A weean  Applied and Environmental
SOCIETY FOR . . ®
| MICROBIOLOGY MICI’ObIO'Ogy

BIOTECHNOLOGY

L)

Check for
updates

Deciphering Molecular Mechanism Underlying Self-Flocculation

of Zymomonas mobilis for Robust Production

Lian-Ying Cao,*®* Yong-Fu Yang,®* Xue Zhang,*"* Yun-Hao Chen,** Ji-Wen Yao,*"< Xia Wang,®* Juan Xia,***

Chen-Guang Liu,>®< Shi-Hui Yang,*¢ © Ute Romling,f © Feng-Wu Bai*®<

aState Key Laboratory of Microbial Metabolism, Shanghai Jiao Tong University, Shanghai, China

bJoint International Research Laboratory of Metabolic & Developmental Science of the Ministry of Education, Shanghai Jiao Tong University, Shanghai, China

<School of Life Science and Biotechnology, Shanghai Jiao Tong University, Shanghai, China
dState Key Laboratory of Biocatalysis and Enzyme Engineering, Hubei University, Wuhan, China
eSchool of Life Science, Hubei University, Wuhan, China

fKarolinska Institutet, Stockholm, Sweden

ABSTRACT Zymomonas mobilis metabolizes sugar anaerobically through the Entner-
Doudoroff pathway with less ATP generated for lower biomass accumulation to direct more
sugar for product formation with improved yield, making it a suitable host to be engineered
as microbial cell factories for producing bulk commodities with major costs from feedstock
consumption. Self-flocculation of the bacterial cells presents many advantages, such as
enhanced tolerance to environmental stresses, a prerequisite for achieving high product titers
by using concentrated substrates. ZM401, a self-flocculating mutant developed from ZM4, the
unicellular model strain of Z mobilis, was employed in this work to explore the molecular
mechanism underlying this self-flocculating phenotype. Comparative studies between ZM401
and ZM4 indicate that a frameshift caused by a single nucleotide deletion in the poly-T tract
of ZMO1082 fused the putative gene with the open reading frame of ZMO1083, encoding
the catalytic subunit BcsA of the bacterial cellulose synthase to catalyze cellulose biosynthesis.
Furthermore, the single nucleotide polymorphism mutation in the open reading frame of
ZMO1055, encoding a bifunctional GGDEF-EAL protein with apparent diguanylate cyclase/
phosphodiesterase activities, resulted in the Ala526Val substitution, which consequently com-
promised in vivo specific phosphodiesterase activity for the degradation of cyclic diguanylic
acid, leading to intracellular accumulation of the signaling molecule to activate cellulose bio-
synthesis. These discoveries are significant for engineering other unicellular strains from Z
mobilis with the self-flocculating phenotype for robust production.

IMPORTANCE Stress tolerance is a prerequisite for microbial cell factories to be robust in
production, particularly for biorefinery of lignocellulosic biomass to produce biofuels, bio-
energy, and bio-based chemicals for sustainable socioeconomic development, since vari-
ous inhibitors are released during the pretreatment to destroy the recalcitrant lignin-car-
bohydrate complex for sugar production through enzymatic hydrolysis of the cellulose
component, and their detoxification is too costly for producing bulk commodities.
Although tolerance to individual stress has been intensively studied, the progress seems
less significant since microbial cells are inevitably suffering from multiple stresses simulta-
neously under production conditions. When self-flocculating, microbial cells are more tol-
erant to multiple stresses through the general stress response due to enhanced quorum
sensing associated with the morphological change for physiological and metabolic advan-
tages. Therefore, elucidation of the molecular mechanism underlying such a self-flocculat-
ing phenotype is significant for engineering microbial cells with the unique multicellular
morphology through rational design to boost their production performance.
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Self-Flocculation of Zymomonas mobilis

n addition to unicellular cells, bacteria can form biofilms, in particular, for pathogens

to resist antibacterial agents and the immune system through social cooperation that
can be mediated by quorum sensing (QS) signal molecules (1-3). The matrix of biofilms
is composed of extracellular polymeric substances (EPS), including polysaccharides,
nucleic acids, proteins, and lipids produced and secreted by the bacterial cells, and a
developmental life cycle from formation to maturation to dispersion is generally
observed for biofilms (4, 5). Activated sludge, which has been employed with a long
history in wastewater treatment, is another morphology formed naturally with abun-
dant bacteria as core communities through symbiosis, EPS, and other materials (6-9).
Under pure culture conditions, some bacterial cells can self-flocculate to form multicel-
lular flocs that are significantly different in morphology from amorphous biofilms
developed generally on surfaces, as well as activated sludge formed by different spe-
cies with spatial heterogeneity.

Bacterial flocs present many advantages for industrial applications. On the one hand,
bacterial flocs can settle down quickly through gravity sedimentation for cost-effective bio-
mass recovery (see Video S1 in the supplemental material). On the other hand, when self-
flocculating, bacterial cells can be immobilized within bioreactors for high cell density to
improve productivities as highlighted in ethanol fermentation using self-flocculating yeast
(10). Most importantly, bacterial flocs are more tolerant to stresses, a prerequisite for robust
production, particularly for producing biofuels, bioenergy, and bio-based chemicals from
lignocellulosic biomass with concentrated substrates for high product titers, since various
inhibitors are released during the pretreatment of the biomass (11).

Compared to the Embden-Meyerhof-Parnas (EMP) pathway, which is commonly em-
ployed by other species, Zymomonas mobilis metabolizes sugar anaerobically through the
Entner-Doudoroff (ED) pathway with 50% less ATP generated for lower biomass accumula-
tion so that more sugar can be directed to product formation with high yield (12).
Meanwhile, the low energy-coupling respiration in Z. mobilis accelerates metabolic flux with
the ED pathway, which consequently facilitates its production rate under low-biomass-accu-
mulation conditions (13). As a result, Z. mobilis has been acknowledged as a chassis to be
engineered as microbial cell factories for biorefineries to produce bulk commaodities such as
biofuels and bio-based chemicals with major costs from feedstock consumption (14, 15).

As an ethanologenic species, Z. mobilis is more suitable for cellulosic ethanol pro-
duction (16), which was pioneered by DuPont in lowa, USA, since it can be engineered
to metabolize pentose sugars released during the hydrolysis of hemicelluloses in ligno-
cellulosic biomass through the isomerase pathway without cofactor imbalance (17, 18),
an intrinsic disadvantage in engineering Saccharomyces cerevisiae for the same pur-
pose, which results in intermediate accumulation to compromise ethanol yield (19).
However, microbial cells are suffering from various stresses under production condi-
tions, and studies have been performed on engineering Z. mobilis with tolerance to
accumulated ethanol, acetic acid released during the pretreatment of lignocellulosic
biomass, and high temperature, which is preferred for industrial fermentation (20-22),
but unfortunately, the progress is less significant, since multiple stresses are always
presented simultaneously during industrial production.

The self-flocculating mutant ZM401 developed from ZM4, the unicellular model strain of
Z. mobilis, showed improved tolerance to inhibitors released during the pretreatment of
lignocellulosic biomass (23). Such a feature is extremely important for producing cellulosic
ethanol and bio-based chemicals directly from the hydrolysate of lignocellulosic biomass
without a necessity for detoxification, which is too costly for producing bulk commodities
with marginal revenues (24, 25). Our previous studies indicated that the basis for the self-
flocculation of ZM401 is the production of cellulose fibrils as extracellular matrix compo-
nents (26), but the molecular mechanism underlying the self-flocculation of the bacterial
cells is still unclear.

Bioinformatic analysis indicated that the genome of ZM4 contains a bacterial cellu-
lose synthase (bcs) operon (27), but the bacterial cells seem not to be able to synthe-
size cellulose fibrils for self-flocculation. We therefore hypothesized that mutations in
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the bcs operon encoding enzymes and structural components to catalyze cellulose bio-
synthesis and/or other genes encoding enzymes to regulate the biosynthesis could
occur in the genome of ZM401, making the mutant developed with the self-flocculat-
ing phenotype. In this work, we performed comparative genome and transcriptome
analyses between ZM401 and ZM4 to explore the underlying molecular mechanism for
the self-flocculation. The analyses and experimental validations indicated that several
alterations in the genome are required for the self-flocculation of ZM401. The progress
is significant for engineering unicellular strains from Z. mobilis with the self-flocculating
phenotype through rational design for robust production.

RESULTS

Genetic basis for the self-flocculating phenotype of ZM401. Combining the data
collected from long-read and short-read sequencing, we assembled the genome of
ZM401 to explore genetic basis for the self-flocculation of the bacterial cells through
comparative genomic analysis with the genome of ZM4 as the reference (28-30). The
genome of ZM401 contains one circular chromosome of 2,058,754 bp and four circular
plasmids of 32,791 bp (401_pZM32), 33,006 bp (401_pZM33), 36,494 bp (401_pZM36),
and 39,266 bp (401_pZM39).

One nucleotide deletion was detected in the circular chromosome of ZM401, but
the size of four circular plasmids is identical to those in ZM4. We identified a total of 35
single nucleotide variations (SNVs) in ZM401, but no rearrangement was observed in
the genome. For the 35 SNVs, the nucleotide deletion occurred in the putative gene
ZMO1082, and 34 single nucleotide polymorphisms (SNPs) occurred in other genes
and intergenic regions (Table S1). Verification of the SNVs by Sanger sequencing con-
firmed that the SNP within ZMOp32x018 in the plasmid ZMOp32 at the site of 1789
and another SNP within the intergenic region at the site of 1614973 in the circular
chromosome in ZM401 corresponded to nucleotides at the site of 1789 and 1614974
in the genome of ZM4, indicating that either the genome sequence of our ZM4 strain
from ATCC might mutate at these two sites or the database information of ZM4 needs
to be corrected. We therefore confirmed, in total, 33 SNVs in the genome of ZM401
compared to ZM4, 31 of which are in the genes and 2 of which are located in untrans-
lated regions. For the 31 SNVs in the genes, one is a nucleotide deletion in ZM0O1082,
and all others are SNPs, which include 17 nonsynonymous mutations (Table S2) and 13
synonymous mutations.

In order to identify genes involved in controlling the self-flocculating phenotype of
ZM401, we performed comparative transcriptomic analysis between ZM401 and ZM4.
The transcriptome analysis through RNA sequencing (RNA-seq) indicated that, in total,
74 genes were differentially expressed in ZM401, whereby 63 genes were upregulated,
and 11 genes were downregulated (Table S3). Among the 18 genes with nonsilent
mutations in ZM401, only ZMO1082 containing the nucleotide deletion was signifi-
cantly upregulated, and no differential expression occurred for all the 17 genes with
nonsynonymous SNPs. Subsequently, we performed gene ontology enrichment for
those differentially expressed genes to further explore their functions (Fig. S1).

For those upregulated genes, the largest set is with the cell components, in particular,
the cell membrane, followed by the set with biological processes associated with metabo-
lism for those major cell wall components and the set with molecular functions such as
transmembrane activities. In particular, genes conducting the biosynthesis of two major
B-glycans, 1,4-B-glucan cellulose and levan, a secreted exopolysaccharide consisting of 2,6-
B-linked fructose subunits, are upregulated (Table S3). These results support our hypothesis
for the self-flocculation of ZM401—the direct interactions of EPS synthesized predominantly
under the catalysis of membrane-embedded enzymes such as cellulose synthase for cellu-
lose biosynthesis (26). On the other hand, the functions of the 11 downregulated genes are
predominately related to development and metabolism, including DNA biosynthesis and
replication as well as oxidoreductase activities, which are significantly different from the
functions observed for the upregulated genes, indicating their smaller impact on the self-
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flocculation of ZM401. We further predicted protein-protein interactions for those signifi-
cantly upregulated genes using the software STRING and DOOR? (31, 32), and ZMO1082,
ZMO1083, ZMO1084, and ZMO1085 were detected as potential interaction partners (Fig. S2
and S3).

Although many genes in the genome of Z. mobilis are still putative, previous analyses indi-
cated that ZM4 contains a bcs gene cluster with ZMO1083, ZMO1084, ZMO1085, and
ZMO1086, encoding a membrane-integrated bacterial cellulose synthase complex composed
of subunits BcsA and BesB, the outer membrane channel BesC, and the cellulase BesZ, respec-
tively. The catalytic subunit BcsA for cellulose biosynthesis is frequently fused with BcsB, a
large periplasmic protein embedded with its C terminus in the inner membrane guiding the
export of synthesized cellulose across the periplasm toward the outer membrane (27, 33).
Missense mutations in BcsA can lead to changes in the biosynthesis of cellulose (34).

ZMO1082 has been predicted to be a putative gene in ZM4, encoding a peptide of 67
amino acids with no predicted functionality on its own (29). The single nucleotide deletion
from the homopolymeric tract of nine thymines in ZM401 coincidently affected ZMO1083,
since the base deletion resulted in a frameshift mutation, which disrupted the stop codon
TGA of ZMO1082, and produced a fusion with ZM0O1083 for a new gene, ZMO1083/2, to
encode BcsA in ZMA401 (Fig. 1a). We predict that, with 60 additional amino acids at the N ter-
minus, the catalytic function of BcsA encoded by the new gene has been enhanced for
more efficient synthesis of cellulose, which further develops as cellulose fibrils by the Bcs
complex of ZM401 to flocculate the bacterial cells (Fig. 1b).

Cyclic diguanylic acid (c-di-GMP) is a second messenger for signal transduction in bacte-
ria which regulates intracellular processes, including cellulose biosynthesis (35, 36). Bacteria
synthesize c-di-GMP from GTP catalyzed by diguanylate cyclases with GGDEF domains, but
phosphodiesterases (PDE) with EAL domains can degrade c-di-GMP (37). ZMO1055 in ZM4
is predicted to encode the bifunctional enzyme diguanylate cyclase/phosphodiesterase with
the conserved/semiconserved motifs of GGDQF and EAL, respectively, to catalyze the syn-
thesis and degradation of c-di-GMP. Although the transcription of ZMO1055 did not change

a  ZMO1082 (ZM4)
-—)
ATG CTT ... ... TAT GGC ATT TTT TTT TAT GGG ATT ... ... GAT TGA

159 9
ZMO1083 encoding BesA (ZM4)

-
ATG GGATTG ACG CTG CTG ... ... AAATGA

ZMO1083/2 encoding BesA (ZM401)

-

ATG CTT... ... TAT GGCATT TTT TTT ATG GGA TTG ACG CTG CTG ... ... AAATGA
159 1974

b

FIG 1 Nucleotide sequences for the putative gene ZMO1082 and the gene ZMO1083 in ZM4 and
their integration for the new gene ZM01083/2 in ZM401 (a) and the morphologies of the unicellular
model strain ZM4 and the self-flocculating mutant ZM401 (b). The dynamic gravity sedimentation of
the bacterial flocs is highlighted in Video S1.
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significantly in ZM401, the amino acid substitution created by the SNP mutation is located
in the EAL domain, which could compromise the catalytic activity of the phosphodiesterase.
Thus, c-di-GMP degradation would be impaired for its accumulation to regulate intracellular
processes more effectively, in particular, cellulose biosynthesis for the self-flocculation of the
bacterial cells. The upregulation of all genes with the bcs gene cluster, with the exception of
ZMO1086 only in ZM401, partly supported this speculation.

Molecular docking for interactions of enzymes with substrates and activators.
We were interested to know whether the cellulose synthase BcsA and the GGDEF-EAL
protein ZMO1055 in ZM401 could show features that would point to altered catalytic
activities.

For bacterial cellulose synthesis, the active site of BcsA is stimulated first through
the repositioning of its gating loop by c-di-GMP, and then the substrate UDP-glu-
cose binds onto the activated site for glucose to be cleaved and transferred to
extend the growing polysaccharide chain at its nonreducing end with UDP released.
Subsequently, UDP needs to be replaced by UDP-glucose for the biosynthesis to
continue, but the repositioning of the gating loop to either open the catalytic
pocket for accommodating UDP-glucose or coordinating c-di-GMP at the active site
is UDP-dependent (38). We therefore simulated interactions between BcsA encoded
by ZM0O1083 in ZM4 or ZMO1083/2 in ZM401 with UDP to assess their impact on cel-
lulose biosynthesis. The simulation results indicate that when docking with UDP,
ZMO1083 in ZM4 and ZMO1083/2 in ZM401 exhibited similar affinity, which was
quantified by their LibDock scores of 121.8 and 121.7, respectively, but when dock-
ing with c-di-GMP, the LibDock score for ZMO1083/2 is 124.7 compared to that of
100.1 only for ZMO1083, suggesting that ZM0O1083/2 would dock with c-di-GMP
effectively to activate cellulose biosynthesis more efficiently (Fig. 2).

The EAL domain is conserved in Gram-negative bacteria, including Z. mobilis, for catalyz-
ing c-di-GMP degradation (35). The amino acid substitution Ala526Val in ZMO1055 with
ZM401 is located in the C terminus of the EAL domain with the phosphodiesterase, which
could affect its binding with c-di-GMP. To test this hypothesis, we performed structural mod-
eling for proteins encoded by ZMO1055 in ZM401 and ZM4 (Fig. 3a). The LibDock score
for ZMO1055 in ZM401 and ZM4 is 109.4 and 103.3, respectively, indicating that the
single amino acid mutation could not change the protein structure significantly to
affect its affinity for c-di-GMP. We therefore calculated binding stability for c-di-GMP
with the EAL domain, which depends on various noncovalent interactions such as

’Q‘*‘E?f& c-di-GMP @ Binding site for c-di-GMP

M uDP ( Binding site for UDP
FIG 2 Molecular docking for UDP and c-di-GMP with BcsA encoded by ZMO1083 in ZM4 (a) and
ZMO1083/2 in ZM401 (b). Bright purple, mutation in the domain; light blue and orange balls, regions

with low free energy for recruiting UDP-glucose with UDP as a product released and c-di-GMP as the
signal molecule to mediate cellulose biosynthesis, respectively.
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FIG 3 Molecular docking for c-di-GMP with the active center of the EAL domain in the bifunctional enzyme encoded by ZMO1055 in
ZM4 (a) and ZM401 (b). The numbers are distances in angstrom (A).

Van der Waals forces, 7 bonds formed with negatively charged GLU536 (pi-anion),
hydrogen bonds developed with THR483 through 7 bonds as electron donors (pi-do-
nor hydrogen bond), and conventional hydrogen bonds with ASP480 and ARG503
(Fig. 3b). Although the mutation Ala526Val could not affect most of these interac-
tions, it seems to affect the formation of hydrogen bonds between c-di-GMP and the
two amino acid residues ASP480 and ARG503 of the EAL domain.

For ZMO1055 in ZM4, ASP480 could cyclize with c-di-GMP through two hydrogen
bonds to stabilize the docking, making the EAL domain effective for its degradation, but
the docking of c-di-GMP into the EAL domain in ZM401 seems less stable, since ASP480
would link with c-di-GMP through one hydrogen bond only. On the other hand, another
hydrogen bond that might develop between c-di-GMP and ARG503 in ZM4 could not
form in ZM401. We therefore calculated binding energy between ZMO1055 and c-di-
GMP, and the results indicate that very low energy of —0.01 kcal/mol is needed for the
wild-type ZMO1055 to bind with c-di-GMP, but the binding energy increases to 8.12 kcal/
mol when the mutation occurs (Fig. S4). As a result, the degradation of c-di-GMP could be
compromised in ZM401, resulting in its intracellular accumulation to activate the synthe-
sis of cellulose fibrils to flocculate the bacterial cells (38).

Experimental validations. When either ZMO1082 or ZMO1083 of ZM401 was deleted,
the chord length measured by the focused beam reflectance measurement (FBRM) system
decreased from 425.6 um detected for the bacterial flocs to an undetectable level for unicel-
lular bacterial cells, indicating that the self-flocculating phenotype of ZM401 was disrupted
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completely; however, when ZMO1083/2 was overexpressed in ZM4, no self-flocculation of
the bacterial cells was observed (Fig. 4a). These results suggest that ZMO1083/2 is a prereg-
uisite for the self-flocculation of ZM401, and both ZMO1082 with the nucleotide deletion
and ZM0O1083 without any mutation are needed for effective biosynthesis of cellulose fibrils
to flocculate the bacterial cells, but ZMO1083/2 alone is not sufficient for ZM4 to develop
the self-flocculating phenotype.

When ZMO1055 from ZM4 was overexpressed in ZM401, the self-flocculating phe-
notype was completely disrupted, with the chord length of 400.9 um decreased to
an undetectable level, but no significant impact was observed on the self-flocculation
of ZM401 when ZMO1055 with the SNP mutation was either deleted or overex-
pressed, and also no impact on its phenotype was observed when ZMO1055 in ZM4
was deleted (Fig. 4b). These results indicate that the SNP mutation in ZMO1055 with
ZM401 to affect the functionality of the EAL domain dedicated to c-di-GMP degrada-
tion would be another important factor for the development of the self-flocculating
phenotype in the mutant.

The intracellular accumulation of c-di-GMP based on dry cell weight (DCW) was meas-
ured to validate the impact of the SNP mutation on the catalytic function of ZMO1055 (Fig.
4c). When ZMO1055 was deleted from ZM4, the intracellular concentration of c-di-GMP

- b 600 [

=

500 |

400 |

Mean (pum)

300 |
200 |

100 |

¢-di-GMP [ng/gpew)]
w

FIG 4 Statistical means for the chord length of the bacterial flocs (ZM401) engineered with the
knockout of either ZMO1083 or ZMO1082 and ZM4 engineered with the overexpression of ZMO1083/
2 from ZM401 and the empty plasmid as the control (a), ZM401 and ZM4 engineered with the
knockout of ZMO1055, ZM401 engineered with the overexpression of ZMO1055 from ZM4 and
ZM401, respectively, and the empty plasmid as the control (b) and intracellular c-di-GMP analysis for
all strains (c). The unicellular cells of ZM4 are too small to be detected by FBRM. Triplicates were
measured, and the significance was analyzed by the t test; **, P < 0.01. Raw data for the FBRM
analysis are available in Fig. S5 and S6.
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FIG 5 Engineering ZM4 with the self-flocculating phenotype through the knockout of ZMO1055 and
the overexpression of the bcs operon from ZM401 (green, c-di-GMP; and blue, mean). The chord
length distribution of the bacterial flocs and their dynamic gravity sedimentation are highlighted in
Fig. S7 and Video S2.

increased to 3.88 ng/g (DCW) compared to that of 1.78 ng/g (DCW) detected in the wild-
type strain, which suggested that the phosphodiesterase catalytic activity of the EAL domain
of ZMO1055 significantly impacts the degradation of c-di-GMP. The intracellular c-di-GMP of
2.87 ng/g (DCW) detected in ZM401 was significantly higher than that in the wild-type ZM4,
but lower than that in the ZMO1055 deletion mutant of ZM4. When ZM401 was engineered
with the overexpression of ZMO1055 from ZM4 driven by the strong promoter, the intracel-
lular accumulation of c-di-GMP decreased drastically to 0.17 ng/g (DCW). However, no signif-
icant change in the intracellular accumulation of ¢-di-GMP was observed when its own
ZMO1055 was overexpressed. This finding suggests that the Ala526Val substitution in
ZMO1055 compromised its PDE activity, and thus a much higher expression level is needed
to degrade c-di-GMP significantly. These experimental results clearly validated that the SNP
mutation with the open reading frame of ZMO1055 in the genome of ZM401, leading to
the Ala526Val substitution, substantially compromised the catalytic function of the EAL do-
main for c-di-GMP degradation. The intracellular accumulation of c-di-GMP could conse-
quently enhance the biosynthesis of cellulose fibrils by the Bcs complex with BcsA created
by the fusion of ZMO1083 with ZMO1082 encoded by ZMO1083/2 to induce the self-floccu-
lation of the bacterial cells.

Engineering ZM4 with the self-flocculating phenotype. With the roles of ZM01083/2
and ZMO1055 in the self-flocculation of ZM401 validated experimentally, we deleted
ZMO1055 from ZM4 to enhance its intracellular accumulation of c-di-GMP, followed by the
overexpression of the bcs operon from ZM401 for the biosynthesis of cellulose fibrils.

The engineered strain ZM4A1055/BcsABC_401 developed the self-flocculating phe-
notype, which was characterized by a chord length of 568.5 um for the bacterial flocs
and an intracellular accumulation of c-di-GMP up to 2.28 ng/g (DCW), which is signifi-
cantly higher than that of the 1.78 ng/g (DCW) detected in the wild-type ZM4, to
activate cellulose biosynthesis catalyzed by BcsABC_401 for the self-flocculation of the
bacterial cells (Fig. 5). The dynamic gravity sedimentation of ZM4A1055/BcsABC_401
is highlighted by the video (Video S2). These results also indicate that under these
experimental conditions, BcsZ is not required for the self-flocculation of the ZMO1055
deletion mutant of ZM4 upon overexpression of the BcsABC operon of ZM401.
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DISCUSSION

Since the genome of ZM4 was sequenced and reported in 2005 (28), many studies
have been performed on metabolic engineering of Z. mobilis to exploit its merits asso-
ciated with the ED pathway for glycolysis, through which less ATP is produced for low
biomass accumulation to improve product yield (15, 16), in particular, for producing
bulk commodities such as ethanol as a biofuel and 2,3-butanediol, a bio-based chemi-
cal as feedstock to produce synthetic rubber, plasticizer, and other products (39, 40).

Like other bacteria such as Komagataeibacter xylinus and Escherichia coli (41), the ge-
nome of Z. mobilis contains an identifiable variant of the bcs operon (27), but all strains from
this species except ZM401 are unicellular. Some bacteria can develop biofilms, and surfaces
are needed in general for bacterial cells to attach onto to form biofilms (2). While the EPS
matrix of biofilms can frequently contain cellulose, additional components such as proteins,
lipids, and nucleic acids are also present to glue bacterial cells together for the amorphous
architecture (5). In contrast, to the best of our knowledge, the only EPS required for the self-
flocculation of Z. mobilis is cellulose.

The self-flocculating phenotype of bacterial cells is controlled ultimately at the mo-
lecular level, but a dynamic balance can develop between the self-flocculation of the
bacterial cells and the breakup of the bacterial flocs by shearing from mixing, such as
hydrodynamic shearing in shaking flasks and both hydrodynamic and mechanical
shearing created through agitation within bioreactors. The larger the bacterial flocs
are, the poorer their resistance to shearing force will be for being broken up into small
ones to better resist the shearing force. On the other hand, those smaller bacterial
flocs, when contacted, can flocculate together again to form large ones. Not only can
such a dynamic process generate a broad size distribution for the bacterial flocs, but
their insides can also be renewed timely for sustained viability (Fig. S8), making them
more suitable for industrial production, particularly for continuous culture and fermen-
tation to produce biofuels and other bulk products in large quantities, which can be
operated for a long time, even year-long without interruption.

Transcriptomic analysis suggested that the bcs operon required for cellulose biosynthesis
is responsible for the self-flocculation of ZM401 (27), and experimental studies validated
such a speculation (26), raising the question: why the bcs operon in ZM4 cannot synthesize
cellulose to flocculate the bacterial cells like ZM401. Comparative genomic and transcrip-
tomic analyses and molecular docking simulations for interactions of enzymes with sub-
strates and activators indicate that the frameshift mutation created by the nucleotide dele-
tion from a polynucleotide tract in the open reading frame of ZMO1082 created a novel
BcsA fusion protein with an extended N terminus in ZM401, which shows improved catalytic
activities on cellulose biosynthesis for the mutant to develop the self-flocculating pheno-
type. While ZM01083/2 formed through the fusion of ZMO1082 into ZMO1083 is the pre-
requisite for synthesizing cellulose fibrils to flocculate the bacterial cells, the SNP mutation
on ZMO1055 that compromises c-di-GMP degradation is suggested to contribute to the
activation of cellulose biosynthesis through enhanced intracellular accumulation of the mes-
senger molecule. We therefore developed a model for the molecular mechanism underlying
the self-flocculation of Z. mobilis (Fig. 6). Cellulose is synthesized from UDP-glucose by the
fusion protein encoded by ZM0O1083/2, which is activated by the intracellular accumulation
of ¢-di-GMP due to its impaired degradation caused by the mutation in ZMO1055; cellulose
fibrils are subsequently synthesized and exported by the Bcs complex for the self-floccula-
tion of the bacterial cells through their entanglement.

Cellulose production from glucose by K. xylinus, previously named Acetobacter xylinum
and Gluconacetobacter xylinus, was discovered more than a century ago (42). Bioinformatics
analysis suggested that the genome of ZM4 contains a bcs operon comprising ZMO1083,
ZMO1084, and ZMO1085 encoding BcsA, BcsB, and BcsC, respectively (27). We were target-
ing the core subunit BcsA encoded by the fused open reading frame of ZM0O1083/2 in
ZM401, to explore the mechanism underlying the biosynthesis of cellulose fibrils for the
self-flocculation of the bacterial cells, since no mutation was detected in other components
of the Bcs complex in ZM401 (33).
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FIG 6 Mechanism underlying the self-flocculation of the bacterial cells (ZM401).

The structure of BcsA deciphered in Rhodobacter sphaeroides formed eight trans-
membrane helices for functions on catalyzing cellulose biosynthesis (43). BcsA in ZM4
contains 665 amino acids, and topological analysis of the protein structure indicates
that six transmembrane helices could develop. With ZMO1082 fused with ZMO1083 in
ZM401 due to the frameshift mutation, the gene ZM0O1083/2 codes for a protein with
725 amino acids for two additional transmembrane helices at the N terminus, which
besides altering binding of the product UDP, might interact with BcsB to promote cel-
lulose biosynthesis or stabilize the protein, but whether binding of the substrate UDP-
glucose is also altered needs to be studied. The two additional transmembrane helices
thus increase the functionality of BcsA in ZM401 for cellulose biosynthesis and the de-
velopment of cellulose fibrils as well for the self-flocculation of the bacterial cells. With
725 amino acids, BcsA in ZM401 resembles BcsA in R. sphaeroides with 788 amino acids
(43). Both proteins can catalyze cellulose biosynthesis, and thus, deciphering the struc-
ture of BcsA in ZM401 to further explore the mechanism underlying catalysis for the
biosynthesis of cellulose fibrils to flocculate the bacterial cells will unravel communal
and distinct aspects of cellulose biosynthesis in Z. mobilis.

Another impact of the self-flocculation of ZM401 comes from ZMO1055. Although
the SNP mutation with ZMO1055 in the genome of ZM401 did not substantially change the
structure of this bifunctional GGDEF-EAL protein, the mutation might induce less stable bind-
ing of c-di-GMP with the phosphodiesterase EAL domain, and consequently compromise c-di-
GMP degradation for intracellular accumulation of the messenger molecule to activate cellu-
lose biosynthesis. The changes of intracellular c-di-GMP concentration in ZM401 engineered
with the deletion of ZM1055 as well as the overexpression of ZMO1055 from ZM4
and its own ZMO1055 with the mutation experimentally supported such a speculation.
Bioinformatic analysis and molecular docking showed that the mutation is not located in a
consensus motif identified to be required for PDE activity, but compromises the binding of
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c-di-GMP with the active site for degradation. Therefore, the EAL domain of the phosphodies-
terase encoded by ZMO1055 with the SNP mutation regulates the cellulose biosynthesis by
the Bcs complex in ZM401.

Although no significant difference in cell growth and ethanol fermentation was observed
between ZM401 and ZM4 (Fig. S8), the self-flocculation of the bacterial cells should be con-
trolled properly for industrial applications to avoid potential risk in mass transfer limitation
on nutrient uptake and product diffusion caused by their strong self-flocculation to form
large flocs. With the elucidation of the molecular mechanism underlying the self-flocculation
of ZM401, strategies can be developed for engineering other unicellular strains of Z. mobilis
with the self-flocculating phenotype, and in the meantime the self-flocculating process can
be optimized at the molecular level. Moreover, theoretically and technically, other bacteria
can also be engineered with the phenotype for robust production.

Conclusions. Due to the ED pathway for glycolysis with less biomass accumulation
for high product yield, Z. mobilis has been acknowledged as a chassis to be engineered
as microbial cell factories for biorefineries to produce bulk commodities such as bio-
fuels and bio-based chemicals with major costs from feedstock consumption. The self-
flocculation of Z. mobilis endows a unique morphology for the bacterial cells to de-
velop multicellular flocs with physiological and metabolic merits to tolerate various
stresses. With the elucidation of the molecular mechanism underlying such a pheno-
type, strategies can be developed for optimizing the self-flocculation of the bacterial
cells through rational design at the molecular level for robust production.

MATERIALS AND METHODS

Strains and media. The strains used in this work are listed in Table S4. Rich media RMG2 and RMG10
containing 10 g/L yeast extract and 2 g/L KH,PO, supplemented with 20 g/L and 100 g/L glucose, respectively,
were used for seed culture and ethanol fermentation with Z. mobilis. Luria-Bertani (LB) medium was used for
cultivating E. coli DH5« and E. coli JM110. All media were sterilized by autoclaving at 115°C for 20 min before
inoculation.

Culture of Z. mobilis and ethanol fermentation. A single colony of ZM401 was inoculated into 5 mL
RMG2, which was cultured at 30°C and 150 rpm for 24 h, and then used for DNA extraction and genome
sequencing. A loopful of ZM401 or ZM4 was inoculated into an 150-mL Erlenmeyer flask containing 100 mL
RMG2 for culture at 30°C and 150 rpm until their optical density at 600 nm (ODj,,) increased to ~1.0 as seed
for inoculation. The fermenter (2.5 L; KoBioTech KF, South Korea) containing 1.4 L RMG10 was inoculated with
100 mL seed culture for a total volume of 1.5 L, and ethanol fermentation was performed at 30°C and 150 rpm
with pH controlled at 6.0 through automatic titration by 2 N KOH for a consistency of the fermentation process
with the transcription analysis previously reported for ZM4 (44).

We observed that microaeration benefits the self-flocculation of ZM401 without significant impact
on cell growth and ethanol production. Therefore, air filtered with a 0.2 wum-membrane was sparged
into the fermenter at 100 mL/min to stimulate the self-flocculation of ZM401 for mining more informa-
tion on gene expression associated with the self-flocculating phenotype of the bacterial cells.

Analysis of cell growth and ethanol fermentation. The cell suspension of 4 mL was sampled and
deflocculated by cellulases at room temperature following the protocol developed previously (27), and
was then vortexed vigorously for homogenous suspension, followed by OD,,, measurement using a
microplate reader (Multiskan GO; ThermoFisher, USA) to characterize the cell density.

Glucose, ethanol, and glycerol were analyzed by high-pressure liquid chromatography (HPLC)
(Waters e2695, USA) with the refractive index (RI) detector (Waters 2414, USA) operated at 50°C. An or-
ganic acid column (Aminex HPX-87H, 300 x 7.8 mm; Bio-Rad, USA) was employed for the analysis, which
was operated at 65°C with 10 mmol/L H,SO, as the flow phase fed at a flow rate of 0.6 mL/min.

In situ characterization of the self-flocculation of Z. mobilis. Bacterial flocs are deformable and not
uniform in size, which cannot be characterized through microscopic observation, and thus, in situ measurement
is needed. The one-dimensional chord length detected in situ by the FBRM system (ParticleTrack G400; Mettler
Toledo, USA) was employed as previously reported for the measurement of the self-flocculating yeast (45).
Bacterial flocs were collected and transferred into the container equipped with an impeller for the FBRM analy-
sis, and the impeller was adjusted to a rotating rate of 150 rpm for homogenous suspension of the bacterial
flocs. The beam from the FBRM sensor scanned the sample at a speed of 2 m/s with an interval of 10 s, and
the process was run for at least 15 min with each sample to make the data set statistically reliable. Data were
analyzed and processed using Macro v. 1.1.11. Square weight mean was used to assess the statistical data.

Genomic DNA extraction and genome sequencing. The genomic DNA was extracted from 5 mL
culture inoculated with the single colony of ZM401 using the bacterial DNA kit (Omega, USA), following
the protocol provided by the manufacturer.

The genome sequencing was performed using the third generation sequencing PacBio RS Il system
at Instrumental Analysis Center, Shanghai Jiao Tong University (Shanghai, China). The next generation
sequencing (NGS) was performed using the lllumina X 10 platform at Genewiz, Inc. (Suzhou, China) with
paired-end sequencing technology according to the standard protocols.
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The SNVs of ZM401 were identified with the genome of ZM4 as the reference (GenBank accession
numbers NZ_CP023715 for the chromosome and NZ_CP023716, NZ_CP023717, NZ_CP023718, and
NZ_CP023719 for the plasmids). The structure variations (SVs) were analyzed with the long-read PacBio
data based on previously reported methods (46).

Transcriptomic analysis. The transcriptomic analysis workflow was developed based on previous work
(44). Briefly, cultures were sampled from the fermenter at 6 h when the bacterial cells grew to their exponential
stage, followed by total RNA extraction using the TRIzol reagent (Invitrogen, USA). rRNA was digested using
the Ribo-off rRNA depletion kit (Vazyme, China). The sequencing library was then constructed after connecting
the sequencing adapters with the cDNA fragments, of which the first-strand cDNA was synthesized using ran-
dom hexamer-primers, and the second-strand cDNA was synthesized using dATPs, dGTPs, dCTPs, dUTPs,
RNase H, and DNA polymerase | after removing deoxynucleoside triphosphates (dNTPs).

RNA-seq was performed at Genewiz, Inc. (Suzhou, China) using paired-end sequencing technology
following the manufacturer’s protocol. Data quality was assessed with the FastQC program (http://www
.bioinformatics.babraham.ac.uk/projects/fastqc/), and data passing the quality control process were
imported into the CLC Genomics Workbench v.11.0 (Qiagen, USA) for analysis to obtain the RPKM (reads
mapping to the genome per kilobase of transcript per million reads sequenced) values using the ge-
nome of ZM4 as the reference. Gene expression normalization, analysis of variance, and hierarchical clus-
tering development were conducted using JMP Genomics v. 9.0 (SAS, Inc., USA) to identify differentially
expressed genes in ZM401 with the selection thresholds —1 = log, (fold change) = +1 and the statisti-
cal significance of P = 0.05. Duplicate samples were used for each analysis.

Protein-ligand docking. With crystal structures of BcsA from R. sphaeroides (PDB ID: 4p02.1.A) and
PA0861 from P. aeruginosa (PDB ID: 5xge.1) as templates for simulating BcsA and ZMO1055 in ZM4 and
ZM401, respectively (38, 47), protein structures were constructed using the protein homology modeling
software SWISS-MODEL (48). Global model quality estimation (GMQE) and qualitative model energy
analysis (QMEAN) were applied to assess the modeling results, and a criterion with scores between 0
and 1 was recommended for such an assessment (48). For BcsA and ZMO1055 in ZM4 and ZM401, their
GMQE and QMEAN scores were calculated to be 0.64 and 0.62 as well as 0.62 and 0.63, respectively,
which are statistically significant for simulations using the model. Then, substrates and activators were
docked with enzymes using the software BIOVIA Discovery Studio 2016 to simulate their interactions,
and binding energy was further calculated.

Genetic manipulations. The plasmids and primers used in this study are listed in Tables S5 and S6,
respectively. Plasmid construction and genetic manipulations were performed as previously reported
(26). For gene deletion, two homologous regions with the target gene flanked were obtained by PCR,
and then infused with the plasmid pEX18Tc. For gene overexpression, target genes and promoters were
amplified by PCR, and then infused with the plasmid pHW20a or pEZ15Asp. Recombinant plasmids
were transformed into E. coli DH5« for propagation, which were confirmed by Sanger sequencing before
being transformed into E. coli JIM110 for demethylation. Demethylated recombined plasmids were then
transformed into ZM401 or ZM4 through electroporation using Gene Pulser (Bio-Rad, USA) with 0.1-cm
gap cuvettes operated at 18 kV/cm, 200 Q, and 25 uF. Selection of positive colonies was carried out on
RMG2 agar plates containing 20 mg/L tetracycline or 100 mg/L spectinomycin for mutants engineered
with the vector pHW20a or vector pEZ15Asp. While engineered with the vector pEX18Tc, colonies were
screened on RMG2 agar plates supplemented with 20 mg/L tetracycline followed by another selection
on RM agar plates composed of 10 g/L yeast extract and 2 g/L KH,PO, and 50 g/L sucrose but without
glucose. PCR verification was performed (Fig. S9).

Extraction and measurement of intracellular c-di-GMP. The bacterial cells were grown for 12 h to
their exponential phase with an OD,, ~3.0, and then 15 mL culture was centrifuged at 5,000 x g and 4°
C for 3 min to collect the pellet. The precooled solvent of 1T mL (2:2:1 for methanol:acetonitrile:double-
distilled water [ddH,0]) was used to disrupt the bacterial cells and extract soluble components at —20°C
for 30 min, and the supernatant was collected by centrifugation at 12,000 x g and 4°C for 5 min. The
pellet was dispersed again with 1 mL precooled extraction solvent for another round of extraction and
centrifugation with supernatant collected.

Chloroform (2 mL) was added into the supernatant (2 mL), which was mixed by shaking to extract the
hydrophobic components selectively. After resting 5 min for phase separation, the upper phase with c-di-GMP
was collected for drying by a freeze dryer. The extraction solvent of 80 uL was used to dissolve the paste,
which was vortexed violently for 2 min, and then 50 wL solution was sampled for c-di-GMP analysis with an
Acquity ultra performance liquid chromatography (UPLC) I-class/Vion IMS QToF instrument.

Briefly, an I-class Acquity UPLC (Waters, UK) instrument with a SeQuant ZIC-HILIC column (100 x 2.1 mm)
packed with 3.5 um polyetheretherketone was used for separating c-di-GMP at 45°C. The flow phase was devel-
oped by phase A (50 mM ammonium formate) and phase B (acetonitrile). Separation of c-di-GMP was conducted
at three stages within 15 min at a flow rate of 04 mL/min as follows: stage | from 0 to 10 min with phase B
decreased from 90% to 50% and phase A increased from 10% to 50%, stage Il from 10 min to 12 min with phase B
increased from 50% to 90% and phase A decreased from 50% to 10%, and stage Il from 12 min to 15 min with
90% phase B plus 10% phase A. c-di-GMP was further analyzed with a Vion IMS QToF mass spectrometer (Waters,
UK) with an electrospray ionization (ES) interface operated at negative ion mode with the parameters desolvation
and ion source temperatures of 500 and 120°C, respectively; collision energy, 40 eV; desolvation gas flow rate, 1,000
L/h; cone gas flow rate, 50 L/h; capillary voltage, 2,000 V; cone voltage, 20 V. Data were acquired from m/z
50 to 1,000 at a scan speed of 0.3 s with the scan mode mRm. UNIFI v. 1.8.1 was used for data processing, and c-di-
GMP with a purity of 98% (Biolog, Germany) was used as the standard to calibrate the analysis.

Data availability. All data are available in the main text and supplemental material. The raw data
for omics analysis were deposited at the National Center for Biotechnology Information (NCBI) with the
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BioProject accession numbers PRINA590867 and PRINA590816 for genome sequencing and transcrip-
tomic analysis, respectively. All materials developed in this work are available for noncommercial use
upon request.
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