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Abstract: The Embden–Meyerhof–Parnas (EMP) and Entner–Doudoroff (ED) pathways are considered
the most abundant catabolic pathways found in microorganisms, and ED enzymes have been shown
to also be widespread in cyanobacteria, algae and plants. In a large number of organisms, especially
common strains used in molecular biology, these pathways account for the catabolism of glucose.
The existence of pathways for other carbohydrates that are relevant to biomass utilization has
been recognized as new strains have been characterized among thermophilic bacteria and Archaea
that are able to transform simple polysaccharides from biomass to more complex and potentially
valuable precursors for industrial microbiology. Many of the variants of the ED pathway have
the key dehydratase enzyme involved in the oxidation of sugar derived from different families
such as the enolase, IlvD/EDD and xylose-isomerase-like superfamilies. There are the variations in
structure of proteins that have the same specificity and generally greater-than-expected substrate
promiscuity. Typical biomass lignocellulose has an abundance of xylan, and four different pathways
have been described, which include the Weimberg and Dahms pathways initially oxidizing xylose
to xylono-gamma-lactone/xylonic acid, as well as the major xylose isomerase pathway. The recent
realization that xylan constitutes a large proportion of biomass has generated interest in exploiting
the compound for value-added precursors, but few chassis microorganisms can grow on xylose.
Arabinose is part of lignocellulose biomass and can be metabolized with similar pathways to xylose,
as well as an oxidative pathway. Like enzymes in many non-phosphorylative carbohydrate pathways,
enzymes involved in L-arabinose pathways from bacteria and Archaea show metabolic and substrate
promiscuity. A similar multiplicity of pathways was observed for other biomass-derived sugars such
as L-rhamnose and L-fucose, but D-mannose appears to be distinct in that a non-phosphorylative
version of the ED pathway has not been reported. Many bacteria and Archaea are able to grow on
mannose but, as with other minor sugars, much of the information has been derived from whole cell
studies with additional enzyme proteins being incorporated, and so far, only one synthetic pathway
has been described. There appears to be a need for further discovery studies to clarify the general
ability of many microorganisms to grow on the rarer sugars, as well as evaluation of the many gene
copies displayed by marine bacteria.

Keywords: carbon metabolism; non-phosphorylative pathways; dehydratases; aldolases; alternative
metabolism of sugars

1. Introduction

The Emden–Meyerhof–Parnas (EMP) pathway for glycolysis is regarded widely as the most
important example of a degradative route to yield energy and provide co-products for the further
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construction of polymers in many microorganisms used in industrial production. However, it is either
modified, complemented or replaced by alternative pathways in different bacteria and Archaea. In
some microorganisms such as Zymomonas mobilis and Pseudomonas putida, the Entner–Doudoroff (ED)
pathway plays a key role. The ED pathway and its variations do not provide a high ATP yield, and
differ in key principles from the EMP pathway. The roles of these two major routes are discussed
in detail in a recent review [1] where they describe how the ED pathway enzymes and complete
ED and EMP pathway modules have been used to reformulate carbon metabolism in production
strains and for the construction of cell-free enzymatic pathways. What is generally overlooked is
the occurrence of other pathways for carbohydrate utilization, predominantly focused on sugars
present in biomass rather than purified chemical species. Many of these alternative pathways are
emerging as new thermophilic species are isolated and characterized, often from Archaea, for example,
the recent discovery of an oxidative pathway for D-ribose catabolism in the archaeon Haloarcula [2].
The alternative pathways currently known are based largely on the Weimberg and Dahms pathways
and have been illuminated by heterologous transfers of genes and multi-enzyme gene cassettes into
production strains. This review examines some of the recent results from research on these pathways
and individual enzymes that transform simple oligosaccharides into valuable precursors.

2. Important Enzymes of the ED Pathway/Non-Phosphorylative Pathways

2.1. Dehydratases

The initial reaction of ED pathways includes an oxidation of glucose or galactose by an
aldohexose dehydrogenase for non- and semi-phosphorylative (np- and sp-ED) pathways or by
glucose-6-phosphate dehydrogenase (ZWF) in the classical ED pathway. Following oxidation, the
resulting sugar acid is dehydrated, marking a characteristic step in the operation of all ED pathways.
In the classical ED pathway of most bacteria (e.g., Pseudomonas spp., Escherichia coli and Z. mobilis), this
step is performed by 6-phosphogluconate dehydratase (EDD), while in the archaeal np-ED pathway,
this step is catalyzed by a gluconate dehydratase (GAD). Despite the fact that both enzymes fulfil a
similar function in the pathway, EDD and GAD differ in their protein structure and characteristics.
EDDs share a conserved iron-sulphur cluster and belong to the dihydroxyacid dehydratase/EDD
(IlvD/EDD) family. By contrast, most GADs from Archaea are activated by Mg2+ or Mn2+ and belong to
the enolase superfamily. In the context of their ED pathways, EDD from E. coli, Z. mobilis, Pseudomonas
aeruginosa and Helicobacter pylori are highly conserved and share 49% residues including a 4Fe-4S
cluster. The presence of the iron-sulphur cluster in EDD can hinder its use in eukaryotic production
hosts (e.g., yeast), as the uptake is highly regulated and bioavailable iron is limited in eukaryotic
cells [3].

Several of the EDDs have been studied in more detail and shown to be activated by Fe2+, Mn2+

and Mg2+, as well as other reducing agents such as glutathione, cysteine and thioglycolate [4,5]. An
overview and comparison of dehydratases from other enzyme families are given in Table 1.
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Table 1. Overview of dehydratases from IlvD/EDD, enolase and xylose isomerase-like superfamilies. D-Glc: D-gluconate, D-Xyl: xylonate, L-Fuc: fuconate, D-Gal:
galactonate, D-Man: D-mannonate, L-Man: L-mannonate, D-Rib: D-ribonate, Iso: DL-isovalerate, Dh-iso: 2,3-dihydroxyisovalerate, D-Ara: D-arabinonate, GlcA:
glucuronate, GalA: galacturonate, L-Thr: L-threonate, L-Ara: L-arabinonate, L-Rha: L-rhamnonate, L-Lyx: L-lyxonate, L-Gul: L-gulonate, L-Ido: L-idonate.

Enzyme EC Abbreviation Pathway Species 1 Active Substrates 2 Activating Cofactors/Additives

IlvD/EDD superfamily

6-phospho-gluconate
dehydratase 4.2.13 EDD classical ED

E. coli [5,6]
Z. mobilis [4]

P. aeruginosa [7]
P. flourescens [8]

P. putida [7]

6-phosphogluconate

Fe2+, glycerol-3-phosphate,
Fe2+, Mn2+, glycerol, gluconate, ascorbate

Fe2+, Mg2+, Mn2+

Fe2+, Mg2+, Mn2+, glutathione, cysteine
Fe2+, Mg2+, Mn2+

gluconate dehydratase 4.2.1.39 GAD np-ED/sp-ED A. xylosoxydans [9] D-Glc, D-Xyl, L-Fuc, D-Gal,
D-Man, L-Man, D-Rib, Iso Mg2+, Mn2+

dihydroxyacid dehydratase DHAD valine/isoleucine
synthesis S.solfataricus [10] Dh-iso, glc, D-Xyl, D-Ara,

GlcA, GalA, D-Fuc, L-Thr Mg2+, Mn2+, Ba2+, NaCl

xylonate deydratase 4.2.1.82 XAD pentose oxidation C. crescentus [11] D-Xyl Fe2+, Mg2+

arabinoate dehydratase 4.2.1.25 AraC pentose oxidation A. brasiliense [12] L-Ara, D-Xyl Fe2+, Mg2+

Enolase superfamily

gluconate/galactonate
dehydratase 4.2.1.140 GAD np-ED/sp-ED S. solfataricus [13,14]

P. torridus [15]
D-Glc, D-Gal,
D-Glc, D-Gal

Mg2+, Mn2+, Ni2+, Co2+

Mg2+

gluconate dehydratase 4.2.1.39 GAD np-ED/sp-ED
T. tenax [16]

C. pasteurianum 3 [17]
H. volcanii [18]

D-Glc
D-Glc
D-Glc

Co2+, Mg2+, Ni2+, Cd2+ (Fe2+ inhibits)
Fe2+, Mg2+, Mn2+, Co2+, reducing agents

Mg2+, Mn2+

xylonate dehydratase 4.2.1.82 XAD pentose oxidation H. volcanii [19] D-Xyl, D-Glc Mg2+

arabinoate dehydratase 4.2.1.5 AraD pentose oxidation S. solfataricus [20] D-Ara

rhamnonate dehydratase 4.2.1.90 RhamD pentose oxidation

E. coli [21]
S. typhimurium [21]

A. vinelandii [22]
Sphingomonas [23]

L-Rha, L-Lyx
L-Rha, L-Lyx

L-Rha, L-Lyx, L-Man
L-Rha, L-Lyx, L-Man

Mg2+

Mg2+

mannonate dehydratases 4.2.1.8 ManD diverse

E. coli [24,25]
C. salexigens [24]
S. enterica [24,25]

N. aromaticivorans [26]
many more [25]

D-Man, L-Gul
D-Man, L-Gul
D-Man, L-Ido

D-Man

Mg2+

Mg2+

Mg2+

Mg2+

fuconate dehydratase 4.2.1.68 FucD L-fucose pathway X. campestris [27] L-Fuc, D-Ara Mg2+

Xylose isomerase-like superfamily

mannonate dehydratase 4.2.1.8 ManD (uxuA) hexuronate
metabolism

S. suis [28]
T. acidophilum [29]

D-Man
D-Man

Mg2+

Mg2+, Mn2+, Ni2+, Co2+, Ca2+,
ß-mercaptoethanol

1 References in brackets. 2 Only substrates displaying >10% of the maximal enzyme activity are shown. 3 Unclear if enzyme is part of the allocated enzyme family.
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In the np-ED pathway, which has been studied predominantly in Archaea, D-gluconate is
converted to 2-keto-3-deoxygluconate (KDG) via GAD. The activity of this enzyme was observed in all
cell extracts known to operate the np-ED pathway (Sulfolobus solfataricus, S. acidocaldarius, Thermosplasma
acidophilum, Picrophilus torridus, Thermoproteus tenax, Achromobacter xylosoxidans) and more recently
also in Haloferax volcanii [18]. A more detailed investigation of the properties of the GAD in Archaea
has been conducted for S. solfataricus, P. torridus and T. tenax [13–16,30]. All GAD enzymes displayed
high protein sequence similarity (44%), similar catalytic mechanisms, and belonged to the subgroup
of mandelate racemase/muconate lactonising enzymes (MR/MLE), which are part of the enolase
superfamily and characteristically incorporate Mg2+ ions [15]. The GAD from S. solfataricus was found
to be active with gluconate and galactonate, which is in line with the previous discovery of promiscuity
for the other ED pathway enzymes from the same organism such as glucose dehydrogenase and
2-keto-3-deoxygluconate aldolase (KDGA) [31].

Besides the archaeal dehydratases, GADs from Clostridium pasteurianum and A. xylosoxidans have
been investigated more thoroughly [9,17]. The dehydratase from A. xylosoxidans was characterized
closely in regard to its biochemical characteristics and evolutionary relationship. Surprisingly, the
enzyme shows high substrate promiscuity in particular with D-xylonate, and is phylogenetically more
related to the bacterial IlvD/EDD enzymes instead of the GAD enzymes present in Archaea.

2.1.1. Dehydratases of the Enolase Superfamily

Sugar acid dehydratases have a wide range of different functions in other metabolic pathways in
addition to the importance of EDD and GAD in ED pathways. Most studies focus on metabolic routes
starting from glucose or galactose as a substrate and neglect alternative substrates that can be used by
organisms. The investigation of substrate specificities of enzymes like dehydratases or dehydrogenases
often provide indicators for so-far-undiscovered carbohydrate pathways [32]. In particular, the study
of single enzymes in superfamilies has helped to elucidate enzymes with identical mechanisms but
different physiological roles [21,24,33]. Many dehydratases involved in the np-ED pathway in Archaea
are members of the enolase superfamily encompassing enzymes with the same bi-domain structure
and a conserved mechanism. In addition to dehydratases involved in the catabolism of hexoses in
the ED pathway, dehydratases from the pentose degradation pathways also belong to the enolase
superfamily, e.g., xylonate dehydratase from H. volcanii [19] and D-arabinonate dehydratase from
S. solfataricus [20]. All the enzymes of this superfamily share structural similarities including an α+β

capping domain, which dictates substrate specificity and a TIM-barrel domain for acid/base catalysis.
All members of the superfamily share the same partial reaction in which a base in the active site
abstracts the alpha proton of a carboxylic acid. Subsequently, an enolate anionic intermediate is formed
and stabilized by a metal ion [34,35]. However, as the basic/acidic catalysts are not conserved across all
members, the superfamily can be divided into four subgroups according to the position and identity
of the catalytic residues. The four subgroups, enolase, 3-methylaspartate ammonia lyases, muconate
lactonising enzymes (MLE) and mandelate racemases (MR), are classified by the reactions catalyzed by
their members and their conserved structural characteristics.

Most of the dehydratases are part of the MR/MLE subgroups that are characterized by the
presence of a histidine base for the abstraction of the alpha proton. Among these subgroups,
several dehydratases have been identified including D-glucarate/L-idarate dehydratase, D-altronate/

D-mannonate dehydratase, D-galactonate dehydratase, D-gluconate dehydratase and L-rhamnonate
dehydratase [9,13,21,26,36]. Further investigation of the MR/MLE subgroups, particularly those
annotated as mannonate dehydratases, revealed that substrate specificity differed greatly from that
expected from gene annotation [24,25]. For example, 43 members of the mannonate dehydratase
(ManD) subgroup were recombinantly expressed to determine their enzyme activities. All of the
enzymes tested could be divided functionally into three groups based on their substrate specificity and
catalytic efficiency: (a) Enzymes with high efficiency on D-mannonate; (b) enzymes with low efficiency
on D-mannonate and/or D-gluconate; (c) enzymes with no activity on either substrate. High-activity
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ManDs were found in organisms that lack the uxuA gene that encodes for an additional ManD that is
known to be involved in the degradation of hexuronates [37]. The authors hypothesized that in those
organisms, the role of the high-efficiency ManDs was to compensate for the missing UxuA enzyme in
the hexuronate metabolism. By contrast, organisms with low-efficiency ManDs mostly contained an
uxuA gene, which raised the question about the physiological function of low-efficiency ManDs in the
corresponding organisms. Although further studies found no physiological roles for the low-efficiency
dehydratases, Wichelecki et al. suggested that these enzymes could mark possible starting points for
the metabolism of other sugar acids [24,25].

In Chromohalobacter salexigens DSM3043 and E. coli CFT073, the low-efficiency ManD revealed
activity towards L-gulonate, while in Salmonella enterica subsp. Enterica, the enzyme showed activity
towards L-idonate. However, only in C. salexigens was the dehydratase assumed to be a part of a
physiologically relevant metabolism, whereas the dehydratase in E. coli and S. enterica could not be
assigned to a metabolic pathway [24].

The enolase superfamily is an example of structurally similar enzymes showing diversity in
their physiological function [35]. On a mechanistic level, this diversification in function is due to the
variation in loops and other binding domains but not the catalytic domain. This comparison is similar
to the family of amidohydrolases in which diverse loop structures determine the substrate specificity
of the enzymes but do not necessarily interact with the substrate themselves. For example, among a
group of 64 amidohydrolases, only 18 enzymes showed an interaction of the substrate with one of
the loops [38]. Consequently, sequence similarity in catalytic sites does not necessarily correlate with
similarity in physiological function and needs to be confirmed by enzyme activity assays.

2.1.2. Dehydratases in Hexuronate Metabolism

Glucose has been one of the main substrates in the investigation of many pathways and their
enzymes (e.g., the ED pathway). However, microorganisms thrive in very diverse environments
that enable access to a wide range of substrates beyond glucose. For example, hexuronic acids
like D-glucuronate and D-galacturonate can serve as carbon sources in the metabolism of different
organisms including Dickeya dadantii (formerly known as Erwinia chrysanthemi), E. coli, Bacillus subtilis,
B. stearothermophilus and Aspergillus niger [39–43]. D-Glucuronate is a component of plant cell walls
present in the form of glucuronoxylan, which can be broken down by fungi and bacteria [42,44].
In the intestine, D-glucuronate and D-galacturonate are present in the mucus and can serve as a
carbon source for gut bacteria such as E. coli [45,46]. There are four different known pathways for
the degradation of D-glucuronate, with three of them involving a dehydratase. The most ubiquitous
pathway present in E. coli, B. subtilis and D. dadantii features the genes uxuA, uxuB, uxaC and exuT,
kdgA and kdgK that code for enzymes and transporters in the catabolism of hexuronates (Figure 1).
Glucuronate is transported into the cell via the hexuronate transporter (ExuT) and then converted
into the central metabolites pyruvate and glyceraldehyde-3-phosphate (GAP) by the action of five
different enzymes [47]. First, glucuronate is isomerized into fructuronate via an uronate isomerase
(UxaC). A mannonate oxidoreductase (UxuB) converts fructuronate to mannonate, which is then
converted into KDG by the action of a mannonate dehydratase (UxuA). KDG is also present as the
central intermediate of the sp-ED and np-ED pathways where it can be phosphorylated by KDG kinase
(KDGK) and cleaved into pyruvate and GAP by KDGA. The dehydratase involved here has a similar
function as the GAD in the archaeal np-ED pathway, as it is the crucial enzyme for the formation of
the central intermediate KDG. However, dehydratases of the hexuronate cluster uxuA are mostly part
of the xylose isomerase-like superfamily and show only very limited protein sequence identity to
dehydratases of the enolase or IlvD/EDD superfamilies.
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Figure 1. Metabolism of hexuronates in E. coli. Red arrows indicate analogous route to the
Entner–Doudoroff (ED) pathway. ExuT: Hexuronate transporter, UxaC: Hexuronate isomerase, UxuB:
Mannonate oxidoreductase, UxaB: Altronate oxidoreductase, UxuA: Mannonate dehydratase, UxaA:
Altronate dehydratase, KdgK: 2-Keto-3-deoxygluconate kinase, KDG: 2-Keto-3-deoxygluconate, KDPG:
2-Keto-3-deoxy-6-phosphogluconate, CCM: Central carbon metabolism. Adapted from [47].

2.1.3. Dehydratases of the IlvD/EDD Superfamily

The IlvD/EDD superfamily comprises EDDs of the classical ED pathway, as well as dehydratases
involved in the synthesis of the branched amino acids leucine, isoleucine and valine in eukaryotes.
Despite the difference in their physiological roles, the two enzyme groups IlvD and EDD are
structurally similar [48]. Members of the IlvD/EDD superfamily have been shown to contain
Fe-S clusters in different coordination states. Stable [2Fe-2S] clusters have been found in a
number of IlvD/EDD superfamily representatives in spinach [49], Rhizobium leguminosarum [50]
and Caulobacter crescentus [11], while oxygen-labile [4Fe-4S] clusters have been identified in Z. mobilis
and E. coli [51,52]. Other dehydratases from the IlvD/EDD superfamily were identified in the oxidative
pentose pathways of Azospirillum brasilense, Burkholderia cepacia and C. crescentus [12,53]. The crystal
structure of the D-xylonate dehydratase from C. crescentus was recently solved and revealed a
tetrameric structure containing a [2Fe-2S] cluster including a Mg2+ ion at the monomer–monomer
interface, similarly to the L-arabinonate dehydratase from R. leguminosarum studied previously [11,50].
The D-xylonate dehydratase from C. crescentus shares a 31% amino acid sequence identity with
the EDD from E. coli, indicating an evolutionary relationship between the oxidative D-xylose
pathway and the ED pathway [53]. Enzymes from the IlvD/EDD superfamily often display substrate
promiscuity in a similar manner to the enzymes from the enolase superfamily. For example, the
dihydroxyacid dehydratase (DHAD) from S. solfataricus showed the highest activity towards its natural
substrate 2,3-dihydroxyisovalerate while maintaining more than 40% of its activity with D-gluconate,
D-xylonate and D-arabonate and 10% of activity with D-glucuronate, D-galacturonate, D-fuconate
and L-threonate [54]. The specific activity of the S. solfataricus DHAD heterologously expressed in
E. coli was determined at 47 U/mg with 2,3-dihydroxyisovalerate as the substrate [54]. Carsten et al.
expressed the same enzyme and measured a specific activity of 0.32 U/mg on 2,3-dihydroxyisovalerate
using high-performance liquid chromatography [55]. Based on the results reported by Carsten et al.,
the DHAD appears to have a relatively low catalytic efficiency. However, in particular, DHAD remains
an enzyme of industrial interest because of its promiscuous activity with different substrates, a property
that might be used for the development of new biocatalytic processes and enzyme engineering [55–57].
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2.2. Aldolases

Carbon–carbon bond formation is considered one of the most important and challenging steps in
organic synthetic chemistry. Fundamental cellular processes such as the formation of carbohydrates,
amino- and α-hydroxy acids are dependent on aldolases. In chemical synthesis, the production of
enantiopure compounds is of great importance but usually challenging to achieve with chemical
catalysts. Instead, the use of chemo-, regio- and stereoselective enzymes provides more control
over the formation of enantiopure compounds. Accordingly, aldolases have been used for the
synthesis of carbohydrates, sugar analogues and enzyme inhibitors [58–60]. Besides their importance
for applications in organic chemistry, aldolases play a crucial role in many naturally occurring
carbohydrate pathways. For example, in both the EMP and ED pathways, a C6 sugar is converted
into two C3 compounds by an aldolase. Aldolases can be divided into two different classes. Class I
aldolases have a conserved lysine residue in the active site that enables the abstraction of a proton to
form a Schiff base intermediate. This class of aldolase works independently of bivalent metal ions. By
contrast, class II aldolases are known to be dependent on cofactors like Zn2+, Fe2+ or Co2+ ions for the
deprotonation step.

Most KDG- and 2-keto-3-deoxy-6-phosphogluconate (KDPG) aldolases from the Archaeal domain
have been shown either to be promiscuous towards different 2-keto-3-deoxy sugar acids or lack
stereoselectivity [15,61,62]. Their substrate preference can be a key indicator for the existence of an
organism’s metabolic pathway as aldolases are found at crucial points in metabolic routes. For example,
the KDG aldolase from S. solfataricus was shown to lack stereoselectivity as 2-keto-3-deoxygalactonate
(KDGal) and KDG are cleaved into pyruvate and D-glyceraldehyde. This outcome was observed
first in the reverse reaction, the addition of D-glyceraldehyde with pyruvate, which yielded KDG
and KDGal in equal amounts [13]. As the first enzyme of the np-ED pathway in S. solfataricus,
glucose dehydrogenase showed promiscuity towards galactose, and the promiscuity observed for
KDG aldolase supported the fact that both sugars, glucose and galactose, can be metabolized in
the np-ED pathway of S. solfataricus [13]. In contrast to S. solfataricus, the thermophilic anaerobe
T. tenax is known to metabolize glucose through a modified EMP pathway involving sp-ED and np-ED
pathways. In the sp-ED pathway, phosphorylation occurs at the level of the 2-keto-3-deoxy sugar
acid, which is the reason that the KDG aldolase from T. tenax cleaves both KDPG and KDG [63].
The operation of the sp-ED pathway was believed initially to be exclusive to Haloarchaea, whereas
the np-ED pathway was considered present in (hyper-)thermophilic Archaea. However, comparative
genetic analysis of both thermophilic Archaea and Haloarchaea revealed that the ED pathway cluster
is conserved in T. tenax, S. solfataricus, S. tokodaii and Halobacterium sp. NRC. 14C-tracer analysis on
carbohydrate metabolism and biochemical analysis of recombinantly expressed KDG aldolases from
T. tenax and S. solfataricus revealed that both enzymes show promiscuity towards phosphorylated and
unphosphorylated compounds. Therefore, both organisms are able to operate by sp-ED and np-ED
pathways [30].

The crystal structures of KDG aldolases from S. solfataricus [61], S. acidocaldarius [64] and T. tenax [65]
were studied in further detail and found to show similar flexibility towards their aldehyde acceptors.
All enzymes studied belong to the N-acetylneuraminate lyase superfamily and depend on the formation
of a Schiff base intermediate in the active site that usually contains a lysine residue. All three enzymes
processed KDG, KDPG and KDGal, in line with the pathway promiscuity. However, there is no
physiological reason for the aldolase promiscuity in T. tenax, as the organism is not able to grow on
D-galactose [63]. Promiscuity of enzymes is often interpreted as a starting point for the divergence
of function and the development of novel metabolic routes in the course of evolution [66]. It seems
likely that the substrate flexibility in the aldolase of T. tenax is a relic of a former evolutionary step
towards the development of other metabolisms, e.g., a np-ED pathway dependent on D-galactose. In
summary, engineering of aldolases can be performed to increase their value in industrial applications,
for example, the improvement in low-temperature activity for a hyperthermophilic aldolase for
synthetic reactions at moderate temperatures [67]. In industry, many synthetic reactions rely on
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stereoselectivity of the biocatalyst, which is not a common feature for aldolases from most Archaea.
However, promiscuous enzymes provide a good starting point for directed evolution or rational design.
For example, the promiscuous KDPG aldolase from S. solfataricus was modified via site-directed
mutagenesis to improve its diastereoselectivity [68]. In the reaction involving aldol addition, the
wild-type enzyme produced almost equimolar amounts of KDG and KDGal. By way of an informed
change of certain amino acid residues, a mutant library of 30 different variants could be created. Two
mutants were identified that achieved high diastereoselectivity of either 93% KDG or 88% KDGal
despite having lower catalytic efficiencies.

Novel versions, as well as previously unknown carbohydrate pathways, are continuing to be
discovered via the promiscuity of enzymes, especially aldolases. A recent paper by Tästensen et al. [69]
has shown that H. volcanii can utilize D-galactose as an energy source, and a cluster of genes
for the putative enzymes of the DeLey-Doudoroff pathway were identified such as D-galactose
dehydrogenase, D-galactonate dehydratase, KDGal kinase and a 2-keto-3-deoxy-6-phosphogalactonate
(KDPGal) aldolase, which was demonstrated to be promiscuous in utilizing both KDPGal and KDPG,
the C4 epimer. A gene cluster for an ABC transporter was identified and a knock-out mutant showed
its involvement in D-galactose uptake. These observations allowed the authors to claim the first report
of D-galactose degradation by the DeLey pathway in Archaea.

3. Alternative Metabolism of Sugars Other than Glucose

The variety of carbohydrate pathways in organisms is dictated by their environmental conditions.
Glucose has become the first choice as the carbon source in molecular studies and practice, as well as in
industrial biotechnological processes. However, most microorganisms originate from an environment
that displays a wider substrate spectrum than that found in laboratory-based cultivation. Lignocellulose,
which consists of cellulose, hemicellulose and lignin, is the most abundant nonedible biomass on
earth. The average lignocellulosic biomass contains about 20–40% hemicellulose, 30–50% cellulose
and 15–25% lignin [70]. In particular, hemicelluloses contain a variety of anhydrides of hexoses and
pentoses such as xylan, arabinan, glucan, galactan, mannan and uronic acids. Corn stover is the most
abundant lignocellulosic waste product in the U.S. and contains, on average, 37.4% cellulose, 21.1%
xylan, 18% lignin, 2.9% arabinan, 2% galactan and 1.6% mannan [71]. Although this composition
varies with the source of the biomass, the most abundant component is xylan, which makes up 15–30%
in annual plants, 20–25% in hardwoods and 7–12% in softwoods. Readily available biomass (e.g.,
waste-streams) can be exploited to reduce the cost of substrate in order to optimize biotechnological
fermentation processes to achieve economic viability.

Metabolic engineering in production strains such as E. coli, S. cerevisiae and Corynebacterium
glutamicum is performed to exploit abundant biomass and achieve high yields, productivities and
titres. However, the design capacity in rational metabolic engineering approaches is inspired by
fundamental knowledge and discovery of carbohydrate pathways. Fungi, bacteria and archaea harbor
a variety of metabolic pathways to catabolize the sugars present in lignocellulosic biomass, and they
offer opportunities for the design of novel industrial biotechnological processes. The following section
highlights oxidative pathways for sugars such as D-xylose, L-arabinose, L-rhamnose and L-fucose and
the main enzymes involved in those pathways that could find uses in the field of metabolic engineering.

3.1. D-Xylose Metabolism

Hydrolysis of lignocellulosic biomass yields glucose and xylose as the most abundant
monosaccharides available for bioconversion [72]. Many microorganisms naturally use xylose as a
growth substrate, and several bacteria, yeast and fungi are capable of fermenting xylose to ethanol [73].
The major applied research efforts in this area have been focused on strain improvement by the
incorporation of other xylose metabolic pathways, reducing the amount of xylitol production and
solving redox imbalances by modulating gene expression of the nonoxidative pentose phosphate (PP)
pathway [74]. Simultaneous fermentation of glucose and xylose has been investigated increasingly
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in recent years [75] in order to make use of the major portion of carbon in lignocellulosic feedstock.
Four different xylose degradation pathways have been described in microorganisms so far. Most
bacteria use the xylose isomerase (XI) pathway converting D-xylose into D-xylulose-5-phosphate
(X5P), which enters the central carbon metabolism (CCM) via the PP pathway. In a first step,
D-xylose is isomerized to D-xylulose by xylulose isomerase, followed by phosphorylation to X5P by
xylulokinase. The oxo-reductive pathway is present in fungi and some yeasts and, similarly to the XI
pathway, also yields X5P via phosphorylation of xylulose. However, in contrast to a single isomerization,
D-xylopyranose is reduced to xylitol followed by an oxidation to xylulose, which is then phosphorylated.
The Weimberg and Dahms pathways, which in contrast, do not rely on phosphorylation, metabolize
several pentose sugars including L-arabinose and D-xylose to intermediates that are used in the CCM,
e.g., the tricarboxylic acid (TCA) cycle (Figure 2). Instead of conversion to the PP pathway intermediate
(X5P), D-xylose is oxidized to the central TCA intermediate α-ketoglutarate in the Weimberg pathway
and to pyruvate and glycolaldehyde in the Dahms pathway [76,77]. These two pathways share
the initial oxidation of D-xylose to D-xylono-gamma-lactone and, after spontaneous or enzymatic
hydrolysis of the lactone, D-xylonate is converted to 2-keto-3-deoxy-D-xylonate (KDX) by a xylonate
dehydratase. The processing of the 2-keto-3-deoxy-sugar acid differs in the Weimberg and Dahms
pathways. In the Dahms pathway, a KDX aldolase cleaves the C6 sugar into glycolaldehyde and
pyruvate, while in the Weimberg pathway, a KDX dehydratase produces α-ketoglutarate semialdehyde,
which is then converted to the TCA intermediate α-ketoglutarate.

Genes and enzymes of the oxidative pathways were first identified for the metabolism of
L-arabinose in A. brasilense [12,78] and of D-xylose in C. crescentus [53], 40 years after the discovery
of the Weimberg and Dahms pathways in Pseudomonas [76]. Stephens et al. [53] identified the
xylose operon by screening a transposon mutagenesis library in which two differently annotated
dehydrogenase genes, xylA and xylB, were identified. Recombinant expression in E. coli verified that
the dehydrogenase activity was attributed to the xylB gene, while xylA encoded a α-ketoglutarate
semialdehyde dehydrogenase, which generated α-ketoglutarate, the final product of the pathway.
The remainder of the genes in the operon coded for the enzymes xylonolactonase and xylonate
dehydratase. The operon from C. crescentus is among the most used operons to convert production
strains like C. glutamicum or Saccharomyces cerevisiae into microbes utilizing xylose [79–81]. In particular,
the lactonase has been used in S. cerevisiae for the production of xylonate from xylose [82,83].

The Dahms pathway was established in a cell-based system using E. coli by Choi et al. [84] for
the production of poly(lactate-co-glycolate), which has a number of biotherapeutic uses. E. coli was
induced to utilize glucose and xylose simultaneously by inactivation of the glucose phosphotransferase
system. The Dahms pathway was introduced from C. crescentus by plasmids carrying xylB (xylose
dehydrogenase) and xylC (xylonolactonase). D-Lactonate glycolate was transformed by an evolved
propionyl-CoA-transferase followed by polymerization with a polyhydroxyalkanoate (PHA) synthase.
Yield was measured under the control of each of the five different promoters, and it was found that the
concentrations of D-lactic acid and ethylene glycol increased.

Boer et al. [85] described the in vitro characterization of the oxidative D-xylose pathway (Dahms
pathway). They determined the most suitable enzymes for the multi-enzyme cascade that leads from
D-xylose or D-xylonolactone to glycolic acid, ethylene glycol and lactic acid from crude biomass.
The D-xylonolactone hydrolysis reaction was found to be rate-limiting, but an enhanced IlvD/EDD
family D-xylonate dehydratase from C. crescentus as an enolase family equivalent could not be discerned.
The oxidation of glycoaldehyde to glycolic acid was improved by using E. coli aldehyde dehydrogenase
or A. brasiliense α-ketoglutarate semialdehyde dehydrogenase.

D-Xylose metabolism in archaea initially remained unknown until a xylose-specific dehydrogenase
in Haloarcula marismortui suggested an oxidative metabolism for the pentose sugar similar to that found
in other non-phosphorylative pathways in Archaea [32]. The essential genes for a phosphorylative
pathway, via xylose isomerase and xylulose kinase, are missing in H. volcanii, supporting the observation
that it is only operating an oxidative xylose pathway. The identification of the complete oxidative
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xylose pathway in Archaea was revealed in H. volcanii by a combination of growth experiments on
13C-labelled xylose, DNA microarray analysis and enzyme activity assays [19]. The metabolism of
the archaeon was found to resemble the Weimberg pathway, starting with oxidation by a D-xylose
dehydrogenase, followed by conversion to α-ketoglutarate by a xylonate dehydratase (XAD) and
two dehydration steps (Figure 2). Other genes for the oxidative pathway were identified and their
corresponding enzymes, xylose dehydrogenase (XDH) and XAD, were characterized. The XAD from
H. volcanii belonged to the enolase superfamily, in contrast to the dehydratase from C. crescentus, which
was found to be a member of the IlvD/EDD superfamily. Xylose pathways in both H. volcanii and
S. solfataricus share promiscuity towards the pentose L-arabinose, which is further discussed in the
following section and presented in Figure 2.
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Figure 2. Overview of the Weimberg (brown) and Dahms (blue) pathways and promiscuous
pathways for D-xylose and L-arabinose in S. solfataricus and H. volcanii. GDH: Glucose
dehydrogenase, XDH: D-xylose dehydrogenase, L-AraDH: L-arabinose dehydrogenase, GAD:
Gluconate dehydratase, XAD: Xylonate dehydratase, D-KDX: 2-Keto-3-deoxy-D-xylonate, L-KDA:
2-Keto-3-deoxy-L-arabinonate, KDXA: KDX aldolase, KDXD: KDX dehydratase, α-KGSADH:
α-Ketoglutarate semialdehyde dehydrogenase.
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Borgström et al. [86] described the channelling of xylose by S. cerevisiae through the pentose
phosphate pathway and into glycolysis. They found that of the genes from the C. crescentus transformed
into the yeast, the nonphosphorylated Weimberg pathway channels the xylose to alpha-ketoglutarate,
allowing growth and providing a substrate for other metabolites. Substitution of the C. crescentus xylA
with ksaD from the C. glutamicum equivalent allowed growth on xylose after laboratory evolution of
the gene. This observation is claimed to be the first demonstration of a functional Weimberg pathway
in fungi. Halmsschlag et al. [87] compared the production from xylose of poly-γ-glutamic acid by the
isomerase and Weimberg pathways by a genetically engineered strain of B. subtilis, and showed that
the limiting diauxic growth in the strain could be overcome by the addition of glucose, resulting in
high-yield production of the polymer from biomass substrates.

The realization that a large portion of biomass is composed of xylan has generated interest in
exploiting the compound for the production of precursors and products of commercial value, as well
as adding to the global bioeconomy with the possibility of replacing products currently produced
from fossil feedstocks. A major problem is the few chassis organisms (such as Saccharomyces) currently
in use that naturally have the enzyme pathways that allow growth on xylose. The oxidative xylose
pathway was first expressed in Pseudomonas putida S12. Expression of a xylonate dehydratase was
enough as the glucose dehydrogenase is promiscuous in P. putida S12 and also active with D-xylose [88].
A recent interesting paper examined the production of a number of industrially valuable compounds
by the chassis strain of Pseudomonas putida KT2440, which is unable to metabolize xylose [89]. They
compared yields of 14 possible metabolic compounds under conditions in which P. putida itself
was inactive, but each engineered isolate could express one of three pathways for xylose utilization
following acquisition of heterologous genes from E. coli and Pseudomonas taiwanensis. These were the
isomerase, Weimberg and Dahms pathways, and expression of the latter required deletion of two
endogenous genes including a regulator for glycoaldehyde degradation in the P. putida backbone,
followed by adaptive evolution of all strains for increased growth rate. Essentially, their protocol
allowed them to compare pseudo-isogenic strains, each expressing only one pathway. The highest
yield of mono-rhamnolipids and pyocyanin were attained by the evolved Weimberg pathway strain or
by an engineered strain using the isomerase pathway. They concluded that selection of the appropriate
pathway with respect to its stoichiometry for one of the possible products was a feasible way of
increasing yield and selecting a product for synthesis, and that the Weimberg and Dahms pathways
were preferred for niche applications where xylose was the only carbon source.

3.2. L-Arabinose Metabolism

Arabinose is part of many types of lignocellulosic biomass together with xylose. The degradation
of the natural isomer L-arabinose in most bacteria proceeds via an isomerase-dependent pathway [90].
However, L-arabinose can be metabolized via the Weimberg, Dahms or novel pathway variations
in some bacteria and Archaea. The first genetic analysis of an oxidative L-arabinose pathway was
performed in A. brasiliense, followed by studies in the archaeal species, S. solfataricus, S. acidocaldarius and
H. volcanii [12,20,91,92]. The identification of a L-arabinose dehydrogenase indicated the existence of an
oxidative pathway, which was confirmed by the identification of the missing enzymes L-arabinonate
dehydratase, L-2-keto-3-deoxyarabinonate (L-KDA) dehydratase and L-arabinonolactonase, including
the last enzyme α-ketoglutaric acid semialdehyde dehydrogenase [78,93]. α-Ketoglutarate is the
final product of the pathway in A. brasiliense, entering the TCA cycle in a similar fashion to xylonate
metabolism in H. volcanii, but unlike XAD from H. volcanii, the N-terminal amino acid sequence of
L-arabinonate dehydratase shows greater similarity to proteins belonging to the IlvD/EDD superfamily
than those of the enolase superfamily. Accordingly, an evolutionary relationship between the
L-arabinose pathway in A. brasiliense and the ED pathway and its variations has been suggested [12].

L-Arabinose metabolism in the archaeal kingdom has been studied in S. solfataricus, S. acidocaldarius
and H. volcanii. The majority of archaeal pathways resemble the oxidative pathway found in A. brasiliense,
with differences in their higher level of substrate promiscuity and a few modifications in Sulfolobus
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(Figure 2) [20,92]. Based on the activity of the glucose dehydrogenase with D-xylose and L-arabinose,
Nunn et al. [91] suggested that D-glucose, D-galactose, L-arabinose and D-xylose were oxidized by the
same dehydrogenase in Sulfolobus. However, dehydration of the pentose sugar acids is performed
by a C5-specific dehydratase, which converts D-xylonate and L-arabinonate to KDX and L-KDA.
The end products of the D-xylose/L-arabinose pathway are glycolaldehyde and pyruvate. Pyruvate
enters the CCM via the TCA cycle, while two more enzymes convert glycolaldehyde into acetyl-CoA.
Glycolaldehyde is converted further to malate via glycolaldehyde oxidoreductase and glycolate
dehydrogenase [91]. L-Arabinose and D-xylose pathways are only partially promiscuous in H. volcanii,
in contrast to the high levels of promiscuity observed for C5 and C6 sugars in S. solfataricus. Here,
different dehydrogenases are present for the oxidation of the pentoses and hexoses [92].

Watanabe et al. [94] reported that the D-altronate dehydratase of Herbaspirillum huttiense functions
as a D-arabinonate dehydratase in vitro, but on the contrary, the equivalent gene from Acidovorax avenae
coded for an enzyme that functioned as a D-altronate dehydratase in a novel L-galactose pathway. They
showed that the D-altronate dehydratase family of enzymes displayed both metabolic and substrate
promiscuity, involving the non-phosphorylative pathways associated with D-arabinose, L-galactose
and L-fucose pathways. Pentoses such as L-arabinose and D-arabinose may be converted to pyruvate
and/or γ-ketoglutarate by way of the participation of a dehydrogenase and a hydrolase [95] and, at the
same time, showed that the D-arabinose pathway was not evolutionarily related to the similar pathway
found in Archaea. Lachaux et al. [96] reported the construction of a new synthetic pathway for the
production of glycolic acid, a 2-carbon acid used in many industrial applications, that is currently
manufactured from fossil sources. This pathway was dependent on the overexpression of three E. coli
genes and could utilize L-arabinose besides D-glucose and D-xylose, and was considered best applied
as a two-phase process with production separate from growth.

3.3. L-Rhamnose Metabolism

L-Rhamnose is found mostly as a structural polysaccharide in a variety of glycosides. In plants, it is
a part of seed cell walls as a constituent of the polysaccharide rhamnogalacturonan [97]. The mechanism
of L-rhamnose utilization has been studied in a number of organisms, which can grow on L-rhamnose
as a sole carbon source including E. coli, T. acidophilum, Pichia stipitis, P. pastoris, A. niger and H.
volcanii [97–101]. At least three main pathways for the degradation of L-rhamnose in microorganisms
have been described. The phosphorylative pathway, which is present in most bacteria, was discovered
together with the catabolism of L-fucose in E. coli [102]. The pathway cluster contains genes coding for
an isomerase, a kinase and an aldolase. These enzymes convert L-rhamnose to L-lactaldehyde and
dihydroacetone phosphate (DHAP), which readily enters glycolysis, whereas the fate of lactaldehyde
is determined by the availability of oxygen. Under aerobic conditions, L-lactaldehyde is converted
to L-lactate, which can be further processed to pyruvate. However, under anaerobic conditions,
L-lactaldehyde is converted into the fermentation end product 1,2-propanediol, which is exported
from the cell.

A non-phosphorylative L-rhamnose pathway, resembling the np-ED pathway for glucose in its
numerous enzymatic steps, has been described in eukaryotic organisms (Figure 3). Initial evidence for
such a pathway was found in the yeast-like fungus Pullularia pullulans, where the enzymes L-rhamnonate
dehydratase and 2-keto-3-deoxy-L-rhamnonate (L-KDR) aldolase were shown to convert rhamnose
into L-lactaldehyde and pyruvate [103]. A similar pattern was observed in the fungi P. stipitis and
Debaryomyces polymorphus, [99]. Based on phylogenetic relationships of genes involved in ED and
other alternative sugar pathways, Watanabe et al. identified the L-rhamnose pathway cluster in these
fungi and found similar clusters in bacteria such as Azotobacter vinelandii [22]. The cluster consisted of
four characteristic enzymes: L-rhamnose dehydrogenase, L-rhamnono-1,4-lactonase, L-rhamnonate
dehydratase and 2-keto-3-deoxy-L-rhamnonate (L-KDR) aldolase. They also found that Cluster of
Orthologous Groups (COGs) for enzymes of different sugar pathways varied, indicating that the
pathways do not originate from a single ancestor. However, the total number for the COG is fairly
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small for all enzymes of known alternative sugar pathways, suggesting that different pathways
evolved from a combination of a small number of ancestral enzymes. Each enzyme of the L-rhamnose
pathway was characterized further and high levels of substrate promiscuity were observed. Among
16 different sugars tested, the L-rhamnose dehydrogenases from P. stipitis, Debaryomyces hansenii
and Azotobacter vinelandii showed activity with L-rhamnose, L-lyxose, L-mannose and L-fucose,
indicating that C2, C3 and C4 epimers can be oxidized by the dehydrogenases. By contrast, the
L-rhamnono-γ-lactonase showed highly specific activity towards rhamnono-γ-lactone among 11
different sugar acids. The rhamnonate dehydratase was found to be similar to L-tartrate/galactarate
dehydratase from Salmonella typhimurium and L-fuconate dehydratase from Xanthomonas campestris.
Similarly to the dehydrogenase, the L-rhamnonate dehydratase showed high promiscuity and displayed
high activity towards L-lyxonate and L-rhamnonate while retaining activity towards L-mannonate and
L-fuconate [22].
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lines). LRA1: L-rhamnose-1-dehydrogenase, LRA2: L-rhamnono-lactonase, LRA3: L-rhamnonate
dehydratase, LRA4: L-2-keto-3-deoxyrhamnonate aldolase, LRA5: L-2-keto-3-deoxyrhamnonate
dehydrogenase, LRA6: L-2,4-diketo-3-deoxyrhamnonate hydrolase, LADH: L-lactaldehyde
dehydrogenase, L-KDR: L-2-keto-3-deoxyrhamnonate, L-DKDR: L-2,4-diketo-3-deoxyrhamnonate.
Adapted from [23].
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Other studies investigating the L-rhamnose pathway in Sphingomonas revealed two more genes
(LRA5 and LRA6) in addition to the cluster found in A. vinelandii. The enzymes coded by these genes
resulted in a modification of the non-phosphorylative L-rhamnonate pathway described previously
(Figure 3, grey arrows). In some species of Sphingomonas, the intermediate product L-KDR can be
converted via a dehydrogenase and a hydrolase into pyruvate and L-lactate [23]. It was hypothesized
that these enzymes evolved via gene duplication as the enzymes displayed strong similarity to
dehydrogenases and dehydratases known already from L-arabinose and L-rhamnose pathways, and
the pathway seemed to be promiscuous. A similar pattern has been discovered recently in Archaea.
The gene cluster and the enzymes present in the oxidative pathway via L-2,4-diketo-3-deoxyrhamnonate
have been detected in H. volcanii. A recent publication by Reinhardt et al. [104] reported the existence
of the L-rhamnose catabolism gene cluster in the halophilic archaeon H. volcanii, and their essential
nature was demonstrated with the aid of knockout mutants to provide a comprehensive description of
L-rhamnose catabolism in Archaea. Others have provided evidence for the existence of L-rhamnose
isomerase coded in the genome of the hyperthermophile Caldicellulosiruptor obsidiansis and noted its
application for the synthesis of rhamnulose [105]. A fusion protein composed of RmlC (a 3,5-epimerase)
and RmlD (a 4-reductase) was discovered in the microalga Prymnesium parvum and found to persist
across the Haplophyta and Gymnodiniaceae families. These enzymes had been described in detail in
plants and bacteria, but the biosynthetic enzymes had not been investigated in microalgae [106].

The gene clusters of L-rhamnose metabolism were compared in 32 fungal species. The cluster first
described in P. stipitis is present only in an identical form in closely related species. Surprisingly, the
aldolase (LRA4) is not found as part of the cluster in many species, but the transcription factor TRC1
was found to be a conserved part of the cluster in many species [107]. The study of promoter genes in
the L-rhamnose cluster of P. pastoris allowed identification of strong rhamnose-inducible promoters for
expression of target proteins [100]. Promoters for heterologous expression in P. pastoris commonly used
are methanol-inducible, which are disadvantageous due to the hazardous and flammable nature of
the methanol inducer. Induction with L-rhamnose overcomes these drawbacks and are the preferred
option for production purposes.

3.4. L-Fucose Metabolism

L-Fucose is a common component of N- and O-linked glycans and glycolipids present in mammals.
The hexose is highly abundant as part of the glycans covering epithelial cells in the intestine, making
this sugar an interesting target for medical research [108]. L-Fucose is present also in cell walls of
plants, fungi and bacteria as part of their exopolysaccharide structure. Different species of seaweed
contain fucoidan, a sulphated polysaccharide structure consisting of L-fucose residues. [109]. Several
species of gut bacteria attach to fucosylated glycans in the intestine [110] and release fucosidases that
cleave L-fucose monomers, which can then be imported into the cell and used as a carbon source [111].
A L-fucose metabolism still exists in E. coli, although it does not express fucosidases. It is metabolised in
a similar way to L-rhamnose and converted to L-lactataldehyde via a phosphorylative pathway that has
been verified in E. coli and Bacteroides thetaiotaomicron [111,112]. Similarly to hexoses in the glycolysis,
an isomerase, a kinase and an aldolase are fundamental parts of the pathway [98]. L-Lactaldehyde
is processed further depending on the presence of oxygen as described earlier [112]. Liu et al. [113]
in a recent paper described a simple one-pot synthesis of L-fucose by E. coli engineered to express
2′-fucosyllactose, which was converted to L-fucose in industrially acceptable yields, unlike other
methods involving enzymatic digestion of microbial exopolysaccharides enriched for L-fucose.

Comparative microarray studies allowed identification of a genomic island in Campylobacter
jejuni, which exhibited a six- to nine-fold upregulation upon growth on L-fucose [114]. However,
only a gene encoding for a fucose transporter (fucP) and an aldolase (fucA) showed homology to
known genes in the phosphorylative pathway for L-fucose in E. coli. In particular, the absence of a
gene coding for a L-fucolose kinase (fucK) suggested the presence of a different pathway for L-fucose
catabolism in C. jejuni. The existence of an alternative non-phosphorylative L-fucose pathway is
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supported by the discovery of a L-fuconate dehydratase in X. campestris [27]. The enzyme was
found to have promiscuous activity towards L-galactonate, D-arabinonate, D-altronate, L-talonate and
D-ribonate. Together with the identification of a L-fucose pathway cluster, a non-phosphorylative
processing of L-fucose was proposed, proceeding by a similar pattern to the L-rhamnose pathway
mentioned previously for Sphingomonas, but the 2-keto-3-deoxy sugar is proposed to be oxidized to
2,4-diketo-3-deoxy-L-fuconate, which can be cleaved into pyruvate and L-lactate.

A complete non-phosphorylative L-fucose pathway was solved for S. solfataricus using a systematic
approach [62]. This study compared metabolic intermediates, transcripts and phenotypes of cells
grown on L-fucose to cells grown on D-glucose. Genes were identified and enzymes tested for activity.
They revealed that a locus of L-arabinose metabolism displayed up-regulated transcript levels in cells
grown on L-fucose. Enzyme assays verified that L-fucose was metabolized via a promiscuous pathway,
which also catabolized L-arabinose. A previously unknown non-phosphorylative L-fucose metabolic
pathway was discovered by Watanabe [115] in the Gram-negative, strictly anaerobic bacterium
Veillonella ratti, which was found to carry a gene cluster containing a putative dihydrodipicolinate
synthase/N-acetylneuraminate lyase (FucH). Watanabe proposes that the substrate specificity of
the 2-keto-deoxysugar aldolases was acquired by convergent evolution and a similar aldolase was
discovered in the same non-phosphorylative pathway in C. jejuni [115].

In summary, four different fucose degradation pathways have been described so far. The archaeal
one, identified in S. solfataricus; the oxidative pathway in X. campestris; the phosphorylative pathway in
other bacteria; and the non-phosphorylative one in V. ratti and C. jejuni.

3.5. D-Mannose Metabolism

Mannose occurs mostly in the form of a homo- or heteropolymer found in the hemicellulose
component of plants such as ivory nut, fenugreek, guar gums and coffee beans, and is also highly
abundant in the N-linked glycosylated proteins [116]. In most organisms, D-mannose is phosphorylated
to mannose-6-phosphate by a hexokinase and can be further processed depending on cellular needs. If
mannose is used as a growth substrate and directed towards the EMP pathway, mannose-6-phosphate
is isomerized to fructose-6-phosphate by a phosphomannoisomerase. In eukaryotic cells, D-mannose
can also be directed towards glycosylation via conversion by a phosphomannomutase to form
α-D-mannose-1-phosphate. Research on mannose catabolism in microorganisms is not as extensive
as for more common sugars like those previously discussed, as it is used infrequently to culture
strains in molecular or microbiological practice. Many bacteria and Archaea contain hydrolytic
enzymes to break down carbohydrate polymers containing D-mannose. α-Mannosidases from bacteria
including Bacillus sp. [117], Thermotoga maritima [118,119] and few Archaea [120] were investigated
for their processing of glycosylated proteins in eukaryotic cells [121]. By contrast, β-mannanases and
endo-1,4-β-mannosidases have been studied in a range of microorganisms for their hydrolytic activity
on polymers containing 1,4-β-mannan such as those found in hemicellulose [118,122–124]. However, no
non-phosphorylative version similar to the np-ED, Weimberg or Dahms pathways has been identified
so far for D-mannose. RNA sequencing of S. solfataricus cells grown on L-fucose and D-glucose revealed
a downregulation of several genes that could be involved in a mannose metabolic pathway. For
example, an α-mannosidase, a putative endo-1,4-β-mannosidase, an additional sugar dehydrogenase
and a glyceraldehyde oxidoreductase showed lower transcription and expression levels [62]. As
S. solfataricus and other Archaea, which operate on the np-ED pathway, already contain KDGA, a
promiscuous pathway with D-mannose as a substrate would be possible with the presence of only two
enzymes. For a complete non-phosphorylative conversion starting from D-mannose, only aldohexose
dehydrogenase that is active on D-mannose and a mannonate dehydratase are needed. In S. solfataricus,
glucose dehydrogenase and gluconate dehydratase show activity with numerous substrates, but not
with D-mannose and D-mannonate [14,31]. In addition, although highly promiscuous, DHAD has
shown activity with a variety of different sugar acids but not with D-mannonate [10].
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Nevertheless, dehydration of D-mannonate can be found in other sugar pathways, which may
compensate for missing enzymes in an oxidative mannose pathway. One example is hexuronate
metabolism, which has been studied in several bacteria and has been described earlier in Section 2.1.3.
For the catabolism of hexuronates, a mannonate dehydratase (UxuA) converts D-mannonate to
KDG, which is equivalent to the main intermediate of the np-ED pathway. In mutant strains
of Rhodospseudomonas spheroides, the compounds D-mannonate, KDG and traces of gluconic acid
accumulate during growth on D-mannose, suggesting that a non-phosphorylative oxidation occurs [125].
These results suggest the presence of a currently unknown alternative mannose metabolism.
Nguyen et al. [126] reported a high-yield process for the production of D-mannose and ethanol
from spent coffee grounds (SCG) using a simple but elongated process that involved pretreatment of
the coffee waste with ethanol, enzymatic treatment with cellulase and pectinase of the galactomannans,
yeast fermentation to produce ethanol, and removal of colour and pervaporation to isolate the ethanol
and the D-mannose. While the yields were acceptable to industry, no costing of the process was
provided. Saburi et al. [127] characterized D-mannose 2-epimerases from Runella slithyformis and
Dyadobacter fermentans (in the acylglucosamine 2-epimerase superfamily) and demonstrated that the
yields produced were higher than those of enzymes from Caldicellulsiruptor and Cellvibrio in the
production of D-glucose from D-mannose. Although carbohydrate epimerases and isomerases are
essential in the metabolism of carbohydrates, no information on the industrial significance of this
enzyme class was provided.

Recently, Kopp et al. [29] identified and characterized the first archaeal mannonate dehydratase
from Thermoplasma acidophilum (TaManD) and described the enzyme possible function in the catabolism
of D-mannose. The recombinant TaManD displayed high specificity for D-mannonate and its lactone,
D-mannono-1,4-lactone. A closer analysis of the genome of T. acidophilum indicated that the TaManD
gene was adjacent to a mannose-specific aldohexose dehydrogenase (AldT). AldT has been shown to
catalyse with high specificity the oxidation of D-mannose to D-mannonate [128,129]. Kopp et al. [29]
used nuclear magnetic resonance (NMR) spectroscopy to prove that AldT mediated the oxidation
of D-mannose and produced the substrates for TaManD conversion to KDG, indicating the possible
presence of an oxidative metabolism of D-mannose in T. acidophilum. TaManD showed the closest
homology to the xylose isomerase-like superfamily, and further analysis indicated that archaeal
mannonate dehydratases are located next to putative aldohexose dehydrogenases rather than to a
hexuronate gene cluster like in bacteria. Based on these findings, the authors postulated the possibility
of a different physiological role of mannonate dehydratases in Archaea [29].

In a further study, Kopp et al. [130] assembled the shortest known synthetic pathway for the
enzymatic conversion of mannose from SCG into lactic acid. The cell-free non-phosphorylative
pathway produced 4.4 mM lactic acid from 14.5 mM SCG-derived mannose. The pathway comprised
only four thermostable enzymes, three of which were from the T. acidophilum, including the newly
identified TaManD and a 2-keto-3-deoxygluconate aldolase.

4. Conclusions

The extent and the use of the major glycolytic pathways have been reviewed by Kopp and
Sunna, [1] who have analysed the important factors such as NAD(P)H supply and production, and
in cell methods for the elimination of specific genes to increase cofactor levels and to change the
ATP supply. These actions suggest decoupling ATP from product formation and substituting the
EMP pathway with the ED one to give lower biomass and ATP formation but higher flux and yields.
They endorse the cell-free approach where all cofactors that are normally produced intracellularly
have to be provided externally or supplied by additional enzymes, allowing the assembly of novel
metabolic pathways from recombinant cells or purified enzymes. The cell-free approach allows
the rapid testing of variations in the pathway providing prototyping and testing. The construction
of a non-phosphorylative ED pathway makes them preferable in comparison to the EMP pathway
as it requires a minimal number of cofactors and a reduced number of enzymes. Moreover, the
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non-phosphorylative oxidative pathways are not limited to glucose but are appropriate for the other
sugars found in biomass, as well as glucose in spite of the lower energy yield compared to the
EMP pathway.

It is difficult to forecast future developments in this area. There has been a significant interest in the
degradation of complex polysaccharides to more simple metabolites that have the attributes of the EMP
and ED pathways. Examining individual pathways for the hydrolysis of specific carbohydrates has led
to a wider examination of the genomic information available. It has been reinforced by the realization
that marine bacteria have access to a wide range of complex sugars and sulphate-modified residues so
that seaweeds provide the oceans with significant supplies of carbon. It is estimated that 173 Tg of carbon
is sequestered annually by macroalgae such as Macrocystis and Sargassum [131], but there is only limited
evidence of how the glycans are broken down into simpler sugars. A single cell study of the complex
carbohydrate degradation patterns in poribacterial symbionts from marine sponges showed that they
degraded glycosaminoglycan chains of proteoglycans and other glycoproteins, and proposed that they
were efficient scavengers and recyclers of specific groups of carbon compounds [132]. An enzymatic
cascade in Formosa agariphila degrades ulvan, a consequence of the presence of the well-known species
Ulva, which forms extensive ‘blooms’. The cascade consisted of 12 biochemically-characterized enzymes
that break down ulvan into fermentable polysaccharides and constitute a (potentially) renewable
resource, as well as allowing the limitation of recreational ecological effects caused by the alga [133].
A recent report has shown that the isolate ‘Lentimonas’ sp. CC4 (Verromicrobia) that specializes in
degrading fucoidan, a complex-resistant brown algal glycan, possesses over 100 fucosidases and
sulphatases, most of which are encoded by a megaplasmid [134]. A commentary by Cuskin and
Lowe [135] draws comparison with the situation reported for Bacteroides ovatus, which targets plant
xylan for degradation [136], but only 18 enzymes are required (organized also into two groups), and
similarly, ‘Lentimonas’ CC4 is able to degrade fucoidan from different algal groups by expressing discrete
enzyme groups dependent on the source. There must be a considerable metabolic cost to express the
hundreds of enzymes involved and the construction of a proteinaceous bacterial microcompartment
for fucose metabolism resulting in segregation from toxic intermediates [134]. It appears that further
research into the roles of the various enzymes and the energy relationships involved are a worthwhile
target that may be more enlightening than elucidation of simple pathways in other bacteria for the
production of fermentable sugars. There is the prospect of extensive ‘pick and mix’ experimentation to
unravel the role(s) of the many enzymes. Cuskin and Lowe [135] suggest that the complexity of the
fucoidan-degrading enzymes may allow ‘Lentimonas’ to avoid competition with faster growing species
of bacteria that degrade the more accessible glycans, and there may be other complex and alternative
gene solutions that need to be revealed from the marine bacterial field.
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Abbreviations

AldT aldohexose dehydrogenase
CCM central carbon metabolism
DHAD dihydroxyacid dehydratase
DHAP dihydroacetone phosphate
ED Entner–Doudoroff

EDD 6-phosphogluconate dehydratase
EMP Embden–Meyerhof–Parnas
ExuT hexuronate transporter
GAD gluconate dehydratase
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GAP glyceraldehyde-3-phosphate
IlvD/EDD dihydroxyacid dehydratase/EDD
KDG 2-keto-3-deoxygluconate
KDGA 2-keto-3-deoxygluconate aldolase
KDGK 2-keto-3-deoxygluconate kinase
KDPG 2-keto-3-deoxy-6-phosphogluconate
KDGal 2-keto-3-deoxygalactonate
KDPGal 2-keto-3-deoxy-6-phosphogalactonate
KDX 2-keto-3-deoxy-D-xylonate
L-KDA L-2-keto-3-deoxyarabinonate
L-KDR 2-keto-3-deoxy-L-rhamnonate
ManD/UxuA mannonate dehydratase
MLE muconate lactonising enzymes
MR mandelate racemases
MR/MLE mandelate racemase/muconate lactonising enzymes
np-ED non-phosphorylative
sp-ED semi-phosphorylative
SCG spent coffee grounds
UxaC uronate isomerase
XAD xylonate dehydratase
XDH xylose dehydrogenase
XI xylose isomerase
X5P D-xylulose-5-phosphate
ZWF glucose-6-phosphate dehydrogenase
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