinate, which was taken as 1 glucose(aq) + 2 H 2 (g) + 2 
CO 2 (g) = 2 succinate(aq) + 2 H 2 O(l). Concentrations were 1 M for aqueous reactants and 1 bar for gaseous reactants . T he standard further transformed 
Gibbs energy of reaction ( �r G 

′′ ◦) was calculated similarly but with H 2 (g) = 1 ·10 −3 bar, the highest value observed for most environments (Thauer et al. 
1977 ). 

t  

r  

b  

t

R
g
A  

t  
r ons fr om r educed ferr edo xin to o xidized NAD; propionibacte-
ia do not have genes for Rnf. While some possible enzymes have
een proposed (McCubbin et al. 2020 , Dank et al. 2021 ), they need
o be verified with biochemical experiments. 
econstructing fermentation pathways from 

enomes has promises and pitfalls 

 common theme of recent studies is they find gaps in fermenta-
ion pathw ays b y using genomics. Ho w does this process w ork? It

https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuae016#supplementary-data
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those fermenting (A) amino acids, (B) ethanol and acetate, (C) uric acid, (D) acetylene, or (E) butyr ate. Stoic hiometry of ATP formation is not shown. 
Stoichiometry of redox cofactors not shown in (D). Stoichiometry of ions has been simplified. Reduced ferredoxin refers to two reduced iron–sulfur 
clusters. Enzymes for Clostridium tetanomorphum : 1, ferredo xin—NAD 

+ o xidoreductase (Na + -transporting) (Rnf) (EC 7.2.1.2); and 2, butyryl-CoA 

dehydrogenase (EC 1.3.8.1). Enzymes for Clostridium sporogenes : 1, ferredo xin—NAD 

+ o xidoreductase (Na + -transporting) (Rnf) (EC 7.2.1.2); and 2, 
acyl-CoA dehydr ogenase, suc h as 3-(aryl)acrylate r eductase (EC 1.3.8.15) or butyryl-CoA dehydr ogenase (EC 1.3.8.1). Enzymes for Clostridium kluyveri : 1, 
NAD(P) + tr anshydr ogenase (ferr edoxin) (Nfn) (EC 1.6.1.4); and 2, butyryl-CoA dehydr ogenase (EC 1.3.8.1). Enzymes for Gottsc halkia acidurici : 1. formate 
dehydr ogenase (NAD 

+ , ferr edoxin) (EC 1.17.1.11). Enzyme for Syntrophotalea acetylenica : 1, acetylene hydratase (EC 4.2.1.112). Enzymes for Syntrophus 
aciditrophicus : 1., acetate—CoA ligase (EC 6.2.1.1); 2, electr on-tr ansferring flavopr otein:methylmenaquinone oxidor eductase (EMO) (EC 1.5.5.1) and 
formate dehydrogenase-N (EC 1.17.5.3); and 3, formate dehydrogenase (EC 1.17.1.9). CoA = coenzyme A. 
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s conceptually straightforw ar d (Fig. 8 ). The organism’s genome is
rst searched for genes for enzymes catalyzing biochemical reac-
ions, then the reactions are assembled into pathwa ys . T he pre-
icted (reconstructed) pathways are examined for gaps, where a
eaction is apparently missing. The gaps are then filled by search-
ng for alternate enzymes (ones not pr e viousl y r ecognized in the
athway) or purifying new enzymes. 

This a ppr oac h is widel y used because it offers a quic k vie w
nto an organism’s metabolism. Genome sequences for many or-
anisms are now a vailable , and reconstruction can be partly or
ully automated with tools . For example , the tool IMG/M has over
20 000 genomes for bacteria alone, and it displays predicted bio-
 hemical r eactions in Kyoto Encyclopedia of Genes and Genomes
athways (Chen et al. 2021 ). Recently, a tool was introduced for re-
onstructing fermentation pathways specificall y (Hac kmann and
hang 2023 ). With these tools, hundreds or thousands of organ-

sms can be examined at once—a scale unimaginable with tradi-
ional biochemistry. 

This a ppr oac h has pitfalls, ho w e v er. P athways can hav e ga ps
ue to a failure at any step of reconstruction. In one study (Hack-
ann and Zhang 2023 ), it was found that 61% of butyrate-forming

r ganisms wer e a ppar entl y missing at least one reaction-forming
utyrate . P oor gene annotation was likely responsible in the case
f one reaction (butyryl CoA:acetate CoA tr ansfer ase, EC 2.8.3.8);
atabases are missing annotations for 86% of the enzymes known
o catalyze it (Hackmann 2022 ). Many investigators simply fill
hese gaps by adding missing reactions back to a reconstructed
athw ay; this w as done in reconstructing pathways of human gut
acteria (Magnusdottir et al. 2017 , Heinken et al. 2023 ). In the end,
nly experiments can show if reactions are truly missing from
n organism, and these experiments can lead to the discovery of
ore enzymes and pathwa ys . 

merging roles for electron bifurcation and 

onfurcation 

ome enzymes r e v ealed by recent studies carry out electron bi-
urcation (Fig. 9 ), a unique form of energetic coupling (Buckel and
 hauer 2018 ). T his coupling in volv es the tr ansfer of electr ons fr om
ne donor molecule to two acceptors. One enzyme carrying out
his coupling is butyryl-CoA dehydr ogenase, whic h tr ansfers elec-
r ons fr om r educed NAD to oxidized ferr edoxin and cr oton yl-CoA
Figs. 4 , 7 , 9 ) (J ay amani 2008 , Li et al. 2008 , Demmer et al. 2017 ).
 r elated pr ocess, electr on confur cation, inv olv es the tr ansfer of
lectr ons fr om two donor molecules to one acceptor (Fig. 9 ). Bi-
ur cating and confur cating enzymes often tr ansfer electr ons be-
ween ferredoxin and NAD, giving them a key role in balancing
hese redox cofactors. 

While these enzymes balance redo x, the y have received atten-
ion also because of their unique energetics (Buckel and Thauer
018 ). During electron bifurcation, an electron is donated to a low-
otential acceptor (Fig. 9 ), a normally unfavorable reaction. This

s made possible by donating another electron to a high-potential
cceptor (Fig. 9 ), which is highly fa vorable . Electron confurcation
nvolves a similar coupling of favorable and unfavorable reactions.
ey cofactors in these reactions are flavins (FAD or FMN), which

nitiall y accept electr ons and then donate them to the final accep-
ors. As such, these reactions are called flavin-based, distinguish-
ng them from quinone-based reactions found in mitochondria
Buckel and Thauer 2018 ). 

Curr entl y, four flavin-based bifurcating or confurcating en-
ymes are known to have a role in fermentation (Fig. 9 ). How-
 v er, ther e ar e mor e likel y to be discov er ed. First, ther e ar e en-
ymes c har acterized in non-fermentativ e or ganisms that also
ikel y hav e a r ole in fermentation. An example is lactate dehy-
r ogenase (NAD 

+ , ferr edoxin) (EC 1.1.1.436), whic h tr ansfers elec-
r ons fr om lactate and r educed ferr edo xin to o xidized NAD. This
nzyme was discov er ed in a homoacetogen (Weghoff et al. 2015 ),
ut genes for it are also present in organisms that ferment lactate
Buckel and Thauer 2018 , Detman et al. 2019 , Shetty et al. 2020 ).
econd, as one recent study suggests, there could be enzymes not
et c har acterized in an y or ganism. This study (Sc hut et al. 2022 )
earc hed micr obes for genes of the Bfu famil y of bifurcating en-
ymes. It found se v er al putativ e enzymes, and based on sequence
omology, they were predicted to use novel electron donors, such
s pyruvate (Schut et al. 2022 ). If proven by further experiments,
hese enzymes could catal yze r eactions pr e viousl y unknown in
ermentation. 

here are additional directions for revealing 

athways and enzymes 

her e ar e two ar eas of r esearc h to watc h in the field of fermen-
ation biochemistry. One is the determination of the 3D structure
f fermentation enzymes. In r ecent years, structur es hav e been
etermined for se v er al enzymes, including Nfn (Demmer et al.
015 ), butyryl-CoA dehydrogenase (Demmer et al. 2017 ), Mbh (Yu
t al. 2018 ), Rnf (Vitt et al. 2022 ), hydrogenase (NAD 

+ , ferredoxin)
Feng et al. 2022 , Furlan et al. 2022 , Katsyv et al. 2023 ), and for-

ate deh ydrogenase (h ydrogenase) (EC 1.17.98.4) (Steinhilper et
l. 2022 ). These structur es wer e determined thr ough cryo-electr on
icr oscopy. Giv en the incr easing a pplication of this technique,
or e structur es can be expected. The structur es of these en-

ymes are k e y to engineering fermentation to impr ov e catal ysis
r change reaction substrates. 

A second area to watch is reconstruction of fermentation path-
ays in uncultured microbes. With the availability of genomes of
ncultur ed micr obes (Nayfac h et al. 2021 ) and a tool for r econ-
tructing fermentation pathways (Hackmann and Zhang 2023 ),
t should be possible to explore these microbes in greater de-
ail. One r oadbloc k is that man y genomes fr om uncultur ed mi-
r obes hav e low completeness, leading to ga ps in r econstructed
athwa ys . Howe v er, impr ov ements in DNA sequencing, genome
ssembl y, and manual cur ation should lead to mor e complete
enomes, lifting this r oadbloc k (Chen et al. 2020 ). 

isco veries in fermenta tion have r eal-w orld
pplications 

ermentation is not just a fascinating topic to study scientifi-
ally, but it has several roles in human society. Agriculture, hu-
an health, and industrial production of chemicals are just some

reas of society that intersect with fermentation. These areas can
e advanced by leveraging fermentative microbes and pathways
ncov er ed by the work above ( Fig. S4 ). 

ngineering microbes can improve the 

roduction of commodity chemicals 

ne application of recent findings is to improve the production
f commodity chemicals ( Fig. S4 ). Butanol, succinate, and pro-
ionate are among many chemicals produced by fermentation
hat have industrial uses (Lee et al. 2019 , Keasling et al. 2021 ,
arghese et al. 2022 ). Ho w ever, the purity and yield of fermenta-
ion pr oducts ar e low (Var ghese et al. 2022 ), and these chemicals
r e typicall y pr oduced fr om petr oleum r ather than fermentation.
ne chemical, ethanol, is alr eady pr oduced in lar ge quantities by

https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuae016#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuae016#supplementary-data
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Figur e 9. Fla vin-based electron bifurcation and electron confurcation are types of energetic coupling important in fermentation. Enzymes shown are 
butyryl-CoA dehydrogenase (EC 1.3.8.1), formate dehydrogenase (NAD 

+ , ferredoxin) (EC 1.17.1.11), hydrogenase (NAD 

+ , ferredoxin) (EC 1.12.1.4), and 
NAD(P) + tr anshydr ogenase (ferr edoxin) (Nfn) (EC 1.6.1.4). See Figs. 4 , 5 , 7 for their role in fermentation. Appar ent r eduction potentials ( E ′ ) ar e fr om 

Buckel and Thauer ( 2013 ). Values of standard apparent reduction potential ( E ′ ◦) are shown when values of E ′ are not a vailable . Values are for the 
half-reaction in the direction of reduction. Reduced ferredoxin refers to two reduced iron–sulfur clusters. CoA = coenzyme A, Fd = ferredoxin, 
ox = oxidized, and red = reduced. 
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fermentation (Renewable Fuels Association 2024 ). Howe v er, the 
current method of production involves fermentation of sugar or 
starch (Zabed et al. 2017 ). It would be a vast improvement if it 
could instead use cellulose, a more abundant resource. Genetic 
engineering has been long used to impr ov e biological r outes for 
c hemical pr oduction (Montaño López et al. 2022 ), and r ecent find- 
ings can help these efforts. 

One chemical for which production can be improved is propi- 
onate, a food pr eserv ativ e. One barrier to producing propionate 
by fermentation is that acetate is often formed as an unwanted 

byproduct. One study tried to engineer a bacterium to produce 
less acetate by deleting acetate kinase (Suwannakham et al. 2006 ).
While this a ppr oac h did incr ease the yield of pr opionate, the in- 
crease (13%) was modest. Later work r e v ealed this bacterium does 
not use acetate kinase, but rather the two enzymes of the path- 
ay in Fig. 4 A (Zhang et al. 2021 ). These enzymes may be more
 ppr opriate tar gets to incr ease the yield of the tar get c hemical. 

Recent findings are also r ele v ant to the production of the bio-
uel butanol. The discovery of two new enzymes in its production
Foulquier et al. 2022 ) (Fig. 4 B) identifies additional targets for en-
ineering. While one enzyme (butyryl-CoA dehydrogenase) was 
r e viousl y known in a different role, the second enzyme was pre-
iously unknown and represents a completely new target. Over- 
xpressing these two enzymes in C . acetobutylicum increased the
ield of butanol (Foulquier et al. 2022 ). This could make butanol
r oduction fr om fermentation mor e competitiv e with pr oduction
r om petr oleum. 

Recent findings could also help realize the goal of producing
thanol from cellulose. Clostridium thermocellum can convert cellu- 
ose to ethanol, but it forms acetate as an unwanted byproduct.
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ecent studies (Tian et al. 2016 , Lo et al. 2017 ) suggested that a
athway that forms ethanol is theor eticall y possible, just as in T.
acc harol yticum (Fig. 5 B). To try to r ealize this pathway, ferr edoxin—
AD 

+ r eductase fr om T. sacc harol yticum was expr essed, and it in-
reased yield of ethanol by 30% (Tian et al. 2016 ). A second ap-
r oac h, whic h involv ed ov er expr essing Rnf and deleting hydr o-
enases, increased yield by up to 90% (Lo et al. 2017 ). This case
hows the importance of r ecentl y discov er ed enzymes for balanc-
ng redox cofactors, and it underscores they are prime targets for
enetic engineering. 

Though many studies used genetic engineering, ther e ar e other
 ppr oac hes to contr olling fermentation that could be informed
y recent findings. Electrofermentation is an approach to con-
rol fermentation with an electrode that donates or accepts elec-
rons (Moscoviz et al. 2016 ). It has been used to the increase yield
nd purity of se v er al c hemicals, including pr opionate (Emde and
c hink 1990 , Sc huppert et al. 1992 ) and butanol (Kim and Kim
988 , Choi et al. 2014 ). The mechanism is not fully clear, but it
ay work by changing the ratio of reduced and oxidized cofac-

ors (Moscoviz et al. 2016 ). Recently discov er ed enzymes that bal-
nce redox cofactors could thus be relevant. Ferredoxin—NAD 

+ 

eductase, an enzyme that balances redox cofactors in C . aceto-
utylicum (Fig. 4 B) , had already been thought to play a role in elec-
rofermentation with this organism (Kim and Kim 1988 ). Now that
his enzyme has been purified and c har acterized (Foulquier et al.
022 ) (Fig. 4 B) , its exact r ole can be determined, helping impr ov e
he electrofermentation process. 

anipula ting fermenta tion in the gut could 

mprove human health 

dvances in fermentation are also important to improving human
ealth ( Fig. S4 ). Microbes in the gut form se v er al end pr oducts

Magnusdottir et al. 2017 , Heinken et al. 2023 ), and many have pur-
orted health benefits (Koh et al. 2016 , Kr autkr amer et al. 2021 ,
e Vos et al. 2022 ). Butyrate, a short-chain fatty acid and prod-
ct of fiber fermentation, may lo w er the risk of colorectal cancer.
his cancer is r elativ el y r ar e in people who consume diets high in
ber (Burkitt 1971 , Aune et al. 2011 ), and butyr ate a ppears to pro-
ote the growth of normal cells ov er cancer ous ones (Koh et al.

016 ). High-fiber diets and butyrate also alleviate metabolic dis-
ases, such as type 2 diabetes (Zhao et al. 2018 , Reynolds et al.
020 ). Butyr ate likel y w orks b y activ ating a cell r eceptor that r aises
he production of gut hormones (Tolhurst et al. 2012 ) and lo w ers
ccumulation of fat (Kimura et al. 2013 ). Acetate and propionate,
ther products of fiber fermentation, activate this receptor even
or e str ongl y (Br own et al. 2003 , Le Poul et al. 2003 , Nilsson et

l. 2003 ) and maybe e v en mor e important. Accordingl y, ther e is a
trong push to boost the production of butyrate and other prod-
cts of fiber fermentation in the gut. 

To boost the production of these products, the microbes and en-
ymes forming them are logical targets. Recent studies identifying
hese microbes (Fig. 2 ) and enzymes (Figs. 4 , 5 , 7 ) are thus impor-
ant. Microbes identified to form butyrate could be fed as probi-
tics , for example . An online tool for identifying microbes by fer-
entation product could be useful in this r egard (Hac kmann and

hang 2023 ). Genetic engineering is another a ppr oac h to r aise the
r oduction of butyr ate, and r ecentl y discov er ed enzymes could
erve as targets (see Figs. 4 , 7 ). 

Despite the attention on products of fiber fermentation, other
ermentation products have roles in human health. In a recent
tudy, the end product indole-3-propionate was found to help the
ost r ecov er fr om nerv e injury (Ser ger et al. 2022 ). This end prod-
ct is formed during amino acid fermentation of C. sporogenes , the
athways of which have been recently studied (Fig. 7 A). If the yield
f this product could be increased, such as with probiotics or ge-
etic engineering, there may be a potential health benefit. 

mpro ving fermenta tion is important to man y 

ectors of agriculture 

 final application of recent findings is in improving agricultural
roduction ( Fig. S4 ). Cattle and other herbivores ferment their fi-
rous diet to acetate , propionate , butyrate , and other end prod-
cts . T hese end products are absorbed by the host and meet up to
0% of its energy requirements (Bergman 1990 ). Beyond serving
s a source of ener gy, fermentation pr oducts hav e specific r oles
n the metabolism of the host. Acetate is a precursor for fatty
cids, and infusing it in the gut increases the production of milk
at in cattle (Urrutia and Harvatine 2017 ). At the same time, hydro-
en and formate from fermentation are precursors for methane, a
reenhouse gas (Evans et al. 2019 ). T hus , there is a critical need to
anipulate fermentation to maximize the release of energy and

nimal performance while minimizing the release of greenhouse
ases . Microbes , pathwa ys , and enzymes identified in recent stud-
es are all potential targets for achieving this goal. 

Another use of fermentation in a gricultur e is the production
f fermented food. This is the oldest use of fermentation, with
arliest evidence (malted and fermented seeds) dating to 13 000
ears before the present (Liu et al. 2018 ). In modern times, fermen-
ation is used in the production of r oughl y 5000 differ ent foods
Tamang 2010 ). Recent findings could help tailor the production
f these foods and select desirable end pr oducts. In man y c heeses
nd sausages , the fla vor of lactate is desirable but acetate is not
Hutkins 2019 ). Recent studies could be used to pinpoint organ-
sms that form these products and the pathways they use . T hey
ould guide the replacement of heterolactic organisms (ones pro-
ucing acetate as a byproduct) with homolactic ones (ones pro-
ucing lactate alone). In foods like sourdough bread, the flavor
roduced by heterolactic organisms is desired (Hutkins 2019 ), and
ermentation could be tailored in the opposite direction. This type
f control is especially important as locally fermented foods are
caled up for global production and starter cultur es m ust be de-
eloped. 

oadbloc ks m ust be ov ercome to improv e 

ermentation 

her e ar e r oadbloc ks to ov ercome befor e we can impr ov e fermen-
ation for applications outlined in Fig. S4 . One r oadbloc k is we
ack tools to genetically engineer most microbes. Genetic tools
er e de v eloped for single, isolated species in culture, but most mi-

r obes ar e uncultur ed and liv e in comm unities with thousands of
pecies (Nayfach et al. 2021 ). This r oadbloc k has been partly lifted
y recent studies employing CRISPR-guided transposons (Vo et al.
021 , Rubin et al. 2022 ), which can edit bacteria in their native
ommunities . T his opens up the possibility that many species, in-
luding uncultured ones, can be engineered at once. While a ma-
or advance, it still requires organisms to be genetically tractable.
n the human gut, the only organisms identified as genetically
r actable wer e str ains of E . coli (Rubin et al. 2022 ). More work will
eed to be done to target other bacteria of the gut and other en-
ir onments. Giv en r ecent pr ogr ess in making non-model bacteria
eneticall y tr actable (Chen et al. 2023 , Volke et al. 2023 ), this lim-
tation may not last long. 

Administering probiotics is another approach to improve fer-
entation, but it also has r oadbloc ks to use. Most probiotics cur-

https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuae016#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuae016#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuae016#supplementary-data
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r entl y av ailable ar e lactic acid bacteria (O’Toole et al. 2017 ). They 
ar e oxygen-toler ant and easy to manufacture (O’Toole et al. 2017 ),
but a wider range of organisms is needed to tailor fermentation 

pr ecisel y. A r ecent study de v eloped a method to the increase oxy- 
gen tolerance of probiotics (Khan et al. 2023 ), helping lift barri- 
ers to manufacturing. More probiotic formulations can now be 
tested, which is crucial given current formulations seldom im- 
pr ov e health outcomes (Suez et al. 2019 , Gilijamse et al. 2020 ,
Khan et al. 2023 ). 

One a ppr oac h with r elativ el y fe w r oadbloc ks for contr olling fer- 
mentation is enzyme inhibitors . T he potential of this strategy is 
illustrated by 3-nitroxypropanol, an inhibitor of an enzyme form- 
ing methane (methyl-CoM reductase; EC 2.8.4.1). This inhibitor 
was found through a virtual screen of compounds against the 3D 

structure of the target enzyme (Duin et al. 2016 ). It has been ef- 
fective in vivo and found to reduce methane emissions of cattle 
by 30% (Hristov et al. 2015 ). Similar inhibitors could be de v eloped 

against fermentation enzymes and reduce unwanted fermenta- 
tion pr oducts. Suc h inhibitors could e v en be used to further re- 
duce methane; they could target enzymes that produce hydro- 
gen or formate, precursors for methane. Another a ppr oac h with 

fe w r oadbloc ks is electr ofermentation, though its r eliance on elec- 
trodes limits application in humans or animals. 

Concluding remarks and future perspecti v es 

The study of fermentation has a rich history, but recent studies 
have highlighted gaps in our knowledge. It is now clear that this 
metabolism can be found throughout the tree of life. It is also 
clear that fermentation is complex, forming nearly 300 combina- 
tions of products just in the organisms that have been studied. At 
the biochemical level, enzymes for fermentation continue to be 
discov er ed, including old enzymes in new roles. Enzymes for bal- 
ancing redox cofactors especially have risen to prominence . T hese 
enzymes, along with associated pathways and micr obes, ar e k e y 
tar gets for impr oving fermentation. Agricultur e, human health,
and industrial production of chemicals are all areas that stand to 
benefit from recent disco veries . 

Recent studies also r e v eal how m uc h mor e we hav e to learn.
Fermentation has been best studied in cultured bacteria and ar- 
chaea, and eukaryotes and uncultured microbes have received far 
less attention. Engineering microbes for better fermentation is a 
laudable goal, but it is still challenging to ac hie v e this in commu- 
nities with thousands of microbes . T he most exciting discoveries 
and br eakthr oughs in fermentation ar e still to come. 
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