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Abstract 

Zymomonas mobilis is a well-recognized ethanologenic bacterium with outstanding characteristics which make it a 
promising platform for the biotechnological production of relevant building blocks and fine chemicals compounds. In 
the last years, research has been focused on the physiological, genetic, and metabolic engineering strategies aiming 
at expanding Z. mobilis ability to metabolize lignocellulosic substrates toward biofuel production. With the expansion 
of the Z. mobilis molecular and computational modeling toolbox, the potential of this bacterium as a cell factory has 
been thoroughly explored. The number of genomic, transcriptomic, proteomic, and fluxomic data that is becoming 
available for this bacterium has increased. For this reason, in the forthcoming years, systems biology is expected to 
continue driving the improvement of Z. mobilis for current and emergent biotechnological applications. While the 
existing molecular toolbox allowed the creation of stable Z. mobilis strains with improved traits for pinpointed bio-
technological applications, the development of new and more flexible tools is crucial to boost the engineering capa-
bilities of this bacterium. Novel genetic toolkits based on the CRISPR-Cas9 system and recombineering have been 
recently used for the metabolic engineering of Z. mobilis. However, they are mostly at the proof-of-concept stage and 
need to be further improved.
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Zymomonas mobilis: general overview
Zymomonas mobilis is a facultative anaerobic Gram-neg-
ative bacterium, that belongs to the Sphingomonas group 
of the alpha subdivision of Proteobacteria (Kosako et al. 
2000). This bacterium was originally isolated from alco-
holic beverages, such as the African palm wine, the Mexi-
can “pulque,” and also as a contaminant of cider and beer 
in European countries (Weir 2016).

The generic name of the genus Zymomonas was pro-
posed by Kluyver and Van Niel in 1936. From a taxo-
nomical point of view, Z. mobilis is the unique species 
in the genus Zymomonas, and currently three sub-
species have been identified: subsp. mobilis, subsp. 
Pomaceae, and subsp. francensis (Swings and De Ley 
1977; Coton et  al. 2006). The non-model bacterium 
Z. mobilis has been gaining increased attention from 
the scientific community as a biotechnological work-
horse in different applications (He et  al. 2014; Weir 
2016; Wang et  al. 2018). The interest in ethanologenic 
bacterium stems from its tolerance to pH fluctuation 
(3.8 to 7.5), high sugar uptake rate, and ethanol yield. 

Additionally, Z. mobilis possesses a generally regarded 
as safe (GRAS) status which makes it suitable for food 
and pharmaceutical applications. Moreover, this bacte-
rium is able to survive at high sugars (up to 400 g L−1) 
and ethanol (up to 160  g L−1) concentrations (Zhang 
et al. 2019a).

Z. mobilis is able to ferment glucose, fructose, and 
sucrose via Entner-Doudoroff (ED) pathway (Fig. 1), in 
conjugation with pyruvate decarboxylase (PDC) and 
two alcohol dehydrogenases (ADH), producing equi-
molar amounts of ethanol and carbon dioxide (Viikari 
and Berry 1988). PDC converts pyruvate to acetalde-
hyde and carbon dioxide in a non-oxidative reaction. 
Afterward, ADH isozymes oxidize acetaldehyde to 
ethanol and reduce nicotinamide adenine dinucleo-
tide (NAD+) to nicotinamide adenine dinucleotide 
(reduced) (NADH) (Neale et al. 1987). Z. mobilis is the 
only microorganism that natively uses the ED pathway 
under anaerobic conditions (Viikari and Berry 1988; 
Kalnenieks 2006).

Figure 1

Graphical Abstract
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One of the most attractive features of Z. mobilis is its 
ability to produce ethanol with an outstanding yield (up to 
98% of the theoretical yield) (Rogers et al. 1982). Recently, 
Zhang et  al (2017) obtained the highest ethanol pro-
ductivity reported so far, 63.7  g L−1  h−1, using polyvinyl 
alcohol (PVA)-immobilized cells under very high gravity 
(VHG) conditions with in situ ethanol removal by vacuum 

membrane distillation (VMD), starting from 300 g L−1 of 
glucose. Considering that this bacterium has the Pentose 
Phosphate (PP) pathway and the Tricarboxylic Acid (TCA) 
cycle incomplete, more carbon is driven into the glycoly-
sis and ethanol production pathways, achieving an ethanol 
production near the theoretical maximum (Swings and De 
Ley 1977). This extraordinary ethanol-producing capacity 
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Fig. 1  Metabolic pathways for the conversion of various sugars in Zymomonas mobilis. These sugars can be further used to synthesize native (blue) 
or heterologous (purple) value-added compounds. ADH alcohol dehydrogenases, ALS acetolactate synthase, AlsS acetolactate synthase S, AldC 
acetolactate decarboxylase, AraA arabinose isomerase; AraB: ribulokinase, AraD ribulose-phosphate-4-epimerase, AraE arabinose-proton symporter, 
Bdh butanediol dehydrogenase; DMAPP dimethylallyl diphosphate, EDA 2-keto-3-deoxy-6-phosphogluconate aldolase, ED Entner-Doudoroff, 
EDD 6-phosphogluconate dehydratase, ENO phosphopyruvate hydratase, F6P fructose-6-phosphate, FPP Farnesyl diphosphate; FRK: fructokinase, 
G6P glucose-6-phosphate, GAPDH glyceraldehyde-3-phosphate dehydrogenase, GLF glucose facilitator protein, GLK glucokinase; GPP geranyl 
diphosphate; IlvC ketol-acid reductoisomerase, IlvD dihydroxy-acid dehydratase, IPP isopentenyl diphosphate, KdcA alpha-ketoacid decarboxylase, 
KDPGA 2-dehydro-3-deoxy-phosphogluconate aldolase, KivD alpha-ketoisovalerate decarboxylase, PDC pyruvate dehydrogenase, PGI 
phosphoglucose isomerase, PGL 6-phosphogluconolactonase, PGM phosphoglycerate mutase, PKG phosphoglycerate kinase, PYK pyruvate kinase, 
R5P ribose-5-phosphate; SacB extracellular levansucrase, SacC extracellular sucrase; TalA: transaldolase A, TalB transaldolase B, TktA transketolase 
A, TktB transketolase B, X5P xylose-5-phosphate, XR xylose reductase, XylA xylose isomerase; XylB xylulokinase, XylE low-affinity xylose transporter, 
ZWF glucose-6-phosphate dehydrogenase. The endogenous metabolism is presented in black color and the heterologous enzymes expressed 
into Z. mobilis for establishing new metabolic pathways to broaden its substrate range or production of the heterologous high-value products are 
indicated in red. Solid lines indicate a single step; dashed lines indicate multiple steps



Page 4 of 20Braga et al. Bioresources and Bioprocessing           (2021) 8:128 

is strongly related with the “uncoupled growth” phenom-
enon, where only 3–5% of substrate carbon is converted 
into biomass (Kalnenieks 2006). In fact, the biomass accu-
mulated is three to five-fold lower when compared with 
the one obtained using Escherichia coli and Saccharomy-
ces cerevisiae (Bai et al. 2008). The production of ATP by 
Z. mobilis through ED pathway is very fast and “excessive” 
for the cell requirements. For this reason, the presence of 
other ATP dissipating reactions is necessary to regener-
ate adenosine diphosphate (ADP) and maintain cell bal-
ance (Kalnenieks 2006). In fact, the decrease of ATP yield 
during alcoholic fermentation increases ethanol yield with 
reduced substrate conversion to biomass that can be con-
sidered a “by-product” of alcoholic fermentation. In addi-
tion, Z. mobilis possesses a high-specific cell surface and 
a higher rate of oxygen consumption, while consuming 
glucose faster than S. cerevisiae and E. coli (Panesar et al. 
2006; Rutkis et al. 2014, 2016).

As previously mentioned, the wild-type strains of Z. 
mobilis can only consume glucose, fructose, and sucrose, 

as carbon source (Weir 2016). In contrast with other bac-
teria and yeasts, Z. mobilis transports sugars using a facil-
itated diffusion system with a glucose facilitator protein 
(GLF), which does not spend metabolic energy (DiMarco 
and Romano 1985; Snoep et al. 1994). After entering the 
cell, glucose is phosphorylated to glucose 6-phosphate 
(G6P) by glucokinase (GLK). On the other hand, fruc-
tose is phosphorylated to fructose 6-phosphate (F6P) 
by fructokinase (FRK). F6P can be further converted to 
G6P by phosphoglucose isomerase (PGI). After that, G6P 
is metabolized to pyruvate through the ED pathway and 
further converted to ethanol and carbon dioxide by PDC 
and ADH isozymes, as previously referred. Therefore, 
the ethanol yield obtained with glucose (95%) was higher 
than that from fructose (90%) (Viikari and Berry 1988). In 
addition, Z. mobilis is able to convert glucose to gluconic 
acid by glucose–fructose oxidoreductase (GFOR) and 
gluconolactonase (GL). Moreover, fructose is converted 
to sorbitol by GFOR (Barrow et al. 1984; Zachariou and 
Scopes 1986) (Fig. 2).
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Fig. 2  Schematic representation of biosynthetic pathways responsible for the production of fructooligosaccharides (FOS), levan, gluconic acid, and 
sorbitol. Black represents the Zymomonas mobilis native pathways. Blue represents the alternative heterologous pathways for the production of FOS. 
FFase β-fructofuranosidase, FTase fructosyltransferase; GFOR glucose–fructose oxidoreductase, GL gluconolactonase, SacA intracellular sucrose, SacB 
extracellular levansucrase; SacC: extracellular sucrase. Gray and blue boxes indicate the enzymes responsible for each conversion step
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Figure 2
Sucrose is hydrolyzed to glucose and fructose either by 

an extracellular sucrase/invertase (SacC), intracellular 
sucrase (SacA) or by an extracellular levansucrase (SacB). 
Furthermore, SacB polymerizes fructose units to form 
levan, using sucrose as the fructose donor (Gunasekaran 
et al. 1990, 1995; Kannan et al. 1995) (Fig. 2). In fact, this 
bacterium only synthesizes high concentrations of levan 
in a sucrose medium (Johns et al. 1991). Viikari and Berry 
(1988) and Johns et al. (1991) reported that the synthesis 
of levan in Z. mobilis is considerably reduced in the pres-
ence of glucose and fructose (in mixtures or individually). 
In addition, Lyness and Doelle (1983) observed that SacB 
from Z. mobilis is completely inhibited at glucose and 
ethanol concentrations higher than 5.4 g L−1 and 73.6 g 
L−1, respectively. Besides levan, Z. mobilis is also able to 
produce FOS as a result of transfructosylation reactions 
during growth on sucrose (Bekers et  al. 2002; Santos-
Moriano et al. 2015) (Fig. 2). Doelle et al. (1990) showed 
that the production of FOS may be related with the defi-
ciency of fructose uptake caused by high substrate or salt 
concentrations. These results suggested that high salt 
concentrations trigger the production of FOS instead 
of levan synthesis (Doelle and Doelle 1990; Doelle et al. 
1990), as a response to changes in the osmotic environ-
ment (Sootsuwan et al. 2013).

In the last years, some interesting reviews have been 
published addressing the ecology and physiology of Z. 
mobilis (He et al. 2014; Weir 2016), as well as the recent 
developments on metabolic engineering strategies for 
bioethanol production using Z. mobilis (Yang et al. 2016a; 
Xia et al. 2019; Zhang et al. 2019a; Todhanakasem et al. 
2020). Other reviews address the use of genetic tools 
to extend the variety of substrates that Z. mobilis can 
metabolize and the diversity of produced compounds, 
such as lactate, alanine, succinate, and 2,3-butanodiol 
(Yang et al. 2016a; Wang et al. 2018). In addition, some 
studies have also described the achievements and the 
bottlenecks of metabolic engineering of Z. mobilis (Wang 
et al. 2018).

This review presents an outline of the state-of-the-
art on the use of Z. mobilis to synthesize an array of 

industrially relevant compounds along with its physiolog-
ical and metabolic properties, particularly focused on the 
developments that have been reported in the last 5 years. 
In addition, we will discuss the recent available tools and 
methods for the genetic engineering of Z. mobilis, pro-
viding our point of view mainly related to the handling 
and genetic manipulation of Z. mobilis. Moreover, we will 
also review the work developed to expand the substrate 
utilization by this bacterium. Finally, we will present an 
overview of the strategies that are being used to produce 
native and heterologous compounds by Z. mobilis.

Genetic engineering tools available for Z. mobilis
As previously mentioned, attributable to its physiologi-
cal and metabolic characteristics, Z. mobilis appears as 
an attractive host for the development of microbial cell 
factories to industrially produce relevant or high-value 
biological compounds. Related to the development of 
efficient cell factories is the need to modify wild strains 
in order to maximize or silence a specific phenotype. The 
synthetic biology field offers the possibility to rapidly 
modify the genetic elements of a certain organism allow-
ing a predictable phenotypic response by the engineered 
organism.

The attempts to genetically modify Z. mobilis started 
using plasmid vectors (Carey et  al. 1983; Browne et  al. 
1984; Conway et al. 1987). E. coli–Z. mobilis shuttle vec-
tors, which contain replicons from E. coli and from Z. 
mobilis native plasmids, are currently the most popu-
lar plasmid-based expression systems (So et  al. 2014) 
(Fig. 3A).

Researchers noticed that the introduction of foreign 
DNA is the main complication to genetically modify this 
bacterium. Chemical transformation or electroporation 
of plasmids or other DNA parts into Z. mobilis is very 
inefficient. In fact, Z. mobilis contains an highly active 
type I and type IV DNA endogenous restriction-mod-
ification (R-M) system that is able to efficiently degrade 
foreign DNA, thus explaining the low transformation effi-
ciencies usually observed in this microorganism (Dong 
et al. 2011; Kerr et al. 2011; Felczak et al. 2021). The type 
I system acts primarily on unmethylated DNA, while 

Fig. 3  Genetic engineering tools to modify Zymomonas mobilis: A Plasmid-based approaches: Plasmids containing broad-host range replication 
origins can be maintained in Z. mobilis or shuttle vectors having Z. mobilis replication origin and an E. coli replication origin can be used instead; B 
Genome integration can be achieved in Z. mobilis via homologous recombination (HR) using a suicide vector, that is a plasmid lacking a suitable 
replication origin, or by using a plasmid expressing recombinases to catalyze HR and linear DNA fragments as donor template; C Genome editing 
mediated by Clustered Regularly Short Palindromic Repeats-associated Cas (CRISPR-Cas) systems: Heterologous CRISPR-Cas9 systems can be 
efficiently expressed in Z. mobilis to generate a double strand break (DSB) in genome followed by repair by HR by donor template. Here, a plasmid 
carrying a heterologous Cas9 protein and the guide RNA (gRNA) components is co-transformed with the homologous donor DNA fragment. 
Otherwise, the endogenous CRISPR-Cas system can be programmed to produce a specific DSB to be repaired by HR. Thereunto, a plasmid only 
carrying the gRNA elements is co-transformed with the homologous donor DNA fragment

(See figure on next page.)
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the type IV system acts primarily on methylated DNA. 
Regardless, Zou et  al. (2012b) described a procedure to 
enhance Z. mobilis electrotransformation efficiency. The 
authors observed significantly higher transformation effi-
ciencies when using type I R-M inhibitor and unmethyl-
ated plasmid DNA. Indeed, our own experience supports 
this evidence since we found that the source of bacterial 
plasmid DNA is critical for an efficient Z. mobilis elec-
trotransformation. We observed a significantly higher 
transformation efficiency when the plasmids were pre-
viously replicated in E. coli JM110 (dam-/dcm-), a strain 
used to isolate unmethylated DNA. Another issue in the 
construction of shuttle vectors is the selection markers 
available. We tested the antibiotic sensitivities of ZM4 
strain as an initial step for genetic studies using Z. mobi-
lis. The resistance of the strain was tested against kana-
mycin, ampicillin, chloramphenicol, spectinomycin, and 
tetracycline. Z. mobilis ZM4 is highly resistant to kana-
mycin and ampicillin (up to 200 and 700 µg mL−1, respec-
tively). On the other hand, this bacterium was not able to 
grow at 100 µg mL−1 of streptomycin and chlorampheni-
col, and it was sensitive to tetracycline at concentrations 
above 25 μg mL−1. In fact, these antibiotics are the most 
commonly used with Z. mobilis. However, even using 
these antibiotics, false positives during transformation 
processes often occur (unpublished data).

The first attempts to modify the Z. mobilis genome 
started to be performed using transposable elements 
on a suicide vector, that lacks a suitable replication ori-
gin (Fig.  3B1) (Pappas et  al. 1997). However, for effi-
cient recombineering, several homology base pairs are 
required (higher than 300  bp), and the transformation 
efficiencies are low. Despite that, this technique has 
been widely used (Senthilkumar et  al. 2004; Kalnenieks 
et al. 2006; Wang et al. 2012). More recently, new meth-
ods used to engineer bacterial chromosomal genes have 
been implemented in Z. mobilis. Wu et  al. (2017) dem-
onstrated the use of Enterobacteriophage RecT system to 
perform direct genes knockout. Using this method, only 
60  bp homology regions were required for integration. 
Moreover, Khandelwal et  al. (2018) used the bacterio-
phage lambda Red genes system to assist direct genomic 
modifications on the bacterium genome. A homologous 
region of 40  bp was enough to perform recombina-
tion. These methods use recombinases to catalyze the 
homologous recombination process allowing the use of 
linear DNA molecules with shorter homology regions as 
donor templates. This avoids the need to construct a vec-
tor since donor DNA oligos can be generated by a single 
PCR reaction. In these cases, the linear homologous frag-
ment and a plasmid carrying the recombinase machin-
ery are co-transformed into Z. mobilis (Fig.  3B2). After 
recombination, recombinases can be used to catalyze 

further genomic modifications by transforming another 
linear donor DNA. Alternatively, the plasmid can be 
cured. Both recombinase-assisted methods, as well as the 
integration methods using suicide vectors are associated 
with the introduction of antibiotic markers to select posi-
tive mutants. As previously mentioned, the natural resist-
ance of Z. mobilis to several antibiotics (Bochner et  al. 
2010) hampers the selection of positive mutants and lim-
its the number of modifications that can be performed. 
To overcome that, the S. cerevisiae flippase recognition 
target (FRT)- flippase(flp) recombination system was also 
applied in Z. mobilis for in vivo marker excision (Fig. 3C) 
(Zou et al. 2012a). The combination of this system with 
bacteriophage lambda recombination system may be 
used for multiple genetic modifications by recycling the 
antibiotic marker. In addition, more recently, Lal et  al. 
(2019) reported for the first time a markerless method 
for genome engineering by homologous recombination 
using suicide vectors. The suicide vectors were intro-
duced via conjugation carrying a 500 bp homology flank-
ing the genetic region of interest.

The implementation of a synthetic biology tool capa-
ble of circumventing the use of large homology arms and 
antibiotics to perform genomic modifications represents 
an advantage for genetic engineers. The application 
of Clustered Regularly Interspaced Short Palindromic 
Repeats CRISPR-associated protein (CRISPR-Cas) sys-
tem for genetic engineering purposes is a landmark in 
the synthetic biology field (Rainha et al. 2021). It allows 
to perform high-efficient, rapid and markerless genetic 
manipulations since it eliminates the requirement of 
using antibiotic markers to select positive mutants 
which represents a great advantage when dealing with Z. 
mobilis. Hereupon, CRISPR-mediated genome engineer-
ing in Z. mobilis can be performed using a heterologous 
CRISPR-Cas system, such as the one from Streptococ-
cus pyogenes. For that purpose, a vector expressing Cas 
protein and the gRNA elements are co-transformed with 
a linear donor DNA carrying the desired modification 
(Fig.  3D1). Researchers postulated that Z. mobilis may 
lack a non-homologous end joining function to heal the 
double breakage. For this reason, the break is repaired by 
providing a linear homologous donor DNA carrying the 
modification. The first work reporting the application of 
CRISPR-Cas system in Z. mobilis was published by Cao 
et  al. (2017). The researchers used the CRISPR-Cas9 
system of S. pyogenes to knockout the replicase genes 
of Z. mobilis and eliminate native plasmids. Most of the 
established CRISPR-Cas systems for genetic modifica-
tions relies on the use of type II nucleases, such as the 
one from S. pyogenes, that were found to be toxic in cer-
tain bacteria (Zhang and Voigt 2018). In this sense, Shen 
et  al. (2019) used Cas12a from Francisella novicida, 
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a type V endonuclease, with reported less toxicity to 
prokaryotes.

Like other bacteria, Z. mobilis possesses a native 
CRISPR system as an immune defense mechanism 
against foreign DNA (Zheng et  al. 2019). Dong et  al. 
(Dong et  al. 2016) characterized and classified the Z. 
mobilis endogenous type I CRISPR system. By provid-
ing the specific RNA elements it is possible to program 
Z. mobilis native type I CRISPR-Cas system to gener-
ate a specific break in the genome. The use of the native 
CRISPR-Cas may be advantageous because the possible 
toxicity of a heterologous Cas protein can be avoided. 
The repurposing of native Z. mobilis CRISPR-Cas sys-
tem has already been employed to perform single and 
multiplex gene knockout, gene insertion, gene replace-
ment, and single point mutations (Fig.  3D2) (Zheng 
et  al. 2019). Due to its advantages, the use of endog-
enous CRISPR-Cas systems to genetically modify Z. 
mobilis has been registered in some patents (Lixin et al. 
2019a, b).

In addition to the use of CRISPR to perform genome 
modifications, novel CRISPR applications, such as 
CRISPR interference (CRISPRi) technology (Banta 
et al. 2020), have also been applied in Z. mobilis. CRIS-
PRi is an extremely useful methodology to study gene 
functions and to fine-tune gene expression since it uses 
programmable guide RNAs and Cas proteins to per-
form knockdowns in a controlled and measurable way. 
In a first attempt to use this technique, Z. mobilis Cas 
2/3 was modified to be used as native CRISPRi system. 
However, its knockdown efficiency was very low (Zheng 
et  al. 2019). For this reason, Banta et  al. (2020) have 
constructed a new CRISPRi methodology for Z. mobi-
lis (Mobile-CRISPRi system) based on the heterologous 
S. pyogenes dCas9 system, improving the knockdown 
efficacy.

The selection of proper genetic elements is also a cru-
cial step for metabolic engineering purposes. The non-
coding genetic elements include promoters, ribosome 
binding sites (RBS), untranslated regions, and termina-
tors. For example, Yang et  al. (2019) successfully devel-
oped a reporter system to identify candidate promoters 
with different strengths using data from omics datasets. 
The promoters Pgap, Ppdc, and Peno were classified as 
strong, being Pgap the strongest. Additionally, they iden-
tified medium and weak strength novel promoters. In 
total, 38 promoters and 4 RBSs were characterized. How-
ever, a limited small number of native promoters have 
been employed until now.

Despite synthetic biology studies have been initiated 
early in Z. mobilis, the development and implementa-
tion of novel techniques to perform genetic modifica-
tions remains little explored when compared with other 

biological chassis, such as E. coli. The non-amenability to 
insert foreign DNA may have hampered the application 
of such techniques. However, as previously mentioned, 
due to its metabolic characteristics, Z. mobilis represents 
an attractive microorganism for industrial engineering 
purposes, increasing the research interest in the develop-
ment of new methodologies to genetically improve this 
chassis.

Use of alternative substrates and feedstock
Wild-type Z. mobilis needs a fermentable sugar to grow. 
Naturally, this microorganism is unable to consume pen-
toses, such as arabinose and xylose, and complex sugars, 
such as starch and cellulose (Swings and De Ley 1977). 
The growing concerns about the use of carbon sources 
that compete with food supply production, associated 
with global warming and environmental degradation, 
promote the exploitation of renewable and inexpen-
sive feedstock. Sustainable feedstock should include, for 
instance, waste lignocellulose derived from agriculture 
and forestry residues and by-products from fruit and 
vegetable processing processes. Currently, the application 
of different metabolic engineering approaches allowed 
the development of engineered Z. mobilis strains able to 
cost-efficiently convert renewable biological resources 
and waste streams into valuable products (Braide et  al. 
2018; Sarkar et al. 2020).

Lignocellulosic wastes are the most abundant renew-
able source of sugars, and their hydrolysis produce a 
mixture of sugars that includes hexoses (glucose, man-
nose, and galactose) and pentoses (xylose and arabinose) 
(Fig.  1). In the last years, several approaches have been 
developed to produce ethanol using lignocellulosic mate-
rials as substrate. Zhang et  al. (1995) reported for the 
first time the construction of a recombinant Z. mobilis 
strain able to metabolize xylose to ethanol by introduc-
ing a combination of the non-oxidative portion of PP 
pathway and xylose assimilation pathway genes in the 
wild-type strain. The obtained strain was able of grow-
ing on xylose with a specific growth rate of 0.057 h−1 and 
an ethanol yield of 86%. Since then, efforts have been 
made to construct recombinant strains able to consume 
pentose sugars by heterologous expression of xylose and 
arabinose metabolism. Adaptive Laboratory Evolution 
(ALE) strategies—process of achieving mutations under 
specific selection pressure—combined with direct meta-
bolic engineering, have also been adopted to improve the 
co-utilization of sugars by Z. mobilis (Agrawal et al. 2011; 
Mohagheghi et  al. 2015; Sarkar et  al. 2020). Last year, 
Sarkar et al. (2020) reported an ALE approach to develop 
a Z. mobilis strain with efficient co-utilization of glucose 
and xylose. For that purpose, a recombinant xylose fer-
menting strain was cultivated under selective pressure of 
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increasing xylose concentration (from 30 to 100  g L−1). 
After 50 transfers, the selected genetically modified strain 
showed a 1.6-fold increase in xylose utilization rate. The 
results of this study demonstrated that the observed phe-
notypic response may be related with enhanced activity 
of xylose isomerase (XylA), that catalyzes the conversion 
of xylose to xylulose; upregulated transketolase activity 
(encoded by tkt); and downregulated xylose reductase 
(XR) activity (encoded by xyrA). ‬‬‬‬‬‬‬‬‬‬‬‬‬

In addition to genetic engineering approaches to 
produce ethanol from lignocellulosic residues, other 
strategies have also been used. The most common tech-
nologies are simultaneous saccharification and fer-
mentation (SSF)—a one-step enzymatic hydrolysis and 
fermentation—and separate hydrolysis and fermentation 
(SHF)—a sequential enzymatic hydrolysis of cellulose and 
hemicellulose and their further fermentation. However, 
the pretreatments required to hydrolyze lignocellulosic 
feedstocks into monosaccharides comprise an undesir-
able step that leads to the formation of lignocellulose-
derived by-products that inhibit microbial biocatalysts in 
SHF. Another interesting and alternative approach that 
has been recently reported is the co-fermentation of hex-
oses and pentoses from lignocellulosic hydrolysates. Co-
culture strategies have been highlighted as an interesting 
and alternative strategy for the utilization of C5 and C6 
sugars by Z. mobilis (Fu and Peiris 2008; Fu et  al. 2009; 
Nguyen et  al. 2019). Dewi et  al. (2019) studied ethanol 
production from sugar palm (Arenga pinnata) using a co-
culture of Z. mobilis and Pichia stipitis. The first strain 
was able to ferment glucose to ethanol with high yields; 
the second can naturally produce ethanol from xylose. 
This co-culture system produced 0.57  g  g−1 of ethanol. 
Recently, Wirawan et al. (2020) used Z. mobilis immobi-
lized in PVA and P. stipitis (suspended cells). The authors 
obtained a higher ethanol yield in separate hydrolysis 
and co-fermentation (SHCF) process (0.414 g g−1, 81.7% 
of theoretical yield) when compared with simultaneous 
saccharification and co-fermentation (SSCF) (0.36 g  g−1, 
70.65% of theoretical yield). Nevertheless, the cellulose 
enzymatic hydrolysis was required. In order to improve 
the utilization of lignocellulosic materials, several cellulo-
lytic-encoding genes have been cloned and expressed in 
Z. mobilis (Yoon et al. 1988; Brestic-Goachet et al. 1989; 
Vasan et al. 2011; Jung et al. 2012; Luo and Bao 2015). A 
consolidated bioprocess (CBP) is a promising competi-
tive approach for bioethanol production from lignocel-
lulosic hydrolysates. In this process, a microorganism 
is able to produce saccharolytic enzymes to degrade 
polysaccharides (cellulose or hemicelluloses) from lig-
nocellulosic materials into fermentable sugars that are 
further used to produce ethanol. However, these studies 
only demonstrated lignocellulosic materials conversion 

in resting cells. In order to overcome this issue, Kurum-
bang et al. (2020) proposed the heterologous expression 
and secretion of a glycosyl hydrolase (GH) β-glucosidase 
from Caulobacter crescentus in Z. mobilis, that enables an 
efficient conversion of oligosaccharides. The engineered 
strain was further subjected to an adaptation in cello-
biose medium, and growth on cellobiose was achieved. 
However, the authors observed an increased lag phase 
in cellobiose medium. Nevertheless, the simultaneous 
expression of cellulases and xylanases plays an important 
role in degrading lignocellulose into fermentable sugars.

Besides lignocellulosic feedstock, other wastes and resi-
dues have been used as substrate by Z. mobilis, including 
sugarcane, sweet sorghum, carob, sugar beet, waste paper 
sludge, sweet potato, bamboo residues, sweet sorghum 
stalk, corncob residues, sugarcane molasses, rice bran, as 
well as algal biomass from Spirogyra hyaline (Behera et al. 
2012; He et al. 2013; Saharkhiz et al. 2013; Ma et al. 2016; 
Sulfahri et  al. 2016). The ethanol production from agri-
cultural wastes (cassava, yam and potato peels) using Z. 
mobilis was evaluated by Braide et al. (2018), that reported 
ethanol yields that ranged from 5.17 to 8.36% (v/v). The 
use of Z. mobilis biofilms was also highlighted as an inter-
esting approach to overcome the problems associated 
with toxic inhibitors (such as acetic acid, furfural, organic 
acids) that are present in some wastes and residues (Tod-
hanakasem et  al. 2014). Ma’As et  al. (2020) reported the 
production of ethanol by Z. mobilis ATCC 31,821 using 
Brewer’s rice, which is composed of 80% of starch, as sub-
strate. In this study, 9.67  g L−1 of ethanol was produced 
after 22  h of fermentation. The same substrate was also 
fermented by S. cerevisiae ATCC 200,062 and a lower 
ethanol production (4.31 g L−1) was obtained. This result 
shows the potential of Z. mobilis to be used as biocatalyst 
for ethanol production from alternative substrates.

The development of Z. mobilis as a viable platform host 
to produce industrially relevant compounds is strongly 
dependent on using renewable and inexpensive feed-
stock. In fact, the production of cellulosic ethanol using 
this microorganism is already implemented at a commer-
cial scale (Yang et al. 2016a).

Production of added‑value compounds by Z. 
mobilis
Z. mobilis holds the biochemical pathways responsible to 
produce several interesting compounds. In addition, Z. 
mobilis has proven to be a suitable host for the heterolo-
gous production of several added-value products. In this 
section, the production of native compounds (e.g., etha-
nol, levan, FOS, sorbitol and gluconic acid) and heterolo-
gous compounds (e.g., 2,3-butanediol and isobutanol) in 



Page 10 of 20Braga et al. Bioresources and Bioprocessing           (2021) 8:128 

Z. mobilis will be reviewed. In this topic, we will present a 
summary of the recent advances (last 5 years) in the pro-
duction of these different industrial relevant compounds 
by Z. mobilis, focusing not only on the genetic enhance-
ment, when appropriate, but also on the production pro-
cess, comparing the used carbon source and cultivation 
strategies (Table 1).

Native products
Ethanol
In the last years, the use of Z. mobilis as a microbial cell 
factory to produce ethanol has been extensively reviewed 
(Rogers et al. 2007; He et al. 2014; Yang et al. 2016a; Xia 
et al. 2019; Zhang et al. 2019a; Todhanakasem et al. 2020). 
As previously described, metabolic engineering method-
ologies have been explored to construct Z. mobilis strains 
able to use xylose or arabinose to produce ethanol. For 
example, Grisales Díaz and Willis (2019) have developed 
a kinetic model to study the co-fermentation of xylose 
and glucose toward the production of ethanol. Unlike the 
models previously proposed by Leksawasdi et  al. (2001) 
and Hodge and Karim (2002), the Grisales Díaz and Wil-
lis (2019) model considers the production of xylitol which 
is a compound that inhibits the xylose utilization. By co-
fermentation of both compounds, the model predicted 
that ethanol production could reach 90  g L−1. When 
xylose is the only substrate, the ethanol production was 
estimated to reach 70 g L−1. With this study it was pos-
sible to perform a more accurate in silico estimation of 
ethanol production given that it is considered the xylitol 
production and its inhibitory effect on xylose consump-
tion and, consequently, on ethanol production.

The production of high concentrations of ethanol is 
also significantly affected by different factors, such as 
inhibitors (ethanol, acetic acid, furfural, among others), 
low pH, and osmotic and oxidative stress (Zhang et al. 
2019a). Wang et  al. (2019) used the genome shuffling 
technology in order to enhance Z. mobilis tolerance 
to furfural and acetic acid. Genome shuffling consists 
in the recombination of the genome of selected strains 
(parental strains) combined with the electrofusion of 
protoplasts. Using this methodology, more tolerant 
strains with high productivity can be obtained. In this 
study, two parental strains AQ8-1 and F34 were sub-
jected to two rounds of genome shuffling. After these 
rounds, 10 mutants were selected due to their tolerance 
to 5 g L−1 of acetic acid and 3 g L−1 of furfural. Within 
these mutants, two of them were selected as promis-
ing ones since they showed higher ethanol productivi-
ties comparing to the parental strains when incubated 
with both inhibitors. The study of genes involved in the 
stress response in Z. mobilis could be also a useful strat-
egy to improve the tolerance to these toxic inhibitors. 

Nouri et al. (2020) have studied the effect of the over-
expression of hfq and sigE that encode a transcription 
regulator and a transcription factor involved in fur-
fural and acetic acid stress responses, respectively. The 
overexpression of both genes resulted in higher ethanol 
production and higher tolerance to inhibitors compar-
ing to the wild-type strain. However, the overexpression 
of sigE led to highest ethanol production levels in the 
presence of inhibitors comparing with the strains over-
expressing hfq or both genes. This study demonstrated 
that the genes involved in the response of Z. mobilis to 
stress could be relevant targets to improve the tolerance 
to inhibitors. Another interesting approach that could 
be explored is the conversion of these inhibitors in less 
aggressive compounds in a process called biodetoxifica-
tion. Yi et  al. (2019) constructed an oxidative pathway 
in order to perform the conversion of the toxic phenolic 
aldehydes while ethanol is produced. The oxidative 
pathway was constructed by expressing benzaldehyde 
dehydrogenase from Pseudomonas putida and over-
expressing NADH-dependent alcohol dehydrogenase 
from Z. mobilis. The expression of both genes resulted 
in the complete conversion of some toxic compounds, 
as well as in the improvement of ethanol fermentabil-
ity. Alternatively, Liu et  al. (2020a) also overexpressed 
genes encoding cofactors related to oxidoreductase in 
order to manipulate the intracellular redox in Z. mobilis 
and, consequently, increase the tolerance to inhibitors. 
In this study, it was found that oxidoreductases could 
be directly involved in the biodetoxification of furfural. 
Moreover, the modified strains with higher ATP lev-
els and lower concentration of reactive oxygen species 
were found to be more tolerant to sodium acetate and 
sodium formate. This result suggests that the intracel-
lular redox is an important mechanism to control and 
improve the tolerance of these strains to inhibitors. All 
these studies demonstrated that these stress-tolerant 
strains have potential to be used in the production of 
ethanol at an industrial level. However, these strains 
should be uninterruptedly modified toward the devel-
opment of tolerance to multiple stress factors leading 
to the construction of even more robust, tolerant, and 
efficient strains (Zhang et  al. 2019a). In fact, the pro-
duction of ethanol using Z. mobilis can be competi-
tive compared with other microorganisms. The highest 
ethanol production (127.4 g L−1) was obtained with Z. 
mobilis ATCC 29,191 cells using VHG + VMD fermen-
tation, with a yield that reached 85% of the theoretical 
maximum (0.51  g  g−1) (Zhang et  al. 2017). Moreover, 
this titer was higher than the highest value reported 
in the well-recognized ethanol producer S. cerevisiae 
(114.71 g L−1) (Wu et al. 2020). Using Z. mobilis to pro-
duce ethanol is advantageous compared to S. cerevisiae 
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and E. coli since less than 50% of biomass is accumu-
lated during fermentation (Zhao et  al. 2014). This 
occurs because sugars are fueled for ethanol produc-
tion instead of being used for biomass accumulation.

Levan
Beyond its ability to produce ethanol, Z. mobilis is also 
able to produce levan. Levan is a natural polymer com-
posed of fructose residues linked by β(2 → 6) glycosidic 
bonds and presents multiple β(2 → 1)-linked branching 
points (Öner et  al. 2016). Z. mobilis can produce SacB 
enzyme that is responsible for levan and FOS production 
using sucrose as substrate (Bekers et  al. 2002; Santos-
Moriano et  al. 2015) (Fig.  2). In the last years, the pro-
duction of levan using Z. mobilis as microbial cell factory 
was widely studied. Taran et al. (2019) conducted a sta-
tistical optimization to determine the growth conditions 
that improve the production of levan by Z. mobilis PTCC 
1718. The effect of sucrose, yeast extract, and potassium 
phosphate concentrations were determined. When the 
fermentation was performed in a medium containing 
300  g L−1 of sucrose, 1  g L−1 of yeast extract, and 0.5  g 
L−1 of potassium phosphate, 57  g L−1 of levan was pro-
duced. Another strategy explored to produce levan was 
the use of immobilized Z. mobilis cells. Santos and Cruz 
evaluated the production of levan by Z. mobilis CCT4494 
cells immobilized on alginate and chitosan beads (Santos 
and Cruz 2016). Using sequential batch fermentation, 
22.11 g L−1 of levan was obtained. The same authors also 
evaluated the levan production by immobilized Z. mobi-
lis CCT4494 cells on sugarcane bagasse and loofa sponge. 
The highest production of levan was obtained when sug-
arcane bagasse was used as immobilization support in 
the sequential batch fermentations, resulting in the pro-
duction of 32.13 g L−1 of levan (Santos and Cruz 2017). 
Moreover, the production of levan was also evaluated 
in continuous fermentation by immobilized Z. mobilis 
CCT4494 cells in hybrid system of alginate/PVA. Using 
an initial sucrose concentration of 300  g L−1 and initial 
pH of 7.0, 112.53 g L−1 of levan was obtained after 18 h 
of fermentation, with a yield (0.375 g g−1) near to the the-
oretical maximum (0.395  g  g−1) (Lorenzetti et  al. 2015). 
Nowadays, levan is already produced at an industrial 
scale by Real Biotech Co., Ltd., Chungnam, Korea, using 
the levansucrase from Z. mobilis (Öner et al. 2016).

Fructooligosaccharides (FOS)
Beyond levan, FOS are also interesting prebiotic com-
pounds that are natively produced in Z. mobilis. These 
compounds are carbohydrates composed of fructose 
residues with a terminal glucose molecule residue 
linked by β(2 → 1) glycosidic bonds (Flores-Maltos 

et  al. 2016). As already mentioned, FOS are pro-
duced from sucrose by Z. mobilis SacB enzyme (Bek-
ers et al. 2002; Santos-Moriano et al. 2015; Erdal et al. 
2017; Taştan et  al. 2019) (Fig.  2). In 2015, our group 
reported a co-culture strategy that consists in the use of 
Aureobasidium pullulans to produce FOS, followed by 
the use of S. cerevisiae or Z. mobilis to reduce the con-
centration of monosaccharides present in the culture 
medium (Nobre et  al. 2015). This two-step fermenta-
tion process was used to obtain higher yields of purified 
FOS. Using Z. mobilis in the second step of the fermen-
tations, the total percentage of FOS increased from 
56% (one-step fermentation with A. pullulans) to 81%. 
More recently, we have been exploring the potential 
of Z. mobilis to produce relevant amounts of FOS in a 
simple one-step fermentation bioprocess. Under static 
conditions, 30  g L−1 of FOS (1-kestose, nystose, and 
6-kestose) was produced using 300 g L−1 of sucrose as 
substrate. However, the obtained yield is far behind the 
theoretical maximum (0.5–0.65 g  g−1). Moreover, 5.8 g 
L−1 of levan, 18 g L−1 of sorbitol, and 50 g L−1 of etha-
nol were also produced (Braga et  al. 2019). This study 
demonstrated the potential of a faster and sustainable 
process for simultaneous production of FOS, sorbitol, 
and levan using Z. mobilis ZM4 as a whole-cell bio-
catalyst. Other microorganisms, such as A. pullulans, 
are able to produce FOS through transfructosylation 
of sucrose by fructosyltransferase enzyme (FTase)/β-
fructofuranosidase (FFase) (Khanvilkar and Arya 2015). 
For this reason, we are also exploring the possibility of 
overexpressing a FTase/FFase from a recognized fun-
gal source using metabolic engineering methodologies 
as an alternative and promising approach to increase 
the production of FOS by Z. mobilis in a one-stage bio-
process. With this approach it is possible to avoid the 
drawbacks of two-stage processes, which starts with 
the microbial enzyme production followed by a sec-
ond stage that includes the incubation of the extracted 
enzyme with sucrose to produce FOS. Using the one-
step approach, we expect to produce the enzyme and 
FOS subsequently in the same bioreactor.

Although Z. mobilis exhibits a high potential to pro-
duce FOS, this microorganism has not been widely 
explored for this purpose. Several Aspergillus species are 
recognized as FOS producers and a lot of work has been 
developed using these species (de la Rosa et al. 2019). For 
example, we reported that Aspergillus ibericus produced 
118 g L−1 of total FOS from 200 g L−1 of sucrose in a one-
step process (Nobre et al. 2018). Despite the residual use 
of Z. mobilis as FOS producer, we believe that this micro-
organism is an interesting alternative cell factory to pro-
duce prebiotics in a single-step fermentation, since it can 
convert the non-prebiotic sugars (glucose and fructose) 
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into added-value products, such as levan, sorbitol and 
ethanol, avoiding competitive inhibition of the fructosyl 
transfer reaction. Nevertheless, there is still a long way to 
go before production levels can be competitive as com-
pared to other producers.

Sorbitol and gluconic acid
Z. mobilis can also naturally produce sorbitol and glu-
conic acid when grown on sucrose or on a mixture of 
fructose and glucose (Barrow et  al. 1984; Leigh et  al. 
1984) (Fig. 2). The metabolic pathway responsible for the 
production of both compounds was first proposed by 
Leigh et al. (Leigh et al. 1984) that reported two enzymes 
attached by an unidentified cofactor capable of oxidiz-
ing glucose to gluconolactone and reducing fructose 
to sorbitol. Two years later, this enzyme was described 
as GFOR by Zachariou and Scopes (1986), which uses 
NADPH and NADP to reduce fructose to sorbitol and 
to oxidize glucose to gluconolactone, respectively. After-
ward, GL hydrolyzes gluconolactone into gluconic acid 
(Zachariou and Scopes 1986). Research efforts have been 
made in order to develop sorbitol and gluconic acid-pro-
ducing processes with high yields and titers (Rogers et al. 
2007; He et al. 2014). One of the most common approach 
used to increase the sorbitol and gluconic acid produc-
tion is the use of permeabilized cells. This methodology 
allowed the inactivation of the fermentative metabolism 
of Z. mobilis, since metallic ions and cofactors diffuse 
out of the cells inactivating the pathway from gluconic 
acid to ethanol (Chun and Rogers 1988; Rehr et al. 1991). 
However, the use of non-permeabilized cells to achieve 
the production of sorbitol and gluconic acid was also 
proposed to avoid operational limitations and decrease 
the costs of the production of these compounds in a 
large scale (Silveira et al. 1999; Folle et al. 2018). A new 
approach was presented by Folle et al. (2018). The authors 
proposed the use of glutaraldehyde as a reticulation agent 
instead of cetyltrimethylammonium bromide, allowing 
a simple procedure to prepare calcium alginate beads, 
without a treatment prior to immobilization. Afterward, 
they compared the sorbitol production in mechani-
cally and pneumatically stirred reactors, in batch and 
fed-batch mode. A high sorbitol concentration (around 
137 g L−1) was obtained in mechanically and pneumati-
cally stirred reactors using the fed-batch operation mode. 
Another issue in the production of sorbitol at a biotech-
nological level is the relative high cost of the substrates, 
particularly pure fructose. In order to overcome this, the 
use of alternative and cheap feedstock has been studied. 
For example, An et  al. (2013) proposed an interesting 
approach for sorbitol and gluconic acid production using 
cassava starch and inulin that are considered low-cost 
feedstocks. The authors used a commercial glucoamylase 

enzyme for saccharification of cassava starch and inu-
lin into glucose and fructose, replacing the expensive 
inulinase enzyme. The obtained fructose and glucose 
were used to produce sorbitol and gluconic acid with 
sodium alginate/PVA-immobilized whole cells of the 
Z. mobilis strain, reaching to sorbitol and gluconic acid 
titers of 180  g L−1 and 193  g L−1, respectively. Further-
more, understanding the physiological function of all 
the enzymes involved in the biosynthetic pathway could 
be useful to construct a microorganism with improved 
characteristics. The physiological function of GL that 
converts gluconolactone into gluconic acid was stud-
ied by Alvin et al. (2017). Sorting to genetic engineering 
approaches, the authors have constructed a Z. mobi-
lis ZM4 with a knockout in the GL-encoding gene. The 
studies performed with the mutant strain demonstrated 
that the gene encoding GL enzyme is not necessary for 
the maintenance of the strain. Moreover, all the glucono-
lactone that was produced in the fermentation process 
was fully converted to gluconic acid (67 g L−1 from 100 g 
L−1 of glucose and 100 g L−1 of fructose) even without GL 
activity, due to a spontaneous conversion mechanism. 
The mutant strain was also subjected to several stress 
conditions to understand the physiological function of 
GL. This experiment found that the mutant strain was 
more susceptible to stress conditions than the parental 
strain being possible to conclude that GL can be involved 
in the anti-stress responses of Z. mobilis contributing 
to its industrial robustness (Alvin et  al. 2017). Beyond 
Z. mobilis, only a few microorganisms were identified 
as natural (Tani and Vongsuvanlert 1987; Duvnjak et al. 
1991) or genetically modified sorbitol producers (Nissen 
et al. 2005; Jan et al. 2017). For example, Candida boidinii 
produced 19.1 g L−1 of sorbitol from 20 g L−1 of fructose 
(Tani and Vongsuvanlert 1987). Additionally, 9.78  g L−1 
of sorbitol was produced by Lactobacillus plantarum (Jan 
et al. 2017). Gluconic acid is also naturally produced by 
other microorganisms (Roukas 2000; Anastassiadis et al. 
2003; Ahmed et al. 2015). For example, 71.85 g L−1 of glu-
conic acid was produced by A. niger (Ahmed et al. 2015). 
Still, the titers reported with Z. mobilis are among the 
highest levels reported so far. These studies clearly show 
that Z. mobilis could be an excellent platform to produce 
sorbitol and gluconic acid at an industrial scale, with a 
conversion rate of almost 100%. However, to replace the 
chemical industrial process by a fermentation-based bio-
technological one, it will be necessary to overcome some 
weaknesses, such as the simultaneously production of 
the two products and the development of an efficient and 
cost-effective separation and purification process. More-
over, it will be important to prevent the production of the 
by-product ethanol in order to increase the production 
yields of these compounds.
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Heterologous products
In addition to the compounds of interest that are natu-
rally produced in Z. mobilis, there are several compounds 
that this microorganism does not produce naturally that 
are very interesting at an industrial level (Fig. 1).

2,3‑Butanediol
The 2,3-butanediol is considered a platform bulk chemi-
cal with interesting industrial applications in the produc-
tion of several chemical feedstock, liquid fuel additives, 
perfumes, pharmaceuticals, and food additives (Hazeena 
et  al. 2020). The metabolic pathway responsible for the 
production of 2,3-butanediol was already engineered in 
Z. mobilis. To construct this biosynthetic pathway, three 
genes from Bacillus licheniformis and Bacillus subtilis 
encoding acetolactate synthase (ALS), acetolactate decar-
boxylase (AldC), and butanediol dehydrogenase (Bdh) 
were introduced into Z. mobilis 8b. In this study, it was 
found that all the three genes are essential for 2,3-butan-
ediol production in Z. mobilis, reaching more than 10 g 
L−1 of 2,3-butanediol produced using glucose and xylose 
as starter substrates (Yang et  al. 2016b). More recently, 
the heterologous production of this compound was suc-
cessfully improved by constructing a Z. mobilis strain 
expressing the 2,3-butanediol biosynthetic pathway and 
holding a knockout in the PDC gene. Using the fed-batch 
operation mode, the obtained strain was able to produce 
120 g L−1 of 2,3-butanediol from a total 650 g L−1 fed of 
glucose and xylose (Zhang et  al. 2019b). The 2,3-butan-
ediol biosynthetic pathway was also explored to evalu-
ate the capacity of Z. mobilis strains to grow aerobically 
without the PDC gene. To investigate this, the authors 
have expressed the PDC gene under the control of an 
IPTG-inducible promoter (LacI promoter) in a strain 
with this gene deleted, constructing the Zmo-pdcI strain. 
Additionally, the 2,3-butanediol biosynthetic pathway 
genes were expressed under the control of a promoter 
inducible by anhydrotetracycline (aTc) (TetR promoter) 
in the Zmo-pdcI strain, constructing the Zmo-BDOI 
strain. The ability of this strain to grow aerobically or 
anaerobically, when only the 2,3-butanediol pathway was 
expressed, was assessed. The authors determined that the 
strain without PDC gene expression only has the capacity 
to grow aerobically and the expression of 2,3-butanediol 
biosynthetic pathway was sufficient for the recycling of 
NADH (Liu et al. 2020b).

Despite all the efforts that have been developed in the 
last years, the yield of 2,3-butanediol (0.18 g g−1) obtained 
was significantly lower than the theoretical maximum 
reported (0.52  g  g−1). However, Z. mobilis can be an 
interesting industrial host to produce 2,3-butanediol due 
to its GRAS status, since most of the native producers of 
this compound belong to the risk group 2 of organisms 

(Klebsiella sp., Enterobacter sp., Pseudomonas sp., Ser-
ratia sp.). Furthermore, these microorganisms produce 
a combination of stereoisomers, which require addi-
tional purification steps to achieve pure stereoisomers. 
E. coli and S. cerevisiae have already been engineered to 
produce 2,3-butanediol, with titers ranging from 73.8 to 
154.3 g L−1, respectively (Xu et al. 2014; Kim et al. 2016). 
Nevertheless, Z. mobilis has several advantages, namely, 
the high sugar uptake and consequently low biomass pro-
duction, and minimized aeration need, lowering the pro-
duction costs (Yang et al. 2016b).

Isobutanol
Isobutanol is considered a promising next-generation 
biofuel that could replace gasoline due to its lower 
hygroscopicity and higher energy density (Chen and 
Liao 2016). To produce this compound in Z. mobilis, 
the Z. mobilis Zmo-pdcI strain was transformed with 
two plasmids carrying the five genes responsible for 
isobutanol biosynthetic pathway (alsS from B. subtilis 
that encodes an acetolactate synthase; ilvC from E. coli 
encoding ketol-acid reductoisomerase; dihydroxy-acid 
dehydratase, encoded by ilvD, from Z. mobilis; and kivD 
and adhA from Lactococcus lactis, that encodes an alpha-
ketoisovalerate decarboxylase and alcohol dehydroge-
nase, respectively) under the control of an aTc-inducible 
promoter. After induction with aTc and IPTG, the strain 
produced 32  mM (2.37  g L−1) of isobutanol. Since this 
amount of isobutanol could be toxic to the cells, the 
authors have removed isobutanol from the cultures using 
the N2 gas-stripping system and the evaporated isobu-
tanol was collected with a cooling condenser. Using this 
strategy, the isobutanol production reached 80 mM (6 g 
L−1) from 170 mM of glucose (Liu et al. 2020b). The isob-
utanol biosynthetic pathway was also constructed in Z. 
mobilis ZM4 by Qiu et al. (2020). Since ilvC and ilvD are 
involved in the valine synthesis in Z. mobilis, these native 
genes were overexpressed in conjugation with the expres-
sion of alsS from B. subtilis and alpha-ketoacid decar-
boxylase, encoded by kdcA, from L. lactis. This strain 
produced 4.01 g L−1 of isobutanol from 45 g L−1 of glu-
cose. Moreover, it was found that the production of etha-
nol decreased in this strain, being possible to conclude 
that the carbon flux responsible for ethanol production 
was directed to isobutanol production. However, the 
yields obtained in both studies are far from the theoreti-
cal maximum (0.41 g g−1).

Beyond Z. mobilis, the production of isobutanol has 
been reported in several microorganisms (Corynebac-
terium glutamicum (Smith et  al. 2010; Blombach et  al. 
2011), S. cerevisiae (Chen et  al. 2011)). Nevertheless, 
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most of these processes require aeration which increases 
the production costs. Moreover, it is difficult to prevent 
the by-products formation and maintain the redox bal-
ance. These issues can be overcome using Z. mobilis since 
it contains an anaerobic ED pathway, a truncated TCA 
cycle and a metabolism that allows high pyruvate forma-
tion maintaining the redox balancing and limiting the 
by-products formation (Buijs et al. 2013; Liu et al. 2016; 
Morita et al. 2017; Ghosh et al. 2019).

Conclusion
Z. mobilis has emerged as a very promising microbial 
platform to produce biofuels and other relevant biomol-
ecules from renewable feedstock, due to its unique char-
acteristics. In fact, the production of cellulosic ethanol 
using Z. mobilis is already implemented at a commer-
cial scale. In 2015, the former DuPont opened a com-
mercial scale biorefinery in Nevada, Iowa (USA), that 
produces cellulosic bioethanol from corn stover using a 
recombinant Z. mobilis strain developed by the National 
Renewable Energy Laboratory (USA). DuPont started to 
produce 30 million gallons of fuel ethanol per year; how-
ever, it was sold in 2017. This decision comes from the 
challenges associated with oil prices and political uncer-
tainty. On the other hand, the use of waste materials in 
large-scale industrial processes implies assuring a reli-
able constant supply and usually a pretreatment step that 
may add a significant cost to the process. Regardless of 
the progress made in the last decades on the production 
of building blocks and fine chemical compounds using Z. 
mobilis, some bottlenecks ought to be overcome to make 
the industrial production of these compounds a reality. 
The industrialization of these compounds is dependent 
on the yields and the productivities obtained. In general, 
to implement an industrial process, the yield should be 
at least 85% of the theoretical maximum and the pro-
ductivity must be around 2 g L−1 h−1 (Peralta-Yahya et al. 
2012; Woodley 2017). To enable this, the challenges that 
still need to be addressed are the limited substrate range 
of this microorganism and the disruption of compet-
ing pathways. Additionally, its highly active restriction-
modification system has limited the development of new 
and efficient genetic tools to engineer this organism for 
many years. In fact, redirecting the Z. mobilis metabo-
lism from ethanol fermentation pathway toward the 
production of other added-value compounds remains a 
bottleneck. However, the recent advances in genetic engi-
neering strategies and the application of novel synthetic 
biology approaches, such as CRISPR-Cas, rational strain 
engineering, and ALE, will allow the establishment of Z. 
mobilis as an alternative microorganism to produce non-
native bioproducts.

Recently, Z. mobilis was successfully engineered to 
allow a flexible metabolic control, namely through a 
control switch for specific ethanol-producing enzymes. 
This kind of approach could be used in a near future to 
obtain different Z. mobilis strains capable of synthesiz-
ing other bioproducts than ethanol. Furthermore, with 
current industry trends suggesting that cellulosic etha-
nol may not be the fuel of the future, research efforts 
will focus on the potential of Z. mobilis to produce fatty 
acids, sorbitol, gluconic acid, 2,3-butanodiol, and levan. 
Real Biotech Co., Ltd., Chungnam, Korea, for instance, 
has already launched a process for levan production 
with Z. mobilis.

Although the production of these industrial relevant 
compounds in Z. mobilis is being explored, there is still 
a long way to go regarding its economic and environ-
mentally friendly industrial production. Therefore, it is 
also crucial to optimize the fermentation conditions, 
including culture media and operating parameters, as 
well as the product extraction and purification method-
ologies. Nevertheless, all these studies support the idea 
that Z. mobilis is a microorganism with great potential 
to be used as biocatalyst for ethanol production at an 
industrial scale. Moreover, it is necessary to develop 
new pilot-scale processes with this bacterium to dem-
onstrate its superiority over strains, such as S. cerevi-
siae, to produce specific compounds at an industrial 
level.
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Stirred-tank reactor; TalA: Transaldolase A; TalB: Transaldolase B; TCA​: Tricarbox-
ylic Acid; TktA: Transketolase A; TktB: Transketolase B; VMD: Vacuum membrane 
distillation; VHG: Very high gravity; X5P: Xylose-5-phosphate; XR: Xylose 
reductase; XylA: Xylose isomerase; XylB: Xylulokinase; XylE: Low-affinity xylose 
transporter; ZWF: Glucose-6-phosphate dehydrogenase.
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