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Zymomonas mobilis has been recognized as a potential industrial ethanologen for many decades due
to its outstanding fermentation characteristics, including high ethanol tolerance, fast sugar uptake rate,
and high theoretical ethanol yield. With the emergence of the postgenomic era and the recent an-
nouncement of DuPont’s world largest cellulosic ethanol production process, research on this bacte-
rium has become even more important to harness successful application not only for use in the bio-
ethanol process but also in other biochemical processes, which can be included in bio-refinery. As an
important industrial microorganism, Z. mobilis will likely be exposed to various stressful environments,
such as toxic chemicals, including the end-product ethanol and fermentative inhibitory compounds
(e.g., furan derivatives, organic acids, and lignin derivatives in pretreatment steps), as well as physical
stresses, such as high temperature during large-scale ethanol fermentation. This review focuses on recent
information related to the industrial robustness of this bacterium and strain development to improve
the ethanol yield and productivity in the lignocellulosic ethanol process. Although several excellent
review articles on the strain development of this bacterium have been published, this review aims to
fill gaps in the literature by highlighting recent advances in physiological understanding of this bacte-
rium that may aid strain developments and improve the ethanol productivity for lignocellulosic biomass.

Key words : Bacterial physiology, industrial robustness, lignocellulosic ethanol, strain developments,
Zymomonas mobilis

Introduction

Seeking an alternative to replace the energy use from the
conventional hydrocarbon resources has been devoted to
considerable public attention over last several decades.
Thoughtless use of fossil fuel, its associated air pollution and
global warming have been recognized as main causatives.
Several candidates have been developed and used such as
bioethanol, solar and hydrogen energy. The current technol-
ogy for major ethanol production is based on the fermenta-
tion of sugars derived from biomass including starch or sug-
ar-based crops, agricultural residues. Such biochemical proc-
ess is related to the manufacture of alcoholic beverages.
However, due to cost-competitive process development and
ethical dilemma feed use for energy, current industrial etha-

nol production need further optimization to use cheaper raw
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materials such as lignocellulosic materials.

Zymomonas mobilis is one of unique bacteria that can pro-
duce ethanol as a major product via Enter-doudouroff path-
way with the conjunction of ethanol fermentation pathway.
This bacterium has been studied for more than several deca-
des for fuel ethanol production via biochemical processes.
Since its substrate usage ranges for lignocellulosic ethanol
process for this bacterium had been successfully extended
via metabolic engineering of pentose utilization, several im-
portant genomes of type strains as well as their mutants with
system approaches have been analyzed to further under-
stand genetic characteristics [4, 9, 26, 27, 39, 65]. Recent re-
search activities on this bacterium has contributed to the in-
creased potential for further industrial application used in
other chemical production [50, 53]. This paper reviews the
relatively recent information related to strain development
and physiological characteristics associated with this

bacterium.

The availability of multiple genome sequence of Z.
mobilis
After early pioneering attempts to understand physio-

logical characteristics associated with ethanol production,
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this bacterium has been recognized as an alternative ethanol
producer [38]. Many fermentation kinetic based studies in-
dicated that this bacterium has several industrial advantages
such as generally regarded as safe (GRAS) bacterium, dis-
playing high ethanol tolerance up to 16% (v/v), higher spe-
cific glucose uptake rate leading to higher ethanol productiv-
ities and less energy use for biomass yield relative to
Saccharomyces cerevisiae which can allow to produce ethanol
close to the maximum theoretical yield [37, 38]. Such advan-
tages on this bacterium heightened the interests to under-
stand genetic information associated with ethanol pro-
duction characteristics. Since the first genome analysis and
annotation have been announced by Seo et al. [39], other type
strains of the genome information as well as their mutants
have been analyzed as shown in Table 1. In general the ge-
nome size of all Z. mobilis strains were in the range of 2.1
to 2.22 Mb with two to eight plasmids contained which is
only half of the genome size of E. coli (4.8Mb). By virtue
of the multiple genome availabilities of this bacterium, sys-
tem based research using transcriptomic and proteomic anal-
yses allows the further understanding of global responsible
genes associated with particular genetic traits as well as the
genes involved in fermentation associated stress conditions
[6, 16, 22, 55, 59, 61].

Ethanol production from lignocellulosic materials
via substrate usage extension of Z. mobilis

Fuel grade ethanol can be readily produced by fermenta-
tion of starch hydrolysate or hexose sugar from crop-based
resource such molasses, sucrose-containing juices from sugar
cane or sugar beets, potatoes, fruits and grains including
maize and wheat etc. However, such raw materials used in

ethanol fermentation step account for about 55-60% of the

Table 1. The list of Z. mobilis strains genome sequenced

production cost [48]. Therefore, for the cost effective ethanol
production have been needed the use of cheaper raw materi-
als such as lignocellulosic biomass. Such cheaper raw materi-
als are the most abundant renewable energy source and
available from various industries including agricultural, for-
estry and food wastes. Although their compositions vary,
generally composed of 45-50% cellulose, 25-30% hemicellu-
lose and 15-25% lignin. The bioconversion process of ligno-
cellulose to ethanol in general needs the saccharification of
both the hemicellulose and cellulose fraction. Hemicellulose
are highly branched non-crystalline hetero-polysaccharides
comprising of pentose, hexose and uronic acid. Wild type
strains of Z. mobilis can only utilize glucose, fructose and
sucrose as carbon source, but not abundant pentose sugars
such as xylose and arabinose derived from lignocellulosic
materials [37]. To overcome such limitation, bioethanol re-
search on this bacterium as an alternative has been carried
out for one of main challenges on substrate usage extension
via metabolic engineering. Despite several early pioneering
challenges on this mission by several authors [7, 11], their
work was not successful due to the lack of genome in-
formation for metabolic engineering. However, with con-
tinuous efforts NREL group announced the successful devel-
opment of a xylose utilizing plasmid bearing strain of CP4
(pZBb5) via heterogeneous genes from E. coli [62]. Since then,
various pentose sugar fermenting strains via metabolic en-
gineering have been reported for lab- or industrial- scale
ethanol production as shown in Table 2.

Since then many research to evaluate the recombinant
strains via fermentation kinetics, ethanol production yield
and productivities using various lignocellulose feedstock
have been carried out. The most all recombinant xylose-fer-

menting Z. mobilis showed decreased in the yields and volu-

Strains Accession No. Status Genome size No. of Plasmid References
(Mb) predicted genes

ZM4 (ATCC31821) NC_006526.2 Complete 2,06 1,830 5 [39, 56]
ATCC29191 NC_018145.1 Complete 20 1,761 3 [9]
ATCC29192 NC_015709.1 Complete 1.99 1,763 2 [26]
ATCC10998 NC_017262.1 Complete 2.02 1,820 6 [36]
ZM401 (ATCC32822)  AMSR00000000.1  Draft genome 2.04 - In scaffolds [65]
ZM481 (ATCC32823)  LSFP00000000.1 Draft genome 220 - In scaffolds [66]
NRRL B-12526 NZ_CP003709.1 Complete 2.01 1,946 4 -
CP4 (NRRLB-14203) NZ_CP003715.1 Complete 2.01 1,918 5 [28]
NRRL B-1960 CP021053 Complete 2.05 1,835 2 [4]
NCIMB 11163 CP001722.1 Complete 212 1,947 3 [27]
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Table 2. The list of heterologous genes expressed in Z. mobilis to broaden its substrate usages for ethanol production
Strains Genes Functions Source Goal yiizih?g(ﬂg'l) Ref.
xylA, xylB, talB, xylose isomerase, xylulokinase, . e L
CP4 (pZB5) A transaldolase, transketolase E. coli Xylose utilization 0.44 [62]
Arabinose isomerase, ribulokinase,
(A";%gggf 76 ?;?; ’ tblzbf’ araD, ribulose-5-phosphate-4-epimerase, E. coli Arabinose utilization 0.50 [8]
p ! transaldolase, transketolase
Xylose isomerase Klebsiella
CP4 (pZY228) xylA, xyIB; tktA x;,lulokinase' tra,nsketolase pneurlnonia; Xylose utilization ND [11]
! E. coli
CP4 (pZY228, xylA, xyIB, talB, xylose isomerase, xylulokinase, . e
pZY557tal) thtA transaldolase, transketolase E. coli Xylose utilization 0.29 7]
xylose isomerase, xylulokinase,
ZM4 (pKLD3, xylA, xylB, talB, . e
transaldolase, transketolase, xylose E. coli Xylose utilization 0.40 10
24 (PKLDS, i, i - y y [10]
xylose isomerase, xylulokinase,
xylA, xylB, talB, transaldolase, transketolase, Arabinose Xvlose and arabinose
8b tktA, araA, araB, isomerase, ribulokinase, E. coli ut}glization 0.4 [34]
araD, talB, tktA  ribulose-5-phosphate-4-epimerase,
transaldolase, transketolase
. . Xylose utilization,
xylA, xylB, tktA xylose isomerase, xylulokinase, E. coli; Vitamin self-use, low
CP4HYMX3  talB, yfdZ, metB; ;ﬁ?ﬁiﬁ;ﬁ?zag:nikggﬁiss;line Pyrococcus  nutritional 041 [63]
Pfu-sHSP » oy furious requirement, high

gamma-synthase, heat shock protein

temperature resistance

metric productivities of ethanol. For an example, Z. mobilis
ZM4(pZBb) are significantly reduced in ethanol yield, xylose
uptake rate and ethanol productivity due to the fermentation
inhibitory compounds derived during the pretreatment step
as compared to those from artificial lignocellulosic hydro-
lysates as shown in Table 3. Such inhibitory compounds
categorized based on their origins. Sugar derivatives include
furfural, hydroxyl methyl furfural (HMF) and levulinic acid,
organic acids including acetic acid and formic acid, and lig-
nin derivatives including vanillin, vanillic acid and syn-

ringaldehyde. Besides such inhibitory toxic compounds,

ethanol it-self and high temperature during fermentation
could also result in negative effects on cell growth and me-
tabolism for ethanol production by this bacterium. Owing
to the recent multiple genome availability and strain devel-
opment strategies for this bacterium, many research to im-
prove its robustness with physiological understanding of
various mutant strains against such inhibitory compounds

will be further described in following sections.

Alcohol tolerance mechanism of Z. mobilis
During ethanol fermentation, all ethanol producing strains

Table 3. Effect of lignocellulosic inhibitory compounds on specific rates of xylose uptake, ethanol production, and ethanol yield
of Z. mobilis ZM4 (pZB5) at 30T and initial pH 6 investigated by Kim et al. [25]

Compounds Specific xylose utilization Specific ethanol production ~ Ethanol yield

Compounds . 1 1 1 K

concentration (g I") rate (g (g h)") rate (g (g h)") (gg)
Control 1.58 0.63 0.40
Sodium acetate 10.9 115 0.46 0.40
Furfural 03 1.40 0.53 0.38
HMF* 09 1.36 0.54 0.40
Vanillin 0.043 1.24 0.49 0.40
Vanillic acid 0.084 1.57 0.63 0.40
Syringaldehyde 013 124 0.50 0.40

: HMF abbreviates hydroxymethylfurfural.
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are progressively faced to ethanol toxicity which decreases
the rate of sugars being converted into ethanol. Previous
studies indicated that this bacterium started to express stress
response in the presence of more than 60 g I ethanol where
glucose uptake rate and cell biomass yields are decreased,
although ethanol tolerance in this bacterium tolerate up to
16%(w/v) ethanol [37]. This limits the final concentrations
of ethanol in the fermentation step, which leads to the in-
crease in overall cost of ethanol production. Several papers
describe the mechanism of ethanol toxicities in this bacte-
rium as well as in other ethanologens [5, 20, 21, 33, 60]. The
accumulated ethanol surrounding the medium causes two
toxic effects resulting in the irreversible fates of bacteria. One
physiological response is an increase in cell-envelope perme-
ability. As alcohols accumulated inside of cell membrane
and this disorganizes their structure, which results in a loss
of ions, metabolites, changes the intracellular pH and mem-
brane electrical potential, and eventually leads to cell death.
The other is several decoding machineries involved in tran-
scription and translation steps are more likely susceptible
to coordinate the central cell functionality [15].

Recently Wang et al [45] reported a recombinant xylose
fermenting strain enhancing free fatty acid biosynthesis for
ethanol tolerance increase via heterologous expression of fat-
ty acid synthesis pathway including thioesterase (TesA) and
the wax ester synthase/acyl-CoA - diacyl glycerol acyl-
transferase (WS/DGAT) from Acinetobacter baylyi together
with fatty acyl-CoA reductases from jojoba (FAR). The ap-
proach attempted to make more stable cell envelope for this
bacterium under high ethanol concentrations. In particular
the authors demonstrated that this strain can be used in very
high gravity ethanol fermentation process containing high
concentration of sugar more than 250 g I which allows to
exposure to a high ethanol concentration.

Previously believed that ethanol tolerance mechanism
have been supposed to be accumulation of hopanoids in cell
envelope in this bacterium which is enable to maintain mem-
brane stability and viscosity like sterols in eukaryotes [19-21,
40]. However other group found no indication of accumu-
lated hopanoids as a real responsible mechanism for ethanol
tolerance [18, 35, 55]. In this respect to understand global
response involved in central decoding machineries on the
ethanol tolerance mechanism in this bacterium, He et al.
[16] investigated transcriptome response to identify the
genes expression required for tolerance to ethanol. The au-

thors found that 127 genes were differentially expressed in

response to ethanol which were involved in a wide range
of cellular processes including carbohydrate metabolism, cell
wall/membrane biogenesis, respiratory chain, terpenoid bio-
synthesis, DNA replication, DNA recombination, DNA re-
pair, transport, transcriptional regulation, some universal
stress response, etc. They concluded that major response
were associated with chaperons and transcriptional regu-
lators. The results were also agree to integrated omics stud-
ies by other group [55]. In this respect, Tan et al. [43] have
also studied to improve its genetic traits of ethanol tolerance
via the random mutagenesis of global transcription factor
RpoD protein which has been known as a sigma factor. Their
results demonstrate that the RpoD mutation can enhance
ethanol tolerance in this bacterium. All mutants isolated
from error-prone PCR libraries of RpoD gene showed sig-
nificant growth improvement in the presence of ethanol
stress as compared to the control strain. Therefore, ethanol
productivities can be improved via global transcriptional
transcription machinery engineering. However, the ster-
ol-like hopanoids was not identified as a major response or
difference under the stress conditions. In this respect, hopa-
noids synthesis pathway in this bacterium requires further
investigation to understand ethanol stress concerns.

Responsive small RNAs (sRNA) to understand how this
bacterium regulate their specific metabolic pathway under
ethanol stress conditions have been also investigated [6].
Fifteen novel sRNAs haven been identified from this
bacterium. Among them, three of sSRNAs (Zms2, Zms6, and
Zms18) were differentially expressed under 5% ethanol
stress conditions although their functionalities need to be
further investigated.

Osmotolerance

Previous investigation suggested that Z. mobilis can tol-
erated up to 400 g 1" carbohydrate which is one of unique
characteristic of this ethanol producing bacterium [37]. Z.
mobilis also produces sorbitol as a major by-product when
it is grown in sucrose or mixtures of glucose and fructose,
although sorbitol are formed as minor product as glucose
or fructose alone respectively used as substrates for this bac-
terium [3, 30, 32]. The formation of sorbitol resulted from the
in vivo inhibition of fructokinase by glucose. Subsequently,
fructose is accumulated and then converted into sorbitol by
the action of glucose-fructose oxidoreductase (GFOR) [32].
The addition of sorbitol into culture medium promotes the

growth of Z. mobilis when grown in a high-sugar medium



suggested that sorbitol protected cells from harmful effects
caused by high osmotic pressures.

In addition to the osmoprotective function by sorbitol, its
protective function associated with heat and ethanol stresses
have also been investigated [41]. In this respect, gfo gene
encoded for GFOR was inactivated by gene disruption tech-
nique, and the strain was designated as Z. mobilis Agfo. The
Agfo strain show the reduction of cell growth and ethanol
production under osmotic stress as well as under heat and
ethanol stresses indicating that sorbitol not only promoted
cell growth but also increased the fermentation capability of
Z. mobilis under heat and ethanol stresses conditions tested.

Temperature tolerance

Ethanol fermentation process has been known as one of
exothermic reaction [44] that progressively increases heat
stress to ethanologens which reduces their growth or via-
bility during the ethanol fermentation process. Therefore if
ethanologens have abilities tolerate to over critical high tem-
peratures, it can introduce several advantages into the proc-
ess such as reduction in cooling cost, saving of enzyme cost
in simultaneous saccharification and fermentation (SSF) or
prevention of contamination from unfavorable microbes[33,
44] . With this aim several research on developing thermoto-
lerant strain of Z. mobilis have been investigated using gene
disruption technique, heterologous expression and conven-
tional chemical mutagenesis followed by acclimated high
temperature condition [5, 33, 41, 45, 63]. Charoensuk ef al.
[5] investigated transposon mutagenesis to identify essential
genes associated with thermotolerant mechanisms for sur-
vival at a critical high temperature at 39°C using Z. mobilis
TISTR 548 which is a natural thermotolerant stain isolated
via chemical mutagenesis with acclimated high temperature
conditions. The authors found that thermotolerant of this
bacterium were related to one of heat shock protein called
degP. The authors conclude that thermo-tolerance by the heat
shock protein was also associated with Reactive Oxygen
Species (ROS) indicating oxidative stress is also related to
thermal tolerance, and membrane stabilization associated
with fatty acid synthesis pathway.

In the respect of heat shock protein involvement, heterolo-
gous expression of small heat shock protein gene (Pfu-sHSP)
from Pyrococcus furious was also investigated to increase the
heat-tolerance in this bacterium [45, 63]. The recombinant
strain designated as HYMX demonstrated the high tolerance
to high temperature.
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In other respect to membrane stabilization, Wang et al.
[45] investigated heterologous expression of fatty acid syn-
thesis pathway including thioesterase (TesA) and the wax
ester synthase/acyl-CoA - diacyl glycerol acyltransferase
(WS/DGAT) from Acinetobacter baylyi together with fatty ac-
yl-CoA reductases from jojoba (FAR). The recombinant
strain have been demonstrated multiple tolerance including
temperature associated stress existed in very high gravity

(VHG) ethanol fermentation process.

Acetate tolerance

Acetic acid is one of ubiquitous fermentative inhibitory
compounds for ethanologen. This compound is derived dur-
ing pretreatment step for the destruction of lignocellulosic
feedstocks. Acetic acid is a weak acid with a pKa of 4.75
and is considered as an anti-microbial compound in the food
and beverage industries. This chemical dissociates into an
anionic species and a proton with the degree of dissociation
dependent on the pH. Inhibitory concentrations of this com-
pound for this bacterium have been investigated by several
previous studies which reveal that around 10.9 g 1" at pH
5.0 [25, 31]. The resistance against this compound in partic-
ular have been attention to develop acetate resistance strains
via chemical mutagenesis such as N-methyl-N’"-nitro-N-ni-
trosoguanidine followed by acclimated acetate stress con-
ditions [12, 23, 31, 51]. Acetate tolerance associated genes
have also been elucidated via genomic, transcriptomic and
proteomic analyses [52, 54]. The authors found that so-
dium-proton antiporter gene nhaA (ZMOO0119) is associated
with sodium acetate tolerance. Yang et al. [51] also inves-
tigated gene related to acetate toxicity using a xylose/arabi-
nose fermenting strain 8b. Their transcriptome results also
suggested that the presence of acetate caused the genes re-
lated to biosynthesis, the flagellar system, and glycolysis to
be downregulated, and genes related to stress responses and
energy metabolism to be upregulated. Among the several
gene candidates, the gene knockout mutant of TonB-depend-
ent receptor (ZMO0128) is associate with acetate tolerance,

although its function needs to be further understood.

Furfural, hydroxymethylfurfural and phenolic com-
pounds associated tolerance

Furfural and hydroxymethylfurfural (HMF) formed by
dehydration of pentoses and hexoses, and phenolic com-
pounds produced from the partial breakdown of lignin com-
ponents during the harsh pretreatment process, are another
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major inhibitors of lignocelluloses hydrolysates [13, 17, 47,
59]. As a result, ethanol fermentation of Z. mobilis is sig-
nificantly affected by furfural and HMF for lignocellulosic
ethanol process. It has been reported that this bacterium has
an ability to reduce furfural or HMF into corresponding fur-
furly alcohol or HMF alcohol, suggesting that the bacterium
has native alcohol dehydrogenases or aldo-keto reductases
[13]. In this respect, Wang et al. [47] identified the gene en-
coding a NADPH-dependent alcohol dehydrogenase (ZMO
1771) which is related to the conversion of the two furan
aldehyde to less toxic phenolic alcohol. In this respect, the
authors developed a strain overexpressing the alcohol de-
hydrogenase together with co-expression of the transhydro-
genase gene, udhA for its cofactor generation[47]. The re-
combinant strain showed a significant improvement against
the furan aldehyde inhibitors found in lignocellulosic hydro-
lysate. In the similar respect, aldose reductase gene ZMO
0976 from Z. mobilis ZM4 has been reported to be responsible
for converting furfural and hydroxymethyl furfural (HMF)
to less toxic furfuryl alcohol and HMF alcohol respectively
[1].

Stress resistance is well known to be the result of several
gene regulation by transcriptional factors. In this respect to
increase resistance to furfural and HMF in this bacterium,
Tan et al [43] reported a strategy by regulating the transcrip-
tional level via engineering global transcription factor sigma
gene (0", RpoD). The three rpoD mutant strains isolated via
error-prone PCR showed the improvement of furfural and
HMEF tolerance together with ethanol production in this
bacterium. In the similar respect, Yang et al [57]investigated
the function of a global regulator hfg (ZMO0347), as an RNA
binding protein, using insertional mutation technique. The
authors found that the gene is involved in coordinating reg-
ulatory responses to multiple stresses including aldehyde
stress, although the authors could not conclude how hfg reg-
ulates and controls the gene expression response.

Gu et al. [14] demonstrated that the physiological response
of this bacterium in comparison with traditional yeast strain
against to the twelve typical phenolic compounds derived
from the part of lignin from lignocellulose. Z. mobilis ZM4
showed nearly the same tolerance to the phenolic aldehydes
with S. cerevisine DQ1, but the strain showed the stronger
tolerance to the phenolic acids originated from corncob hy-
drolysates including 2-furoic acid, p-hydroxybenzoic acid,
p-coumaric acid, vanillic acid, ferulic acid, and syringic acid.

The results indicated that this bacterium has the capability

for in situ detoxification of phenolic aldehydes together with
lipopolysaccharide on the cell outer membrane of this bacte-
rium providing the permeable barrier for such phenolic
acids. In this respect, Yi et al. [59] also elucidated tolerance
and detoxification mechanism of phenolic aldehyde in-
hibitors via transcriptome analysis. The authors found that
272 genes showed twofold greater expressions than
non-treated controls, and 36 gene clusters in response to
these phenolic aldehydes were identified. Several reductases
encoded by glutamate synthase (ZMO1116), alcohol de-
hydrogenase (ZMO1696), and NADH oxidase (ZMO1885)
were found to play the key roles in reducing phenolic alde-
hydes into the corresponding phenolic alcohols confirmed
by overexpression of respective genes (ZMO1116, ZMO1696
and ZMO 1885) in Z. mobilis ZM4.

Salt tolerance

Inorganic salts from lignocellulosic materials can also be
introduced during the acid or alkali pretreatment processes
as well as subsequent neutralization or conditioning steps
for saccharification and fermentation. Recently wide range
of inorganic chemicals found in biomass feedstock hydro-
lysate have been tested using an industrial strain of Z. mobilis
8b by Franden et al [13]. Among the cations, Ca™ and Na"
ions showed high cell toxicity to Z. mobilis. In this regard,
Na"" tolerant strain of ZMT2 have been isolated by Wang
et al [46]. The authors demonstrated that the strain of salt
tolerance against Na™* can be achieved via himA gene
(ZMO1122 encoding integration host factor) disruption via
Tnb-based transposon mutagenesis. Among the isolates, the
mutant strain ZMT2 with improved salt tolerance phenotype
was obtained in the presence of high amount of Na"". The
strain ZMT2 was further confirmed to exhibit better fermen-
tation performance under NaCl stress than the wild type
strain of ZM4.

The other sodium salt tolerance gene encoding sodium-
proton antiport gene nhaA was also identified by via micro-
array analysis, and further confirmed by the gene over-
expression studies using the mutant strain of acetate resist-
ance (ZM4Ac") isolated via the chemical mutagenesis fol-
lowed by under high sodium acetate condition. Comparing
the fermentation characteristics of ZM4Ac" in the presence
of sodium acetate and NaCl, the glucose consumption and
ethanol production by this mutant strain was higher than
those of the parental strain ZM4. Although the ZM4Ac"
strain was originally selected for sodium acetate tolerance,



this strain also had enhanced tolerance to NaCl [52].

Cell flocculation contribution to the multiple toler-
ance against various fermentation inhibitors

The cell to cell attachment phenomena called cell floccu-
lation is one of advantage characteristics for ethanol produc-
ing microorganism used in the large-scale ethanol pro-
duction process. A simple and cost-effective way to separate
cell biomass from fermentation broth and high volumetric
productivities derived from high cell density characteristics
provides potential economic feasibility for lignocellulosic
ethanol production. In this respect, the flocculent strain Z.
mobilis ZM401 strain have been isolated via chemical muta-
genesis as shown in Fig 1. In addition, its fermentation char-

acteristics and genomic information have been investigated
by several studies [22, 29, 49, 64, 65]. Xia et al. [64] demon-
strated that this flocculating strain has superior ethanol fer-
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mentation characteristics than those from planktonic cell, es-
pecially in the presence of acetic acid and vanillin derived
from lignocellulose. With this regard, to understand the cell
flocculation mechanism in Z. mobilis, Jeon et al [22] carried
out expression microarray studies. The authors found that
the mutation in the secondary messenger, c-di-GMP regulat-
ing bifunctional enzyme, c-di-guanyl cyclase/phosphodies-
terase (ZMO1055) was one of causatives for cell flocculation
in this bacterium. The authors hypothesized that high intra-
cellular concentration of c-di-GMP caused by mutated phos-
phodiesterase domain may result in the increase in bacterial
cellulose synthesis metabolism and decrease in flagellar syn-
thesis metabolism as shown in Fig 2. In this respect, Xia et
al [49] demonstrated that cell flocculation matrix used by
Z. mobilis is bacterial cellulose by the gene disruption of cel-
lulose synthase gene encoded by ZMO1083. Therefore, the
self-immobilized strain Z. mobilis would be one of promising

Fig 1. A) Transmission electron microscopic
image of flagellated cells of the wild
type strain Z. mobilis ZM4; B) floccu-
lent cells of the mutant strain ZM401
image stained by calcofluor white,
the source adapted from Jeon et al.
[22].

Enhanced ethanol
productivity due to
acetate and vanillin

resistance i fait i

Increased cell
flocculation

Fig 2. Schematic diagram of cell flocculating mechanims in Z. mobilis ZM401 caused by a single point mutation in phophodiesterase
domain which allow to increase intracellular level of c-di-GMP. The increased intracellular c-di-GMP subsequently results
in increase in cellulose synthsis and decrease in motility. The increased cellulose synthesis metabolism with increased cell
flocculation phenotype finally contributed to the enhanced volumatric ethanol productivity due to the acetate and vanillin

resistance. DGC: Diguanyl cylase; PDE: Phophodiesterase.
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host to be engineered for biofuel ethanol production from
lignocellulosic biomass with increased in the tolerance to

toxic compounds and high volumetric ethanol production.

Decrement in nutritional requirement

The nascent cellulosic ethanol industry is more likely to
be struggle to cost-competitive against corn, sugar cane etha-
nol and gasoline. Therefore, simple nutrient requirement for
industrial ethanologen would provide substantial benefits
for economically feasible ethanol production. In particular
lignocellulosic feedstocks have low contents of nitrogen
source which requires for the ethanologen to grow. Corn

steep liquor is a popular industrial nitrogen sources that
serves as a source of nitrogen and vitamin. In this respect,
Kremer et al. [24] hypothesized that this bacterium may have
nitrogen fixation capacity since most of the strains Z. mobilis
genomes encode a nitrogenase, which is required for the N
fixation allowing to use N> as a nitrogen source through the
nitrogen fixation pathway. The authors carried out nitrogen
fixation capacity with N, enriched with the heavy isotope
PN in the fermentation studies. They found that the synthe-
sized protein from Z. mobilis culture contained "N. There-
fore, this demonstrated that N, can be used as nitrogen
source for Z. mobilis which could save a cellulosic ethanol

Table 4. List of genes from Z. mobilis involved in stress responds confirmed by various techniques

Gene Annotation Host Techniques Phenotypes Ref.
776,090 Serine protease DegP  TISTR 548 TransPoson ESSEI.‘ltlal ther{no-tolerant gene allowing to 5]
insertion survive at 39T

Bacterial cellulose

Self-flocculation and development of cellulose

ZMO1083 ZM401  Gene disruption fibrils increased in multiple tolerance against  [58]
synthase A S
furfural, HMF, acetic acid etc.
Reduced in ethanol productivity in the
presence of high glucose concentration (>200
1 . . e
ZMO1649 Gluconolactonase M4 Gene disruption gl) }mder aeroblc. or fermentative c.ondmons 2]
allowing the multiple tolerance against
lignocellulosic derivative compounds such as
furfural, HMF and acetate etc.
ZMO0976 NADH- dependent E coli Heterol'ogous Involved in reducing the formation of xylitol, ]
furfural reductase expression furfural and HMF
ZMO1122 (himA) Tntegration host factor ~ ZMd Transposon Essentla}) salt tolerant gene allowing to grow [46]
insertion up to 2% NaCl
ZMO0119 (nhaA) Socpum-proton ZM4ACR Overexpression  Acetate and sodium tolerance [52]
antiport gene
ZMO1623 (rpoD) R.NA polymerase ZM4 Error-prone PCR  Furfural tolerance [43]
sigma factor
NADPH-dependent
ZMO1771 alcohol ZM4 Overexpression  Furfural, HMF tolerance [47]
dehydrogenase
ZMO0128 TonB-dependent 8b Gene disruption Ammonium acetate tolerance (15 g 17) [51]
receptor
Glucose-fructose Sorbitol production associated with
ZMO0689 . TISTR548 Gene disruption osmotolerance, ethanol tolerance and high [41]
oxidoreductase
temperature tolerance
ZMOT1116, ilclz)t}a:(r)rllate synthase,
ZMO1696, 8b Overexpression  4-hydroxybenzaldyhyde, vanillin [59]
4 ZMO1885 dehydrogenase,
an and NADH oxidase
di-guanyl
ZM01055 and cyclase/ phosphodiest ZM401 Microarray and  Cell flocculation enhancement associated with [22, 49]

ZMO1083

erase and cellulose
synthase A

gene disruption

acetic acid and vanillin tolerance




production facility more than $1 million per year [24].

Future prospects

For an economically sensible lignocellulosic ethanol pro-
duction using Z. mobilis, large amount of literature have been
primary focused on increasing its industrial robustness
against fermentation inhibitory compounds and physical
stress conditions which will be more likely to affect in large
scale ethanol production cost. Owing to successful metabolic
engineering for substrate usage range for pentose sugars de-
rived from lignocellulosic materials and multiple genome in-
formation availability, some responsible genes related to
physiological behavior of Z. mobilis under such environ-
mental stress conditions have been elucidated which is sum-
marized in Table 4. This valuable information would lead
to develop further efficient strains improvement for ligno-
cellulosic ethanol production. However, to be cost com-
petitive ethanol production, this strain needs to be further
engineered for consolidated bioprocessing in which includes
cellulase production, substrate hydrolysis and fermentation
are achieved in a single step with only one microorganism.
In addition, the recent strain development on this bacterium
related to industrial robustness would attract much attention
not only in the field of ethanol strain engineering for this
bacterium, but also in other chemical production as a possi-

ble solution for bio-refinery facilities.
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