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Highlights
Zymomonas mobilis metabolizes glu-
cose through the Entner–Doudoroff
(ED) pathway, with less ATP generated
and biomass accumulated for more
ethanol production.

The large specific cell surface of Z. mobilis
together with the ED pathway facilitates
glucose uptake and ethanol fermentation.

Its metabolic characteristics and nar-
row substrate spectrum make Z.
mobilis unsuitable for fuel ethanol pro-
duction from sugar- and starch-based
feedstocks, but it would be a good
host to be engineered for cellulosic
Great effort has been devoted to engineering Saccharomyces cerevisiae
with pentose metabolism through the oxido-reductase pathway for cellu-
losic ethanol production, but intrinsic cofactor imbalance is observed, which
substantially compromises ethanol yield. Zymomonas mobilis not only can
be engineered for pentose metabolism through the isomerase pathway
without cofactor imbalance but also metabolizes sugar through the Entner-
–Doudoroff pathway with less ATP and biomass produced for more sugar to
be used for ethanol production. Moreover, the availabilities of genome
sequence information for multiple Z. mobilis strains and advanced genetics
tools have laid a solid foundation for engineering this species, and the self-
flocculation of the bacterial cells also presents significant advantages for
bioprocess engineering. Here, we highlight some of recent advances in these
aspects.
ethanol production.

When self-flocculated, Z. mobilis can be
immobilized within fermenters for high
cell density to improve ethanol produc-
tivity. Meanwhile, its tolerance to envir-
onmental stresses may be enhanced by
this morphological change.

Both Z. mobilis ZM4 and its self-floccu-
lating mutant ZM401 can tolerate more
than 100 g/L ethanol, which is sufficient
for cellulosic ethanol production.
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Workhorses for Ethanol Production
Fuel ethanol is currently produced from sugar- and starch-based feedstocks and is called first-
generation (1G) fuel ethanol, but considering the increasing global population and demand for
food supply, it is not practical to produce enough 1G fuel ethanol to fulfill the goal of sustainable
transportation fuels by alleviating dependence on crude oil. Furthermore, debates about the
impacts of 1G fuel ethanol production on food security have persisted throughout the past
decade [1]. Lignocellulosic biomass, particularly agricultural residues, is non-food related and
abundantly available, and it represents a sustainable feedstock for producing second-genera-
tion (2G) fuel ethanol [2]. Motivated by the 1970s energy crisis, great effort has been devoted to
cellulosic ethanol since then, and pilot and demonstration plants have been established to test
its techno-economic viability, but unfortunately 2G fuel ethanol is still not economically com-
petitive for large-scale commercial production [3,4].

Microbial strains are workhorses for ethanol production. Strains of Saccharomyces cerevisiae
dominate ethanol fermentation from sugar- and starch-based feedstocks, but they are not
suitable for cellulosic ethanol production because they cannot ferment pentose sugars
released during the hydrolysis of hemicelluloses in lignocellulosic biomass [5,6]. This drawback
not only compromises ethanol yield but also increases workload for stillage treatment. How-
ever, S. cerevisiae can convert xylulose to xylulose 5-phosphate, an intermediate of the
pentose phosphate pathway (see Glossary) to be further metabolized to glyceraldehyde
3-phosphate for ethanol production through the glycolysis pathway. Therefore, S. cerevisiae
can be engineered with xylose metabolism through the heterologous expression of genes
encoding key enzymes in pentose-utilizing microorganisms such as Scheffersomyces stipitis
[7], together with the overexpression of xylulokinase, for the cofermentation of pentose and
hexose sugars to produce ethanol.
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Chemostat for Continuous Ethanol Production
Compared with batch process, continuous fermentation is preferred for fuel ethanol production
at large scales for high productivity. When unicellular cells are used, their growth within
fermenters is automatically balanced by their leaving with the effluent under chemostat
conditions, and the dilution rate of substrate controls their specific growth rate, which is
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Figure 4. Chemostat and Quasi-Steady State for Continuous Ethanol Production. (A) Continuous culture and
fermentation with unicellular cells at chemostat conditions, at which the specific cell growth rate m is automatically
controlled by the dilution rate D = F/V, where F and V are the flow rate of medium and working volume of the bioreactor,
respectively, but D is ultimately limited by the maximal specific growth rate mmax. (B) Immobilized cells using supporting
materials or membranes through which the correlation between m and D developed under the chemostat conditions is
decoupled. Si and S are the concentrations of limiting substrate in the medium and the effluent, respectively; X and Xim are
the concentrations of biomass freely suspended and immobilized within bioreactors, respectively; and P is the product
concentration in the effluent. (C) Self-immobilized cells through their self-flocculation without consumption of supporting
materials or using membranes. Modified with permission from [19].
cannot be accumulated within fermenters. The solution for this issue is using immobilized
cells. Although cells can be immobilized using supporting materials or through membrane
retention (Figure 4B), they are not scientifically solid and economically competitive. On the one
hand, ethanol is a primary metabolite, and its production is coupled with the growth of S.
cerevisiae through the EMP pathway or partly coupled with the growth of Z. mobilis through the
ED pathway. When cells are immobilized by supporting materials, their growth is constrained by
physical limitation, making them not productive for ethanol production. On the other hand, fuel
ethanol is a bulk commodity with low market prices, and extra costs with the consumption of
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supporting materials and the preparation of immobilized cells at large scales are unacceptable
to the industry.

Immobilization of Z. mobilis Cells through Self-Flocculation
When Z. mobilis is self-flocculating, the bacterial cells can be immobilized within fermenters and
are termed self-immobilized cells. This advantage of Z. mobilis was explored for ethanol
production from glucose in the 1980s, and tank fermenters with external settlers were devel-
oped through which high cell densities were accumulated under continuous ethanol fermen-
tation conditions to improve ethanol productivity [18]. Moreover, column fermenters with
expanded upper sections and internal separation configurations were designed for continuous
ethanol fermentation by using self-immobilized yeast cells [19], which would be more suitable
for continuous ethanol fermentation by the bacterial flocs at large scale than tank fermenters
(Figure 4C). It is worth noting that when microbial cells are immobilized within fermenters
through their self-flocculation, regardless of what kind of microorganisms, Z. mobilis or S.
cerevisiae, chemostat observed with unicellular cells cannot be established, because microbial
flocs cannot be washed away freely with the effluent to balance their growth as that is observed
with unicellular cells, and biomass is accumulated within the fermenters. However, this issue
can be addressed by purging biomass periodically to control its density within the fermenters at
designated levels for ethanol fermentation to be performed with industrial standards, an
operational mode called quasi-steady state.

Other Advantages of Z. mobilis Self-Flocculation
Another advantage with the self-flocculation of Z. mobilis is the potential for enhanced tolerance
to stresses, and fundamentals underlying this phenomenon might be quorum sensing (QS),
which has been observed in other Gram-negative bacteria such as Escherichia coli and
Pseudomonas aeruginosa [20]. Compared with the unicellular morphology of Z. mobilis,
the bacterial flocs characterized by cell-to-cell contact are the upper limit for localized high
cell density that is required for triggering QS. This physiological trait is extremely important for
bioethanol production, since toxic byproducts such as acetic acid, furans, and phenolic
compounds are released during the pretreatment of lignocellulosic biomass. Although various
detoxification technologies have been developed, none of them are economically feasible [21].
When ethanol fermentation was performed with Z. mobilis ZM4 and its self-flocculating mutant
Z. mobilis ZM401 by using medium supplemented with furfural, hydroxymethyl furfural (HMF),
acetic acid, and vanillin, respectively, improved tolerance to acetic acid and vanillin was
observed for the mutant and consequently more ethanol was produced [17].

Moreover, when ethanol fermentation is complete, the self-flocculation of Z. mobilis facilitates
biomass recovery through cost-effective gravity sedimentation instead of centrifugation with high
capital investment in centrifuges and intensive energy consumption for their operation or mem-
brane separation with a challenge of membrane fouling. In case of small-scale ethanol production,
particularly for cellulosic ethanol 
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for the bacterial flocs. For lignocellulosic biomass, clear substrate is available through process
arrangements for the enzymatic hydrolysis of the cellulose component and ethanol fermenta-
tion of the hydrolysate (Box 2).

Self-Flocculation Control for Z. mobilis
When the bacterial flocs are used for cellulosic ethanol production, their sizes should be
controlled properly. The larger the flocs are, the better the performance of their gravity
sedimentation will be for separation from the effluent; however, mass transfer limitations
may occur for nutritional components to be transported to the inner of the bacterial flocs.
The self-flocculation of Z. mobilis can be controlled properly through genetic manipulations of
the strains and bioprocess engineering for production. Strain manipulations depend on
elucidating the molecular mechanism underlying the self-flocculation of microbial cells, such
as what has been done for the self-flocculating S. cerevisiae [19]. For example, the self-
flocculation of yeast cells can be controlled at the molecular level by editing the number of
intragenic repeats in the gene FLO1 to control the biosynthesis of sugar residues because
glycoproteins are chemicals for their self-flocculation, and sugar residues are ultimately
responsible for the phenotype [22]. However, this fundamental work just started for Z. mobilis
with the identification of cellulose fibrils as the basis for its self-flocculation [23]. Once the
molecular mechanism underlying the biosynthesis of cellulose fibrils is further deciphered, the
self-flocculation of Z. mobilis can be engineered at molecular levels.

Bioprocess engineering can control the self-flocculation of microbial cells directly through
bioreactor hydrodynamics and fermentation kinetics, since the self-flocculation of
microbial cells is coordinated through weak forces that can be counteracted easily by the
shearing force created through mixing and flow within bioreactors as well as by the swelling
force caused from CO2 accumulated within the microbial flocs during ethanol fermentation
with either S. cerevisiae or Z. mobilis, which are also highlighted in the control of the self-
flocculation of S. cerevisiae [19].

Engineering Z. mobilis for Cellulosic Ethanol Production
Z. mobiliscannot utilize pentose sugars, which must be engineered with pentose metabolism
for cellulosic ethanol production. However, the strategy for engineering the bacterium with
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pentose metabolism is the heterologous expression of isomerase to convert pentose such as
xylose directly to xylulose that can be further metabolized by its pentose phosphate pathway for
ethanol production (Figure 1). In addition, a better understanding of its physiology such as
nutritional requirements and stress responses is needed for industrial applications.

Cofermentation of Pentose and Hexose Sugars
The first Z. mobilis strain for xylose utilization was developed at the National Renewable Energy
Laboratory (NREL) through the heterologous expression of genes encoding xylose isomerase
(xylA), xylulokinase (xylB), transaldolase (tal), and transketolase (tktA) [24]. Soon after, a similar
strategy was applied to engineer Z. mobilis with arabinose metabolism [25]. The challenge in
engineering S. cerevisiae with pentose metabolism has created opportunities for exploring the
merits of Z. mobilis. Although rational designs for engineering Z. mobilis are still premature,
semirational strategies have been developed. For example, expression of a xylose-specific
transporter XlyE from E. coli in Z. mobilis facilitated xylose transport [26], and by using arabinose
as the  
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Outstanding Questions
How can Z. mobilis be engineered for
robust production of cellulosic ethanol
through enhancing its tolerance to
inhibitors released during the pretreat-
ment of lignocellulosic biomass for
more complete conversion of sugars
in the hydrolysate to save feedstock
consumption, and in the meantime
reduce workload for stillage
treatment?

How do the different inhibitors gener-
ated in the hydrolysate of lignocellu-
losic biomass poison the bacterial
cells, separately as well as synergisti-
cally? What are the mechanisms
underlying the tolerance of Z. mobilis
to those inhibitors? Can we develop
general strategies for stress response
to major inhibitors instead of the cur-
rent methodology, targeting individual
inhibitors or categories, for an ultimate
solution to this problem?

What is the mechanism underlying
enhanced stress tolerance observed
with the self-flocculating Z. mobilis?
Can environmental stresses trigger
QS with the bacterial flocs, similarly
to other Gram-negative bacteria such
as E. coli and P. aeruginosa under high
cell-density conditions? Why no direct
evidence, such as autoinducers or sig-
nal molecules that coordinate QS in
other bacteria, has been reported for
Concluding Remarks
Z. mobilis is not suitable for 1G fuel ethanol production, but it presents advantages for
cellulosic ethanol production, because its ED pathway produces less ATP and biomass for
more sugar to be used for ethanol production, and the bifurcated metabolic routes in the ED
pathway partly decouple cell growth from ethanol production to succeed ethanol fermenta-
tion even without cell growth. However, improved ethanol yield may not be obtained if the
biomass density of Z. mobilis is too low, and underlying fundamentals need to be elucidated.

No cofactor imbalance is observed for Z. mobilis engineered with pentose metabolism through
the isomerase pathway. Since ethanol produced from lignocellulosic biomass cannot be as
high as that produced from sugar and grains, tolerance of Z. mobilis to ethanol is sufficient for
cellulosic ethanol production. Therefore, more effort should be devoted to exploring the
mechanism underlying its tolerance to inhibitors released during the pretreatment of lignocel-
lulosic biomass for engineering the bacterium to convert both C6 and C5 sugars in toxic
hydrolysates into ethanol with high yield (see Outstanding Questions).

The self-flocculation of Z. mobilis is superior to its unicellular morphology. When the bacterial
cells self-flocculate, they can be immobilized within fermenters under continuous fermentation
conditions for high cell density to improve ethanol productivity. Meanwhile, their tolerance to
inhibitors could be improved for more efficient production of cellulosic ethanol, but the
molecular mechanisms underlying the self-flocculation of Z. mobilis and enhanced tolerance
to inhibitors associated with the morphological change need to be explored for controlling the
morphology properly (see Outstanding Questions).
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