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Abstract 

Background  Biorefinery using microorganisms to produce biofuels and value-added biochemicals derived 
from renewable biomass offers a promising alternative to meet our sustainable energy and environmental goals. The 
ethanologenic strain Zymomonas mobilis is considered as an excellent chassis for constructing microbial cell factories 
for diverse biochemicals due to its outstanding industrial characteristics in ethanol production, high specific pro-
ductivity, and Generally Recognized as Safe (GRAS) status. Nonetheless, the restricted substrate range constrains its 
application.

Results  The truncated ice nucleation protein InaK from Pseudomonas syringae was used as an autotransporter pas-
senger, and α-amylase was fused to the C- terminal of InaK to equip the ethanol-producing bacterium with the capa-
bility to ferment renewable biomass. Western blot and flow cytometry analysis confirmed that the amylase was situ-
ated on the outer membrane. Whole-cell activity assays demonstrated that the amylase maintained its activity 
on the cell surface. The recombinant Z. mobilis facilitated the hydrolysis of starch into oligosaccharides and enabled 
the streamlining of simultaneous saccharification and fermentation (SSF) processes. In a 5% starch medium under SSF, 
recombinant strains containing Peno reached a maximum titer of 13.61 ± 0.12 g/L within 48 h. This represents 
an increase of 111.0% compared to the control strain’s titer of titer of 6.45 ± 0.25 g/L.

Conclusions  By fusing the truncated ice nucleation protein InaK with α-amylase, we achieved efficient expres-
sion and surface display of the enzyme on Z. mobilis. This fusion protein exhibited remarkable enzymatic activity. Its 
presence enabled a cost-effective bioproduction process using starch as the sole carbon source, and it significantly 
reduced the required cycle time for SSF. This study not only provides an excellent Z. mobilis chassis for sustainable 
bioproduction from starch but also highlights the potential of Z. mobilis to function as an effective cellular factory 
for producing high-value products from renewable biomass.
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Introduction
The growing demand for global energy is expected to 
outstrip fossil fuel supplication in the coming decades, 
jeopardizing energy security worldwide [1]. Biorefin-
ery of biomass-based fuels and chemicals show great 
potential in replacing traditional petroleum refineries 
and improving the global carbon balance. Microbial cell 
factories (MCFs) are instrumental in producing biofu-
els and biochemicals from renewable biomass, making 
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substantial strides in curbing carbon emissions and pro-
moting sustainable development [2].

Zymomonas mobilis is a facultative anaerobic Gram-
negative ethanologenic bacterium and generally regarded 
as safe (GRAS). Zymomonas mobilis anaerobically fer-
ments glucose, fructose and sucrose for ethanol produc-
tion through the Entner-Doudoroff (ED) pathway with 
many desirable industrial characteristics, such as high 
specific glucose uptake rate and conversion efficiency, 
few byproducts, phage resistance, broad pH range (pH 
3.5–7.5) and temperature (24 °C–40 °C) [3–6]. Given its 
naturally favorable physiological attributes, significant 
efforts have been made to develop Z. mobilis for diverse 
biochemicals, such as PHB [7], lactate [8], β-farnesene 
[9], acetoin [10], isobutanol [11] and 2,3-butanediol [12]. 
Moreover, the availabilities of enormous omics data, 
metabolic models, counterselectable system [13], exog-
enous and native CRISPR-Cas toolkits [14–16] as well 
as methods for biological part identification and char-
acterization [17] make it an ideal chassis for biorefinery 
through metabolic engineering.

Although Z. mobilis has been engineered to broaden its 
range of fermentable substrates to pentose sugars such 
as xylose and arabinose, which are economic biochemi-
cal production from lignocellulosic biomass [18, 19], lig-
nocellulosic hydrolysates and slurries have been utilized 
for cellulosic ethanol production [20]. However, the eco-
nomically viable substrates utilized for fuel ethanol pro-
duction are starch and cellulose-based feedstocks, which 
consist of macromolecular substances that are unable to 
penetrate cell interiors and are not directly utilized by 
various industrial microorganisms, such as Escherichia 
coli [21], Saccharomyces cerevisiae [22] and Z. mobilis. 
In industrial fermentation, sustainability depends on 
substrate price, availability, and competition. The lim-
ited substrate range and stressful inhibitory compounds 
in lignocellulosic hydrolysates constrains Z. mobilis for 
ethanol production from sugar- and starch-based feed-
stocks, leading to increased fermentation costs. Develop-
ing Z. mobilis that can utilize alternative, low-cost carbon 
sources, such as starch, is key for economic success. 
Starch is abundant and inexpensive, making it an ideal 
alternative to glucose [23].

Currently, Z. mobilis lacks effective pathways for 
recombinant protein secretion into the environment to 
achieve cost-effective consolidated bioprocessing (CBP). 
CBP is a process that can be successively performed by 
a single microbe strain capable of degrade sugar- and 
starch-based feedstocks into fermentable sugars for 
ethanol production [24]. Whole-cell biocatalyst pre-
sents an alternative for converting chemical compounds 
into desired products by addressing the limitation of 
substrate to pass through the cell envelope, especially 

the membrane barrier [25]. Cell-surface display allows 
peptides and proteins to be displayed on the surface of 
microbial cells by fusing them with the anchoring motifs. 
Different surface proteins, such as flagellin, fimbriae, 
LamB, OmpA, peptidoglycan-associated lipoprotein, 
S-layer protein and ice nucleation protein have been uti-
lized as anchoring motifs [26, 27], which offers a set of 
amenities that have led to its use in a wide range of bio-
technological applications. Numerous anchoring pro-
teins that facilitate surface display have been featured 
in Z. mobilis, such as EstA-autotransporter [28], Tat 
signal peptide [24] and signal peptide SP1086 [29], and 
they have been applied for specific purposes. Ice nuclea-
tion protein (INP) is an outer membrane-bound protein 
derived from Pseudomonas syringae, which induces ice 
crystallization in supercooled water [30]. INP is attached 
to the outer cell membrane via a glycosylphosphatidylin-
ositol (GPI) anchor, it has been shown that full-length 
INP and various truncated forms INPs yield stable sur-
face display [31, 32]. To the best of our knowledge, the 
INP surface display system has not previously been 
employed in Z. mobilis.

Anchoring of enzymes on the cell surface to perform 
catalysis has numerous advantages. It can enhance 
enzyme stability, as proteins anchored on cell surfaces 
are generally more stable under extreme conditions 
compared to their free-form counterparts. Addition-
ally, the tethering of multiple synergistic enzymes on 
a single cell significantly reduces the distance between 
enzymes, thereby preventing long-distance mass transfer 
of substrates, particularly in high-solid fermentation pro-
cesses [22, 33]. Furthermore, the products of enzymatic 
hydrolysis can be immediately absorbed and utilized by 
the cells, which can decrease the risk of contamination 
by maintaining low concentrations of these products in 
the extracellular environment, especially when glucose is 
released from biomass [33].

In this study, α-amylase from Geobacillus stearother-
mophilus was fused with truncated InaK to explore the 
feasibility displaying enzymes on the cell surface of Z. 
mobilis. This achievement provides an approach for Z. 
mobilis to directly ferment starch, thereby accelerating 
the development of Z. mobilis as an efficient microor-
ganism for CBP in ethanol production. Additionally, this 
work provides a valuable approach for achieving CBP 
and illuminates new avenues for research into substrate 
utilization.

Materials and methods
Strains, vectors, and media
The plasmids and strains used in this study are listed 
in Table  1. Escherichia coli DH5α was used for plasmid 
construction. Z. mobilis ZM4 was the parent strain for 
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genetic modifications. E. coli strains were cultured in 
Luria–Bertani medium (LB, 10 g/L tryptone, 5 g/L yeast 
extract, 10 g/L NaCl) at 37 °C and Z. mobilis strains were 
cultured in rich medium (RMG5, 10  g/L yeast extract, 
50 g/L glucose, 2 g/L KH2PO4) at 30 °C. When required, 
spectinomycin was used at the following final concentra-
tions 100 μg/mL for both E. coli and Z. mobilis.

DNA manipulation techniques
Primers were designed to contain 15–20 nucleotides 
(nts) overlapping regions with adjacent DNA fragments. 
Sequences of the primers used in the study are listed 
in Additional file: Table  S1. PCR products amplified 
by primer pairs were separated by gel electrophoresis, 

followed by column purification, and subsequently 
quantified using a NanoDrop spectrophotometer (Nan-
oDrop Technologies, Wilmington, DE, USA). Frag-
ments and vectors were mixed in a molar ratio of 3:1, 
0.5 U T5 exonuclease (NEB, USA), and 0.5  μL buffer 4 
(NEB, USA) were added in a final volume of 5  μL [34]. 
All regents were mixed and incubated on ice for 5 min. 
The DNA reaction was added to chemically competent E. 
coli cells, incubated on ice for 30 min, heat shocked for 
45 s at 42  °C, and held on ice for 2 min. Subsequently, 
1000 μL of LB medium (yeast extract 5 g/L, NaCl 10 g/L, 
tryptone 10  g/L), was added to the mixture and recov-
ered for 45-60min at 37 °C with shaking (250 rpm). Cells 
were plated on LB agar plates containing appropriate 

Table 1  Plasmids and strains used in the study

Description Source

Plasmids

 pEZ15Asp Shuttle vector contains Z. mobilis origin and E. coli origin p15A; SpR; Biobrick-compatible Lab stock [12]

 pEZ-Amy-(His)6 SpR; pEZ containing: α-amylase with 6 × His-tag driven by constitutive promoter PLacUV5 Lab stock

 pEZ-InaK-Amy SpR; pEZ containing: fusion gene of InaK and α-amylase driven by constitutive promoter PLacUV5 This work

 pEZ-InaK-Amy-(His)6 SpR; pEZ containing: fusion gene of InaK and α-amylase with 6 × His-tag driven by constitutive promoter 
PLacUV5

This work

 pEZ-D6-InaK-Amy-(His)6 SpR; pEZ containing: 6 × Aspartic acid charged peptides, fusion gene of InaK and α-amylase with 6 × His-
tag driven by constitutive promoter PLacUV5

This work

 pEZ-E6-InaK-Amy-(His)6 SpR; pEZ containing: 6 × Glutamate charged peptides, fusion gene of InaK and α-amylase with 6 × His-tag 
driven by constitutive promoter PLacUV5

This work

 pEZ-K6-InaK-Amy-(His)6 SpR; pEZ containing: 6 × Lysine charged peptides, fusion gene of InaK and α-amylase with 6 × His-tag 
driven by constitutive promoter PLacUV5

This work

 pEZ-R6-InaK-Amy-(His)6 SpR; pEZ containing: 6 × Arginine charged peptides, fusion gene of InaK and α-amylase with 6 × His-tag 
driven by constitutive promoter PLacUV5

This work

 pEZ-KKR2-InaK-Amy-(His)6 SpR; pEZ containing: 2 × Two lysines and one arginine charged peptides, fusion gene of InaK 
and α-amylase with 6 × His-tag driven by constitutive promoter PLacUV5

This work

 pEZ-Peno-InaK-Amy SpR; pEZ containing: fusion gene of InaK and α-amylase driven by native constitutive promoter Peno This work

 pEZ-Ppdc-InaK-Amy SpR; pEZ containing: fusion gene of InaK and α-amylase driven by native constitutive promoter Ppdc This work

 pEZ-Pgap-InaK-Amy SpR; pEZ containing: fusion gene of InaK and α-amylase driven by native constitutive promoter Pgap This work

Strains

 E. coli DH5α E. coli for plasmid construction Lab stock

 Z. mobilis ZM4 Zymomonas mobilis subsp. mobilis ZM4 strain Lab stock

 ZM-Δ0028 ZM with deletion of ZMO0028 Lab stock

 ZM-pEZ ZM-Δ0028 plasmid pEZ15Asp This work

 ZM-InaK-Amy(His)6 ZM-Δ0028 plasmid pEZ-InaK-Amy-(His)6 This work

 ZM-InaK-Amy ZM-Δ0028 with plasmid pEZ-InaK-Amy This work

 ZM-Amy(His)6 ZM-Δ0028 with plasmid pEZ-Amy-(His)6 This work

 ZM-D6-InaK-Amy(His)6 ZM-Δ0028 with plasmid pEZ-D6-InaK-Amy-(His)6 This work

 ZM-E6-InaK-Amy(His)6 ZM-Δ0028 with plasmid pEZ-E6-InaK-Amy-(His)6 This work

 ZM-K6-InaK-Amy(His)6 ZM-Δ0028 with plasmid pEZ-K6-InaK-Amy-(His)6 This work

 ZM-R6-InaK-Amy(His)6 ZM-Δ0028 with plasmid pEZ-R6-InaK-Amy-(His)6 This work

 ZM-KKR2-InaK-Amy(His)6 ZM-Δ0028 with plasmid pEZ-KKR2-InaK-Amy-(His)6 This work

 ZM-Peno-InaK-Amy ZM-Δ0028 with plasmid pEZ-Peno-InaK-Amy This work

 ZM-Ppdc-InaK-Amy ZM-Δ0028 with plasmid pEZ-Ppdc-InaK-Amy This work

 ZM-Pgap-InaK-Amy ZM-Δ0028 with plasmid pEZ-Pgap-InaK-Amy This work
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antibiotics. Recombinants were selected by colony PCR 
and confirmed by Sanger sequencing (Sangon Biotech, 
Shanghai, China).

Electroporation of Z. mobilis
Electro-competent Z. mobilis was prepared as described 
before with slight modifications [17]. Briefly, a single col-
ony was inoculated into RMG5 media and grown without 
shaking at 30  °C for 24  h as the seed culture. The seed 
culture was then transferred into the screw-cap bottle. 
Cell culture was placed on ice for 30 min and cells were 
collected by centrifuging when reached an OD600 value 
of 0.3–0.4. Cell pellets were washed once with ice-cold 
sterile water, re-centrifuged, and washed twice with pre-
chilled sterilized 10% (v/v) glycerol. These pellets were 
resuspended in 10% glycerol at a concentration approxi-
mately 1000 folds higher than the starting culture. Com-
petent cells were stored at – 80 °C as small aliquots.

Zymomonas mobilis cells were transformed with plas-
mids by electroporation (Bio-Rad Gene Pulser, 0.1-cm 
gap cuvettes, 1.8  kV, 200  Ω, 25  μF). After electropora-
tion, 1-mL RM medium was added to the electropora-
tion mixture and cells were recovered at 30 °C for 3–6 h. 
The revived culture was plated on solid mating media 
containing appropriate antibiotics, and then incubated at 
30  °C for 2–3 days. Recombinants were selected by col-
ony PCR and confirmed by Sanger sequencing (Sangon 
Biotech, Shanghai, China).

Enzymatic activity assay
The enzyme activity of cell-surface display was quan-
titatively assessed by using the DNS method. Recombi-
nant Z. mobilis was cultured in RMG2 medium at 30 °C 
for 24  h. The OD600nm of the recombinant Z. mobilis 
was measured by using a UV spectrophotometer. Subse-
quently, the OD600 was diluted to 1 with sterile water in a 
2 mL EP tube. The α-amylase activity (U) is defined as the 
amount of enzyme required to hydrolyze starch and pro-
duce 1 μM of reducing sugar per minute under specific 
conditions. In a 2 mL EP tube containing 100 μL bacte-
rial solution, 100  μL substrate (1% soluble starch), and 
100 μL pH 4.8 Buffer were added. The mixture was then 
incubated in a water bath for 5 min. Then, 300 μL DNS 
(Solarbio, Beijing) was added to terminate the reaction, 
followed by boiling for 5 min, cooling, transferring to an 
EP tube, and adjusting the volume to 2 mL. For the con-
trol group, the bacterial solution was not added before 
the reaction, and added bacterial solution after adding 
DNS to terminate the reaction, and then immediately 
boiled for 5  min. Finally, the detection was carried out 
using a spectrophotometer at the wavelength λ = 540 nm. 
The instrument was adjusted to zero using the control 
group as a reference. The OD value of the experimental 

group (3 parallel samples) was tested, and the data were 
recorded. Enzyme activity was calculated based on the 
glucose standard curve.

Batch fermentation in shake flasks
Simultaneous saccharification and fermentation (SSF) 
tests were carried out in 2% and 5% wheat starch medium 
using recombinant strain, and ZMO0028 strain with 
empty pEZ15asp plasmid was used as control. In addition 
to starch, 1% yeast extract and 100  μg/mL Spectinomy-
cin were added to the medium and about 100U of glu-
coamylases (Vland Biotech, China) per gram of starch. 
Strains revived from glycerol stock were inoculated into 
5-mL RM media containing appropriate antibiotics and 
grown overnight without shaking at 30 °C as the seed cul-
ture. The seed culture was then transferred into 50-mL 
shake flasks with 40  mL medium at an initial OD600nm 
of 0.2. Strains were fermentation in shake flakes (33  °C, 
100  rpm) with medium that filled 80% of the flask vol-
ume. Flasks were capped with gas-permeable membrane 
and samples were taken every 12 h to determine the con-
centration of ethanol and glucose by HPLC. Three tech-
nical replicates were used for each condition.

Flow cytometry analysis
The protocol used for flow cytometry assay of the pro-
moter strength in terms of fluorescence intensity was 
modified slightly from a previous study [14]. Briefly, cells 
were washed with phosphate-buffered saline (PBS) twice 
and then resuspended into PBS to a concentration of 
107 cells/mL. 200 μL of re-suspended cells were blocked 
with PBSB (PBS containing 0.1% BSA) for 1 h, followed 
by three wash steps with PBS. Then, cells were incubated 
for 1 h at 4°C with mouse anti-His tag antibody (1:1000 
dilution in PBSB) followed by three washing steps with 
PBS. Then, cells were then incubated for 1 h with second-
ary antibody (FITC-conjugated goat anti-mouse second-
ary antibody, dilution of 1:1000 in PBSB), followed by two 
washing steps with PBS. Finally, the antibody labeled cells 
were re-suspend in 0.5 mL PBS.

Cells were analyzed by flow cytometry using Beckman 
CytoFLEX FCM (Beckman Coulter, USA) with the PBS 
as the sheath fluid. The fluorescence of labeled cells was 
excited with the 488 nm laser and detected with FITC. To 
avoid rare events which could affect the population dis-
tribution, at least 20,000 events of each sample were ana-
lyzed. Data were processed via FlowJo software (FlowJo, 
LLC, USA) based on the user manual with the recom-
mended parameters.

Western blot analysis
Samples from the shake flasks were harvest, and mem-
brane proteins were enriched according to a rapid 
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isolation method [35]. Sodium dodecyl sulphate poly-
acrylamide gel electrophoresis (SDS-PAGE) was per-
formed with a 5% stacking and a 12% running gel, 
followed by stained with Coomassie Brilliant Blue R-250. 
Molecular weight was estimated using a pre-stained pro-
tein ladder (10–170 kDa, Thermo, Lithuania).

For western blot analysis, after the electrophoresis, 
gels were transferred to methanol-activated PVDF mem-
branes using the Trans-Blot® Semi-Dry Electrophoretic 
Transfer Cell (Bio-Rad, USA) and run for 20 min at 25 V. 
PVDF membranes was then blocked with 5% non-fat 
milk in phosphate-buffered saline with Tween 20 (PBST) 
for 1  h at room temperature, and subsequently fusion 
protein was probed with primary antibody (1:5000, Pro-
teintech, China), respectively. Peroxidase-conjugated 
goat anti-Mouse IgG (1:5000, Proteintech, China) was 
used as secondary antibodies. Color development was 
performed by West Dure Extended Duration Substrate 
Kit (AntGene, China). All images were visualized using 
AI600 Imaging System (GE, USA).

High‑pressure liquid chromatography (HPLC) analysis
Samples from the shake flasks were centrifuged at 
13,000 rpm for 2 min at 4 °C and then supernatants were 
filtered through a 0.22-μm syringe filter into HPLC vials. 
High-pressure liquid chromatography (HPLC) was per-
formed using a Shimadzu HPLC system (Japan) equipped 
with Aminex Resin-Based Columns (Bio-Rad) and refrac-
tive index detector (RID) to quantify glucose and etha-
nol. The column temperature was set at 60 °C and 5 mM 
H2SO4 solution was used as the mobile phase with a flow 
rate of 0.5 mL/min.

Results and discussions
Construction of InaK‑amylase fusion for the cell surface 
display in Z. mobilis
While starchy materials are abundant as carbon sources 
for fermentation, the wild-type Z. mobilis is inherently 

incapable of utilizing starch for growth. Genome analysis 
of Z. mobilis revealed the absence of enzymes involved 
in starch degradation. To expand the substrate spectrum 
of Z. mobilis, a variety of hydrolase-encoding genes from 
other organisms have been introduced into Z. mobilis, 
including an amyglucosidase-encoding gene from Asper-
gillus niger, an α-amylase-encoding gene from Bacillus 
licheniformis, endoglucanase-encoding genes from Bacil-
lus subtilis, Erwinia chrysanthemi, and Pseudomonas 
fluorescens. However, no or negligible enzymatic activity 
was observed in the resultant recombinant strains [36].

In this study, the truncated INP, referred to as InaK-N, 
containing only its N-terminal region, has been demon-
strated the capability of cell surface display [37]. InaK-N 
and an acid α-amylase from Geobacillus stearothermo-
philus was selected for cell surface display. The in-fusion 
cloning method was used to attach the α-amylase to the 
C-terminal of InaK, in conjunction with the shuttle vec-
tor pEZ15Asp. The fusion protein was expressed under 
the control of the constitutive promoter PLacUV5, and a 
TEV cleavage site linker was inserted between InaK and 
α-amylase to guarantee proper expression and confor-
mation of the fusion protein (Fig. 1A). The recombinant 
plasmid was then transferred to ZM-Δ0028, a strain with 
the ZMO0028 gene knocked out, which encodes a type 
IV restriction-modification (R-M) system [38]. Recom-
binants generated hydrolysis zone on the starchy plate, 
indicating that the fusion protein had crossed the mem-
brane barrier and functionally hydrolyzed extracellular 
starch. Recombinant strains ZM-pEZ, ZM-Amy(His)6 
and ZM-InaK-Amy(His)6 were respectively cultivated 
on starch plates, and the results indicated that ZM-pEZ 
without amylase cannot hydrolyze starch. Meanwhile, 
ZM-InaK-Amy(His)6, harboring fusion protein produced 
larger hydrolysis zone than ZM-Amy(His)6, which only 
containing amylase (Fig.  1B). It is possible that the bar-
rier posed by the cellular membrane impedes the secre-
tion of amylase, leading to insufficient contact between 

Fig. 1  The construction scheme for a starch-fermenting Z. mobilis strain. Scheme of cell display system employing a single plasmid approach. 
Genes associated with the tandem cell display system were linked by a peptide linker and driven by the constitutive promoter PLacUV5, a his-tag 
was appended to the C-terminus (A). Hydrolysis zone generated by recombinant Z. mobilis in RM medium containing 2% soluble starch at 30 ℃ (B). 
At least two independent experiments were performed, yielding similar results
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the amylase and the substrate without an additional 
signal peptide or transmembrane protein. Similar to its 
endogenous cellulase, this limitation could be addressed 
by interfering with the peptidoglycan structure of the cell 
walls [39]. Furthermore, it is also possible that proteins 
displayed on the cell surface can maintain their functions 
and properties more stable than free proteins, contribut-
ing to this outcome.

Confirmation of the fusion protein display on the cell 
surface of Z. mobilis
A 6 × His-tag was appended to the C-terminal of 
α-amylase to examine its location and potential display 
efficiency (Fig.  2A). The localization of the fusion pro-
teins in Z. mobilis was analyzed by Western Bolt. The 

outer membrane proteins from the recombinant Z. mobi-
lis were fractionated and followed by analysis through 
SDS-PAGE and Western Blot. The bands corresponding 
to InaK-amylase fusion protein was successfully identi-
fied in the total cell protein extracts as well as the outer 
membrane protein extracts (Fig. S1). Additionally, the 
cell surface display efficiency of recombinants was fur-
ther evaluated by fluorescence-activated cell sorting 
(FACS) analysis (Fig. 2B). The recombinant strain InaK-
Amy(His)6 showed a display efficiency of 1.31%, while in 
the control cells containing empty vector pEZ15a, it was 
only 0.24%. Thus, it suggests that the fusion protein was 
successfully expressed and anchored on the membrane 
of Z. mobiles. Additionally, the introduction of signaling 
peptides and charged polypeptides at the N-terminal of 

Fig. 2  Characterization of different N-terminal fusions of InaK-N with α-amylase. Constructs for fusing different InaK-Ns with α-Amylase 
at the C-Terminus. Genes associated with the tandem cell display system were linked by a peptide linker and driven by the constitutive promoter 
PLacUV5, a his-tag was appended to the C-terminus of α-amylase (A). Flow cytometry assay for InaK-amylase. Cells containing distinct vectors, 
labeled with FITC-conjugated antibody against the His-tag were analyzed by flow cytometry, The excitation laser was 488nm, and the emission 
filter was 518nm (B). Enzyme activity assay of the recombinant Z. mobilis (C). Cells containing pEZ15Asp, pEZ-InaK-Amy, pEZ-E6-Inak-Amy(His)6, 
pEZ-K6-Inak-Amy(His)6, pEZ-KKR2-Inak-Amy(His)6, pEZ-R6-Inak-Amy(His)6 vector, respectively. A minimum of two independent experiments were 
conducted, all yielding comparable outcomes. Data are presented as mean ± SD (n = 3)
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InaK has been observed to influence the effectiveness 
of cell surface display in E. coli [40]. Therefore, recom-
binants with charged polypeptides, D6-InaK-Amy(His)6, 
E6-InaK-Amy(His)6, K6-InaK-Amy(His)6, KKR2-InaK-
Amy(His)6 were generated, respectively (Fig.  2A). These 
charged sequences can interact with the cell membrane 
or other proteins, potentially influencing the enzyme’s 
orientation and stability on the cell surface. However, 
our results indicated that none of the recombinants with 
charged polypeptides could enhance the cell surface dis-
play efficiency of the fusion protein on the Z. mobilis sur-
face, with only 0.19 to 0.88% of the total cells (Fig.  2B). 
This suggests that while InaK was beneficial for directing 
the enzyme to the cell surface, the addition of charged 
polypeptides may interfere with the optimal presentation 
of the enzyme, possibly due to electrostatic repulsion or 
steric hindrance.

Characterization of the surface‑immobilized fusion 
proteins in Z. mobilis
The quantitative assessment of reducing sugars result-
ing from α-amylase enzymatic reactions was conducted 
using the DNS (3,5-Dinitrosalicylic acid) assay. The con-
ditions for starch hydrolysis were determined, indicating 
that the optimal pH and temperature for the surface-
immobilized InaK-amylase were pH 7 and 60 ℃, respec-
tively, with an enzyme activity of 45.40 ± 2.55  U/mL/
OD600nm (Fig. S2). However, under the optimal growth 
conditions for Zymomonas mobilis (30  °C, pH 4.8), the 
activity of InaK-amylase was 3.05 ± 0.41  U/mL/OD600nm. 
Based on the experimental results above, we hypothesize 
that the reduced enzymatic activity could be due to two 
primary factors. Firstly, since amylases primarily act as 
high-temperature enzymes, they may not perform opti-
mally under the growth conditions of Z. mobilis, as these 
conditions may not align with their ideal temperature 

range. Secondly, the insufficient reaction speed might 
result from a lack of sufficient enzyme quantity, likely due 
to low levels of enzyme expression.

This project aims to address the problem of amylase 
secretion and expression by utilizing cell surface display 
techniques. By enhancing the display efficiency, there is 
a significant increase in both the enzyme’s expression 
level and its hydrolysis efficiency. However, addressing 
the challenge of optimal temperature, the development 
of cold-active enzymes remains a critical task that to be 
addressed to fully resolve this issue.

Characterization of starch‑fermenting Z. mobilis 
for ethanol production
To determine ethanol production of ZM-pEZ and ZM-
InaK-Amy, recombinants were cultured in cooked wheat 
starch medium and soluble starch medium, respec-
tively. However, no strains were able to grow, and no 
ethanol production was detected in the culture medium 
(data not show). Despite the crucial role of α-amylase 
in the hydrolysis of starch by efficiently cleaving α-1,4-
glycosidic bonds and producing maltose and various oli-
gosaccharides [41], Z. mobilis has a restricted range of 
substrates and is unable to thrive in a medium containing 
starch.

Since the conversion of starch requires the involvement 
of α-amylase (EC3.2.1.1) and glucoamylase (EC3.2.1.3), 
Z. mobilis lacks these enzymes. To facilitate Z. mobilis 
for ethanol production from starch, glucoamylase was 
attached to the C-terminal of the InaK-Amy (Fig.  3B, 
C). Different strategies for engineering Z. mobilis were 
employed to construct the co-display of amylase and glu-
coamylase. Results showed that directly linking glucoa-
mylase to the C-terminal of α-amylase does not generate 
a hydrolysis zone (data not show). We speculate that the 
addition of glucoamylase may interfere with the structure 

Fig. 3  Strategies for engineering Z. mobilis to construct simultaneous saccharification and fermentation (SSF) systems. Cell surface display 
system for amylase presentation in Z. mobilis. Genes associated with the tandem cell display system were linked by a peptide linker and driven 
by the constitutive promoter PLacUV5 (A). Co-display of amylase and glucoamylase utilizing a single InaK-N. Genes associated with the tandem cell 
display system were driven by PLacUV5, using a single InaK-N as the anchor (B). Display of amylase and glucoamylase by dual InaK-N within a single 
cistron. Both amylase and glucoamylase are displayed on the cell surface by two separate InaK-N, all under the regulation of a single promoter 
PLacUV5 (C). Time-course of ethanol accumulation over 72 h. Ethanol production by recombinant Z. mobilis in 5% starch with glucoamylases (100 U/g 
starch). Cells were cultured in flasks with a shaking speed of 100 rpm at 33 ℃. D At least two independent experiments were carried out with similar 
results. Values are the mean of one representative experiment with three or more technical replicates. Data are presented as mean ± SD (n = 3)
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of α-amylase, potentially hindering its ability to catalyze 
the substrate, given that the starch-binding domain is 
located at the C-terminal of α-amylase [42]. Display of 
amylase and glucoamylase by dual InaK-N within a sin-
gle cistron, where both amylase and glucoamylase are 
displayed on the cell surface by two separate InaK-N, 
and regulated by a single promoter PLacUV5 (Fig. 3C). The 
recombinant Z. mobilis was able to generate hydrolysis 
zone on a starch plate but failed to produce ethanol from 
starch (data not show). This may be due to inadequate 
display efficiency or insufficient glucoamylase activ-
ity in the recombinant strain. The glucoamylases have 
many certain limitations such as acidic pH requirement 
and slow catalytic activity [43]. Rational modification of 
the glucoamylase and codon optimization to increase its 
specific enzyme activity, along with modulation of the 
cellular microenvironment may address these issues. 
Additionally, improving the efficiency of surface display 
is an alternative strategy. Strategies such as promoter 
replacement, signal peptide optimization, cell wall modi-
fication, and adjustment of the secretory pathway can be 
employed [44].

To facilitate the recombinant ZM-InaK-Amy for etha-
nol production, glucoamylase (100 U/g starch) was added 
to assist in the further degradation of starch products, 
producing glucose to support the growth of Z. mobilis 
for simultaneous saccharification and fermentation. Fer-
mentation of recombinants were performed in 2% and 
5% cooked wheat starch media with glucoamylases, and 
ZM-pEZ with empty pEZ15Asp vector serving as the 
control. Within the initial 12  h, the ethanol production 
of both strains was largely consistent in media contain-
ing 2% and 5% starch. We speculate that this is due to the 
low biomass, glucose production exceeded bacterial glu-
cose uptake capacity, and large specific cell surface of Z. 
mobilis together with the ED pathway facilitates glucose 
uptake and ethanol fermentation, as consequence, both 
groups yielded similar ethanol levels. After 24 h fermen-
tation in 2% starch medium, the ethanol titer of control 
strain was 2.21 ± 0.12 g/L ethanol, while the recombinant 
strain ZM-InaK-Amy reached 3.27 ± 0.01 g/L, represent-
ing a 47.97% increase over the control. The fermenta-
tion of recombinant strains ceased around 48 h, whereas 
the control strain took about 60 h to reach peak ethanol 
production (Fig. 3B). While in 5% starch medium, as the 
fermentation proceeds beyond 24  h, the cell-surface-
displayed amylase together supplementary glucoamylase 
accelerates the liquefaction of starch clumps in the fer-
mentative milieu (Fig. S3), creating a substrate environ-
ment more favorable for glucoamylase activity, and the 
yield of ethanol was significantly increased, the ethanol 
titer was 4.38 ± 0.18 g/L and 9.67 ± 0.26 g/L with ZM-pEZ 
and ZM-InaK-Amy, respectively. After 36 h fermentation, 

the titer of ZM-InaK-Amy reached 11.89 ± 0.21  g/L and 
5.38 ± 0.21 g/L for control (Fig. 3B).

Enhancement of the expression of α‑amylase to increase 
ethanol production
As highlighted earlier, the output of recombinant protein 
significantly governs the efficiency of hydrolysis, thereby 
directly impacting ethanol yield. To further increase 
ethanol production, the heterologous promoter PLacUV5 
was substituted with native constitutive promoters of Z. 
mobilis, facilitating the construction of optimized recom-
binant strains. Three native constitutive promoters, Peno, 
Ppdc, Pgap, derived from Z. mobilis were used and gener-
ated the new recombinant strains ZM-Peno-InaK-Amy, 
ZM-Ppdc-InaK-Amy, ZM-Pgap-InaK-Amy, respectively 
(Fig. 4A). The ability of recombinants to hydrolyze starch 
is first tested using starch plate. The recombinants were 
treated as described above. The transparent zones on 
the starch plate demonstrated that all of the strains had 
the ability to hydrolyze starch, and it showed that fusion 
protein derived Peno and Pgap show higher enzyme activ-
ity than Ppdc (Fig. 4B) .ZM-Peno-InaK-Amy was used to 
ferment 5% wheat starch and 5% soluble starch under the 
previous conditions. In wheat starch, the titer of ethanol 
reached 13.90 ± 0.08 g/L (Fig.  3D), and in soluble starch 
reached 16.19 ± 0.10 g/L (Fig. 4C) within 60 h. Although 
the strain utilizing the native promoters have higher 
enzyme activity and can produce larger hydrolysis zone 
on the starch plate, it does not have much advantage in 
the ethanol yield during fermentation. We observed that 
the α-amylase regulated by native promoter exhibited 
improved ethanol production during the initial stages of 
fermentation. This is because the bacteria exhibit higher 
enzyme activity, thereby liquefying starch more rapidly. 
However, in the later stages of fermentation, those modi-
fied strains were able to liquefy almost all of the starch, 
and the fermentation rate were limited by the activity of 
glucoamylase.

Waste starch fermentation
Waste starch refers to the unused or residual starch that 
is left over from industrial processes, particularly those in 
the food and beverage industry. This includes spent grain 
from breweries, potato processing waste, pasta waste-
water, or any other by-products rich in starch content. 
Waste starch poses environmental challenges due to its 
high biochemical oxygen demand (BOD) and potential to 
cause eutrophication if improperly disposed of. However, 
it also presents opportunities for recycling and valoriza-
tion. Waste starch can be repurposed in various ways, 
such as bioconversion, energy production and animal 
feed.
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In present study, the recombinant strain ZM-Peno-
InaK-Amy was employed to produce ethanol using waste 
starch. ZM-Peno-InaK-Amy was cultured in a medium 
containing 5% waste starch. After 24 h of cultivation, the 
ethanol production reached 10.40 ± 0.08 g/L. the recom-
binant Z. mobilis showed an efficient capability to fer-
ment waste starch and convert it into bioethanol. This 
study not only offers a novel approach for the utilization 
of waste starch but also broadens the substrate range for 
Z. mobilis, making it a potential chassis organism for bio-
technology applications.

Conclusion
Starch is one of the most abundant renewable materials 
in nature, is an inexpensive feedstock as an ideal alter-
native to glucose in biorefinery processes, while the low 
natural conversion rate of most microorganisms limits 
its applications. Z. mobilis is known for its high ethanol 
yield and tolerance to high alcohol concentrations, mak-
ing it a desirable microbe for bioethanol production. In 
present study, Z. mobilis was developed for efficient con-
solidated bioprocessing of starch to ethanol. By fusing 
the truncated ice nucleation protein InaK with α-amylase 
and the addition of glucoamylase, the titer of ethanol 
was increased from 7.34 ± 0.23  g/L to 13.90 ± 0.08  g/L 
using 50 g/L of wheat starch as the substrate in 60 h. It’s 
the first time that the INP cell surface display system 
has been constructed in Z. mobilis. The surface display 
of α-amylase on Z. mobilis can significantly reduce the 
amount of commercial amylase added during starchy 
bioethanol production, and it may even eliminate the 
step of high temperature liquefaction in traditional pro-
cess, which effectively shortened the required cycle for 

simultaneous saccharification and fermentation. Addi-
tionally, achieving the co-surface display of glucoamyl-
ase on a single cell can enhance efficiency by significantly 
reducing the distance between enzymes and prevent-
ing the need for long-distance substrate transfer. This 
approach makes the bioethanol production process more 
efficient, economical, and environmentally friendly. It 
improves the utilization of substrate materials, increases 
profitability, and offers a new approach for Z. mobilis to 
attain CBP, enabling direct degradation and conversion 
of biomass. It also paves the way for further research and 
development in using Z. mobilis and related organisms to 
produce high-value products from sustainable biomass.
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