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ABSTRACT

Enhanced synthesis of hyaluronic acid (HA) with recombinant Corynebacterium glutamicum as production host
was achieved in this work. Hyaluronan synthase (HAS), which is a membrane protein acting as a key enzyme in
HA biosynthesis, impacts both HA yield and its molecular weight. Cell morphology, which includes size, shape,
and surface area, has a large impact on the expression and activity of HAS. Therefore, deliberate regulation of cell
morphology holds the potential to enhance HA production. Here, we constructed three modules, namely the
transporter module, the morphology tuning module and the HA synthesis module. The transporter module
contains a strong constitutive promoter Py, and arabinose transport protein was used to control the maximum
amount of inducer entering the cell, thus reducing excessive cell deformation. The morphology tuning module
contains an arabinose-inducible weak promoter Pgap and a cell-division-relevant gene was used to sense intra-
cellular inducer concentrations and achieve different degrees of change in cell size. These two modules worked
together, described as a dual-valve regulation, to achieve fine-tuning of cell morphology, resulting in a 1.87-fold
increase in cell length and a 2.08-fold increase in cell membrane. When combined with the HA synthesis module,
the HA titer reached 16.0 g/L, which was 1.6 times the yield reported in the previous morphology-engineered
strain. Hence, for the first time, a morphologically engineered strain resulting in both high cell density and
HA titer was constructed.

1. Introduction

enhanced HA production include metabolic engineering, protein engi-
. . . 5 . . .
neering, and process engineering.'>'® A new innovative perspective for

Hyaluronic acid (HA) is an important glycosaminoglycan (GAG),
comprising alternating D-glucuronic acid (GIlcUA) and N-acetyl-D-
glucosamine (GlcNAc) monomers linked through f-1,3 and $-1,4
glycosidic bonds. HA is characterized by its remarkable water-retention
and moisturizing properties, high viscoelasticity, exceptional lubrica-
tion, and excellent biocompatibility, which attributes to its wide appli-
cations in cosmetics, clinical medicine, and health care products.l S HA
biosynthesis requires the involvement of a variety of enzymes, the most
critical being the membrane protein hyaluronan synthase (HAS), a
bifunctional glycosyltransferase that synthesizes HA chains using
UDP-D-glucuronic acid (UDP-GlcUA) and UDP-N-acetyl-D-glucosamine
(UDP-GleNAc).® By heterologous expression of HAS, HA synthesis
has been successfully achieved in E. coli,>” B. subtilis,>’
C. glutamicum,'®'? and L. lactis.'®'* Currently, the main strategies for

improving the performance of HA synthesis is by increasing the
expression of HAS by altering the cell membrane though morphological
engineering of the host cell.!”

Cell morphology, which includes size, shape and surface area, plays
an important role both in cell growth and production. Morphology en-
gineering refers to achieving changes in cell morphology by regulating
the expression of related proteins.'®!? Proteins that affect cell
morphology play important roles in cell division, cytoskeleton mainte-
nance, cell wall synthesis and hydrolyzation.?® Strategically controlling
cell morphology holds great significance in strengthening the synthesis
of target products. Thus, for intracellular products, increasing cell vol-
ume can effectively provide more space for product synthesis. As shown
in literature, overexpressing the cytokinesis inhibitory protein SulA
while backfilling the cytoskeletal actin protein MreB changed the cell’s
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appearance from a rod-shape to an elongated filament, increasing the
yield of poly-p-hydroxybutyrate (PHB) by 100%, reaching 8.11 g/L.”!
For the synthesis of products requiring the participation of membrane
proteins, increasing the cell membrane area is instrumental for elevating
enzyme levels and their activity to enhance production.?? Previous at-
tempts by Zheng et al. to overexpress the cell-division-relevant gene ftsZ
in C. glutamicum resulted in dumbbell-like enlarged cells, which
enhanced single-cell HAS level and HA titer by 2.1-fold and 13.5-fold,
respectively.”® In this work, however, overexpression of ftsZ greatly
inhibited cell growth, leading to a severe decrease in cell number and
overall HA titer. We found that in the recombinant strain, ftsZ and hasAB
(HA-synthesis operon) were both expressed by the same strong inducible
promoter Py,., consequently the resulting engineered cell size was hy-
pertrophic, thereby severely inhibiting cell division, then significantly
reducing cell density and HA accumulation. Therefore, it is worth
investigating whether cell-size engineering through the accomplishment
of mild-regulation of cell division and precise control of the cell
enlargement degree can impact the overall HA productivity.

In this work, we tried to explore a feasible way to achieve mild-
regulation of cell division and fine-tuning of C. glutamicum cell size.
Hence, we constructed two independent modules, namely the trans-
porter module and the morphology tuning module, which combined
together to create an elegant dual-valve regulation strategy via
arabinose-based transporter-promoter in C. glutamicum. By judiciously
regulating the expression of arabinose transporter proteins and cell
morphology proteins, cell size was enlarged within a defined range,
facilitating enhanced HA synthesis without impeding normal cell
growth.

2. Material and methods
2.1. DNA manipulation

DNA electrophoresis, DNA enzyme digestion and ligation, Gibson
assembly reaction, and plasmid transformations were performed ac-
cording to the standard laboratory protocols. Phanta high-fidelity DNA
polymerase used in polymerase chain reaction was from Vazyme, China.
Plasmid extraction kit and gel extraction kit were from Omega, United
States. Gibson assembly reaction kits were from Vazyme, China.
QuickCut restriction enzymes were from Takara, China.

2.2. Plasmid and strain construction

The plasmids and strains used in this study are listed in Table 1. The
primers used for gene amplifications are listed in Table 2. Plasmid pEC-
Piac was the backbone for gene ftsZ. Plasmid pkl8mobsacB, which is
lethal in presence of sucrose, can be used for genome editing via double
crossover homologous recombination. Ara gene fragment containing
regulatory protein gene araC, regulatory protein gene promoter P, and
arabinose promoter Pgap was amplified using prime pEC-Ara-F and pEC-
Ara-R. The plasmid backbone was amplified using prime pEC-F and pEC-
R from template pEC-AB-ftsZ. These two fragments were fused by Gibson
assembly reaction, and the resulting plasmid was pEC-AB-Ppap-ftsZ.
Gene araE was synthesized based on known gene sequences by GENE-
WIZ, Inc. Gene fragment Py, ItbR upstream and 1tbR downstream were
all cloned from C. glutamicum ATCC13032 using corresponding prime
PyueF and PR, 1tbR-up-F and ItbR-up-R, ItbR-down-F and ItbR-down-
R. Plasmid pK18mobsacB was double digested using HindIII and Xbal
restriction enzymes. The backbone pK18mobsacB, gene fragment 1tbR-
up, ltbR-down, Py, and araE were fused by Gibson assembly reaction,
and the resulting plasmid was pk18Py,s-araE.

2.3. Shake flask culture of recombinant C.glutamicum

The seed solution was cultured in LBG medium (NacCl 10 g/L, yeast
extract 5 g/L, tryptone 10 g/L, glucose 5 g/L) containing 25 pg/mL
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Table 1
Plasmids and Strians used in this study.
Plasmids and Description References
Strains
Plasmids
PEC-XK99E Kana’, Py-MCS, rep from native plasmid 24
PGA1 (GenBank: X90817.2) of
C. glutamicum
pk18mobsacB Kana", sacB from B.subtilis 25

PEC-P,-GFP 1o

PEC-Py,+GFP
PEC-Pgp,o-GFP
PEC-Pq-GFP
PEC-Pg,,-GFP
PEC-Pepo-GFP
PEC-P;cn-GFP
PEC-Ppgi-GFP
PEC-Pgrops-GFP
PEC-Pyapp-GFP
PEC-Ppkia-GFP
PEC-Pgapa-GFP
PEC-Pgyan-GFP
PEC-P,y,s-GFP
PEC-Prpha-GFP
PEC-P;eca-GFP

PEC-XK99E derivate, P,c-gfpuv-Ter
PEC-XK99E derivate, Py,~gfpuv-Ter
PEC-XK99E derivate, Pg,o-gfpuv-Ter
PEC-XK99E derivate, Pyoq-gfpuv-Ter
PEC-XK99E derivate, Pg,-gfpuv-Ter
PEC-XK99E derivate, Peno-gfpuv-Ter
PEC-XK99E derivate, P,cy-gfpuv-Ter
PEC-XK99E derivate, P,g-gfpuv-Ter
PEC-XK99E derivate, Py og-gfpuv-Ter
PEC-XK99E derivate, Pgapp-gfpuv-Ter
PEC-XK99E derivate, Pyysa-gfpuv-Ter
PEC-XK99E derivate, Pgapa-gfpuv-Ter
PEC-XK99E derivate, P4an-gfpuv-Ter
PpEC-XK99E derivate, P,gfpuv-Ter
PEC-XK99E derivate, Pppna-gfpuv-Ter
PEC-XK99E derivate, Preca-gfpuv-Ter

10
10
10
10
10
10
10
10
10
10
10
10
10
10

PEC-Pac rep from native plasmid pGA1 (GenBank: 23
X90817.2) of C. glutamicum, Kana", Py, lacl
PEC-AB PEC-Py,. derivate, Pi,c-hasA-hasB-Ter 2
PEC-AB-ftsZ PEC-Py,. derivate, Py,c-hasA-hasB-ftsZ-Ter 2
PMBAD-hasA-hasB Plasmid carrying araC-Pc-Pgap-hasA-hasB Laboratory
storage
PEC-Pae-AB-Ppap- PEC-Py,. derivate, Py,.-hasA-hasB-araC- This work
ftsZ Ppap-ftsZ-Ter
PEC-Pac-AB-ftsZ PEC-Py,. derivate, Py,-hasA-hasB-ftsZ-Ter This work
pk18-PyraraE pk18mobsacB derivate, harboring 1tbR This work
upstream, Py, araE and 1tbR downstream
homologous arm
Strains
E.coli TOP10 F-mcrAA(mrr-hsdRMS-mcerBC) Solarbio
80 lacZ AM15 Alac X74 recAl deoR
araD139 A(ara-leu) 7697 galU galK rpsl
(strR) endAl nupG
C. glutamicum Wild type 26
ATCC13032
Cg-Pyr-araE Wild type derivate, pk18Py,-araE This work
Cg-Piac-GFP Wild type derivate, pEC-Pt,.-GFP, Kana' 10
Cg-Pyus-GFP Wild type derivate, pEC-Py,+~GFP, Kana" 10
Cg-Pgpa-GFP Wild type derivate, pEC-Pg,,-GFP, Kana® 1o
Cg-Psod-GFP Wild type derivate, pEC-Pso4-GFP, Kana® 10
Cg-Pgap-GFP Wild type derivate, pEC-Pg,,-GFP, Kana" 10
Cg-Peno-GFP Wild type derivate, pEC-Pey,-GFP, Kana" 10
Cg-Paen-GFP Wild type derivate, pEC-P,c,-GFP, Kana" 10
Cg-Ppgi-GFP Wild type derivate, pEC-P,gi-GFP, Kana" 10
Cg-Pgrors-GFP Wild type derivate, pEC-Pg,ps-GFP, Kana" 10
Cg-Pgaps-GFP Wild type derivate, pEC-Pgapp-GFP, Kana® 10
Cg-Ppiea-GFP Wild type derivate, pEC-Pyia-GFP, Kana® 10
Cg-Papa-GFP Wild type derivate, pEC-Pgapa-GFP, Kana" 10
Cg-Pyan-GFP Wild type derivate, pEC-Pgq,-GFP, Kana® 1o
Cg-P,i-GFP Wild type derivate, pEC-P,,-GFP, Kana" 10
Cg-Prmpha-GFP Wild type derivate, pEC-Pppna-GFP, Kana' 10
Cg-Preca-GFP Wild type derivate, pEC-P;e.s-GFP, Kana" 10
Cg01 Cg-araE derivate, pEC-Py,-AB, Kana" This work
Cg02 Cg-araE derivate, pEC-AB-ftsZ, Kana" This work
Cg03 Cg-araE derivate, pEC-Py,c-AB-Ppap-ftsZ, This work

Kana"

kanamycin overnight at 30 °C, 200 rpm.

The seed solution was inoculated with 2.5%v/v inoculum in 50 ml
fermentation medium (corn syrup powder: 20 g/L, glucose: 40 g/L,
glutamine: 1.5 g/L, (NH4)2SO4: 30 g/L, KHyPO4: 1 g/L, KoHPO4: 0.5 g/L,
MgS04-7H20: 5 g/L, FeSO4-7H20: 10 mg/L, MnSO4-7H20: 10 mg/L,
kanamycin: 25 pg/mL) in a 500 ml flask. The culture condition was
30 °C, 200 rpm. 0.3 mM IPTG and 0.15 g L-arabinose were added as
inducers after 3 h pH was adjusted to 7.2 every 12 h and 15 g/L glucose
was supplemented at 24 h.
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Table 2
Primers used in this study.

Primer Sequences (5'-3")

pEC-Ara-F AAATCAATTATGACAACTTGACGGCTA

pEC-Ara-R ATGGAGAAACAGTAGAGAGTTGCG

ftsZ-F CAAAGGAGGACACATATGACCTCACCGAACAACTACCT
ftsZ-R CCGGAATTCTTACTGGAGGAAGCTGGGTACATC

pEC-F TAGCCGTCAAGTTGTCATAATTGATTTGTCCTACTCAGGA
pEC-R ACTCTCTACTGTTTCTCCATACCCGTTTTTTTGGGCTAGA
Puur-F GCTCAGATCGTTTAGATCCGAAGG

PwsR TCCTCCTTTTGTATGTCCTCCTGGAC

1tbR-up-F TATGACATGATTACGAATTCGGAACTGGGTTCGGGGCGGA
1tbR-up-R GGTACCCAGCTTTTGGAGCGCCTAGGCGCTTTGCT
1tbR-down-F CGCGTGTAAACCTTGAATTTAGCATTTCACC

1tbR-down-R AGGTCGACTCTAGAGGATCCATCTTGGCGATAATCGCCAG
dnaE(qRT)-F ATTTGAAGGCGCACTACGCG

dnaE(qRT)-R CGGCGAAAGCACTCGAATTCC

ftsZ(qRT)-F CTCGAAGCAACAATGGACGG

ftsZ(qQRT)-R TTGACATCTTCATCGGAACGC

pEC-test-F TCGGAAGCTGTGGTATGGCTG

pEC-test-R TCACTTCTGAGTTCGGCATGGG

araE-test-F TGAGCGAGGAAGCGGAAGAG

araE-test-R CGACCTTGTCAAAGGTTGCG

2.4. GFPuy reporter assessment

Promoters were assembled with a UV light-excitable green fluores-
cent protein (GFP) to evaluate the promoter strengths. Detailed infor-
mation can be found in our previous study.”’

2.5. RNA isolation, reverse transcriptase PCR, quantitative real-time PCR
(qRT-PCR) assay

The operation of RNA isolation, reverse transcription PCR and
quantitative real-time PCR (qRT-PCR) were manipulated according to
the previous manual set up in our laboratory.”> A housekeeping gene,
dnaE, was chosen to normalize the expression of the target gene fisZ.
Primers dnaE(qRT)-F/dnaE(qRT)-R and ftsZ(qRT)-F/ftsZ(qRT)-R were
used.

2.6. Cell morphology observation by transmission electron microscope
(TEM)

1 ml of fermentation broth was taken and washed twice using PBS
buffer, then it was diluted 20 times and dropped on a carbon-coated
copper grid for 2 min, filter paper was used to absorb excess liquid
droplets. 1 pl sodium phosphotungstate solution was taken and dropped
onto the sample to stain for 1 min, and excess liquid droplets were
absorbed using filter paper.

2.7. Cell morphology observation by scanning electron microscope (SEM)

1 ml fermentation broth was collected and centrifuged at 13000 rpm
for 2 min to get the bacterium. After washing the cells twice with
deionized water, 1 mL fixative (2.5 % glutaraldehyde) was added and
the mixture was placed in a shaker at 30 °C and 200 rpm for 2 h to fully
fix the cell. Cells were harvested and freeze-dried to obtain the dried
bacterial powder. An appropriate amount of dried bacterial powder was
attached to the conductive adhesive, and the surface was sprayed with
gold for a duration of 60 s. Cell morphology was observed using scan-
ning electron microscope (QuanTa 200).

2.8. Microbial number calculation by hemocyte counting plate

Cells were harvested by centrifugation at 13,000 rpm for 3 min from
1 ml fermentation broth and washed twice with deionized water. The
harvested cells were then resuspended in 1 ml deionized water and its
ODgo was measured using a visible light spectrophotometer. After that,
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the treated fermentation broth was diluted 20-100 times, until the final
ODgoo was 1. 2 pl of the diluted liquid was then taken and evenly spread
on the counting area of hemocyte counting plate, after being dried at
room temperature, 100 pl dye was added to stain the cell for 3 min. The
dye was gently washed off with deionized water and the cells were dried
at room temperature. 20 pl of pine oil were then added on the plate, the
cell number was calculated using 100x objective lens by NIKON Eclipse
50i.

2.9. HA titer and single cell HA synthesis determination

3 ml anhydrous ethanol was added to 1 ml of the fermentation broth
and stored at 4 °C for 2 h. After being centrifuged at 10,000 rpm for 3
min, the supernatant is removed and the tube is inverted at room tem-
perature for 1 h to dry the precipitate. Finally, 1 ml deionized water was
added and the precipitate was fully resuspended. The preliminary pu-
rified HA product was obtained by centrifugation at 10,000 rpm for 1
min.

The HA titer was determined by the modified CTAB method.”>*°

Single cell HA synthesis was calculated by the following formulate:

HA titer
ODgo % cell number per OD

Single cell HA synthesis=

2.10. Quantitative analysis of HA synthesis pathway metabolites

Liquid mass spectrometer (AB SCIEX QTRAP 6500) was used for the
quantitative analysis. Pretreatment was completed as follows: 1 ml
fermentation broth was taken and centrifuged at 13,000 rpm for 3 min,
the supernatant was discarded. The precipitate was washed with PBS 1-2
times and diluted to equal OD (value of ODggg around 10 is better). 100
pl of diluted solution was taken and further dissolved using 400 pl of
precipitant (80% methanol/acetonitrile + 20% water), the mixture was
vortexed for 5 min and then put into liquid nitrogen to freeze for 5 min.
The mixture was then put in -80 °C environment for 4 h and then
centrifuged at 4 °C for 3 min. Finally, the supernatant was taken to test.
Test and standard samples were injected in the liquid mass spectrometer
and data was collected.

3. Results

3.1. Design and construction of independent modules for cell size tunning
and HA synthesis

As stated in the introduction, FtsZ, encoded by one of the most
important and widely studied morphology genes, is a cytokinesis protein
that affects cell morphology by influencing the formation of Z-ring
during cell division. In this study, when gene ftsZ was overexpressed
under the strong inducible promoter Py, cell length and membrane area
increased 4.8-fold and 5.2-fold respectively, compared to the wild type.
The number of cells under iso-OD, however, plummeted to 1/16,
resulting in a severe reduction of HA production, which decreased 75%.
That is, a 5-fold enlargement is excessive for the cell, and under exces-
sive deformation cell division was severely affected, thus reducing cell
density and total HA production. In order to adequately control cell size
and achieve enhancement in both high-density cell culture and high-
titer HA production, we designed three independently functioning reg-
ulatory modules, namely the transporter module, the morphology tun-
ing module and the HA synthesis module, where the first two modules
are jointly responsible for cell size regulation and the last one is
responsible for HA production (Fig. 1). By doing so we created a fine-
tuning strategy for cell size completely independent of HA synthesis
through adopting a strong constitutive promoter-weak inducible pro-
moter composite, which is described as a dual-valve regulation as it can
be tuned into different strengths to suit various needs.

For the morphology tuning module, since the strong promoter P,
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Fig. 1. Design of the three modules for fine-tunning the cell morphology together with HA synthesis. Module I, responsible for HA synthesis, expresses the HA
synthesis operon (hasA-hasB) via strong inducible promoter Py,.. Module II, the transporter module, expresses the arabinose transporter gene araE, which will be
driven by a constitutive strong promoter. Module III, the morphology tuning module, expresses the cell-division-relevant gene ftsZ, which will be driven by an

inducible moderate-weak promoter. Draw with BioRender.com.

resulted in excessive deformation, a moderate or weak inducible pro-
moter is preferred to attain a mild and independent tuning of cell size.
First, the inducible promoters available in C. glutamicum were explored.
With Py, as control, a theoretical analysis based on the strength and
induction mechanism of five commonly used inducible promoters in
C. glutamicum was conducted. The studied promoters were p-iso-
propylthiogalactoside (IPTG)-inducible Py, arabinose-inducible Pgap,
tetracycline-inducible Py, rhamnose-inducible P, and cumate-
inducible Peymate (Fig. 2A). The inducer can enter the cell directly or
through transporter proteins, for the latter, a controllable and accurate
dual regulation for both the expression of the transporter protein and the
concentration of inducer can be achieved. Hence, Pyt and Peymate, Which
are both free of transporter protein in their inducible expression, lacking
the demanded characteristics for designed dual-valve regulation for
morphology gene to achieve more controllable and precise cell size
change,zg’29 were not further considered. At the same time, P,;,, was also
not considered given its limited applications caused by the risk of severe
leakage and its low expression intensity.g() Lastly, Py, which shares the
same inducer as Pge, was also excluded.’'® Eventually, under
comprehensive consideration of the induction mechanism and expres-
sion intensity, the moderate inducible promoter Pgap was selected to
accomplish both moderate cell size regulation and HA-enhanced
accumulation.

The arabinose operon includes two promoters, P. and Pgap, a tran-
scriptional regulatory protein, AraC, and three binding sites. When
arabinose is not present, the AraC protein binds to the repression sites
and the target gene regulated by this system will not be expressed.
Contrary, when arabinose is present, it binds with the AraC protein,
forming a complex binding to the excitation site and stimulate the
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expression of target gene. The composition and mechanism of arabinose
operon is shown in Fig. S1.

For the transporter module, arabinose enters the cell with the help of
the transporter protein AraE, which is absent in our host strain
C. glutamicum ATCC13032.%%% To stabilize genetic circuits that regulate
cell morphology, a strong constitutive promoter was preferred to allow
more inducer to enter the cell. In contrast to the morphology module, in
which the design was expressed on a plasmid, the transporter module
was designed to directly integrate on the genome. Therefore, a range of
endogenous promoters in C. glutamicum (Fig. 2B) were compared in
terms of the GFP expression intensity, and the strong endogenous pro-
moter Py was selected to express the arabinose transporter protein
AraE. When the gene ftsZ was expressed by Py, the resulting cell size
was approximately 5-fold larger, but as the strength of Py is about half
of Py, we expect the maximum cell size to be about 2-fold larger, thus
achieving a more suitable enlargement. Promoter Py,s and gene araE
were integrated on the genome by homologous recombination to
construct the host strain Cg-Py,r-araE, which is capable of transporting
arabinose. Detailed information for the construction of Cg-PysaraE is
shown in Fig. S2.

Based on the above two modules, we elaborately designed a dual-
valve strategy for cell size regulation. The transporter module served
as the first valve for controlling the maximum amount of arabinose that
can be transferred into cell, which corresponds to the maximum cell size
change. Then the morphology tuning module expressing gene ftsZ using
Ppap served as the second valve for sensing intracellular inducer con-
centration and accordingly expressing ftsZ at different intensities, thus
regulating changes in cell size. The opening of both valves, can be
controlled by the expression levels of araE and ftsZ, respectively. By
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Fig. 2. Selection and construction of three strains based off the designed modules. (A) Comparison of commonly used inducible promoters in C. glutamicum, where +
represents that transporter proteins are required for the entry of inducer into cell and - represents that transporter proteins are not required. * indicates the expression
intensity of induction, the more * there are, the stronger expression intensity. (B) Comparison of endogenous promoter strengths and the -35 and -10 regions of
C. glutamicum, where the intensity of green indicates the relative strength of the promoter. GFP, green fluorescence protein. -35 and -10 region was predicted by
BPROM, http://www.softberry.com. (C) Construction of Cg01, Cg02 and Cg03. Expression of module I and II was on the plasmid while expression of module III was
on the genome.
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jointly regulating these two valves, cell size was expected to be enlarged
to up to 2-fold, and different inducer concentrations were expected to
aid achieving different levels of cell enlargement, thus creating a precise
tuning method for cell size control.

For the HA synthesis module, the HA synthesis gene cluster (hya-
luronan synthases, hasA and UDP-glucose dehydrogenase, hasB) was
express by P to maximize HA synthesis. Furthermore, to reduce
additional introduction of plasmids which might affect stable copy for
target gene, the HA synthesis gene cluster was expressed on the same
plasmid along with the morphology gene fisZ.

Hitherto, the three modules have been successfully defined and
constructed. Additionally, to investigate the effect of cell size engi-
neering on HA synthesis, we constructed a strain that did not undergo
metamorphosis, Cg01, and two strains that contained the different cell
size regulation modules, Cg02 and Cg03. The detailed information for
these three strains is shown in Fig. 2C. In Cg02 HA module I and II was
coupled as HA synthesis gene cluster and ftsZ were both expressed by
strong inducible promoter Pg.. In Cg03, which is our target, the
expression of HA synthesis gene cluster and ftsZ was separately
controlled by P, and Ppap. And cell size was regulated under the
designed dual-valve regulation system which was composed of module
II and module III via a strong constitutive promoter-weak inducible
promoter composite. The construction and validation of these strains are
shown in Fig. S3.

3.2. Cell size regulation of Cg01, Cg02 and Cg03

The optimal arabinose concentration for Cg03 was determined first
by measuring ODggo and then by observing the change of cell size under
different inducer concentrations (Fig. S4). Results indicated that 0.3 wt
% was the optimal arabinose concentration. Also, the largest cell in the
field of view was pictured and measured. It was found that under
different arabinose concentration, the enlargement for cell size was
different (Fig. 3). In the absence of inducer, cell size remained un-
changed compared to the wild type, meaning that the leakage expression

(e)
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level of the dual-valve regulation system is extremely low. In contrast,
with the increase of inducer concentration, cell size showed a trend of
increasing, remaining stagnant and finally decreasing. Results showed
that the maximum enlargement was under concentration of 0.4 wt%,
meaning 2.8 pm in cell size. Under concentration of 0.3 wt% cell size
enlarged 2-fold compared with the control, which perfectly fit with our
expectation. It also verified the ability of the dual-valve system to cause
change in cell size to up to 2-fold depending on the inducer concentra-
tion, thus providing insight into achieving controllable and fine tuning
for cell size.

The structure of the division protein FtsZ plays a crucial role in the
morphology tuning module. As FtsZ protein structure in C. glutamicum is
not reported, its structure was predicted (Fig. 4A). Through qRT-PCR,
the transcription level of the gene ftsZ was observed. It was found that
expression of ftsZ in Cg03 using Pgap under regulation of the dual-valve
system was 10-fold higher compared to Cg01. Replacing Pgap with Py,
the expression level of ftsZ reached about 300-fold higher (Fig. 4B),
consequently verifying that the appropriate expression of the
morphology gene was favored by regulation of the dual-valve system.
Finally, the melt curves for three parallel samples during qRT-PCR
(Fig. 4C) almost completely overlapped and each showed a single
peak, indicating that the results in Fig. 4B are high-accurate.

Cell deformation was consistent with the results of the ftsZ relative
expression level, as shown by the scanning electron microscope and
transmission electron microscope images in Fig. 5A and B. With Cg01 as
control, results show that Cg02 produced significant deformation, which
was about 5-fold increase in cell length, whereas deformation of Cg03
was relatively more modest, with an approximate 2-fold increase in cell
length, that being 2-3 pm. Multiple fields of view for one sample were
photographed and the accurate cell length was obtained by scale con-
version, photographs of the longest cells were then taken and used to
show how the conversion was done (Fig. 5C). 130 cells were counted in
each strain sample, from which we calculated the average cell length
and average membrane area (Table 3) and depicted their distributions in
Fig. 5D and E. Results showed that both the average and maximum cell

Fig. 3. Scanning electron microscope images of the largest cell in wild type and Cg03 under different concentrations, respectively. Cg03 contains plasmid pEC-Pyyc-
AB-Ppap-ftsZ. The inducer IPTG concentration was 0.3 mM and the arabinose concentration was 0.3 wt%. (a) wild type C. glutamicum ATCC13032, (b) 0 wt%
arabinose, (c) 0.3 wt% arabinose, (d) 0.4 wt% arabinose, (e) 1 wt% arabinose, (f) 2 wt% arabinose. All images and cell length measurements were done at uni-

form scale.
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Fig. 4. Results for quantitative real-time PCR for Cg01, Cg02 and Cg03, where Cg01 contained plasmid pEC-P,-AB, Cg02 contained plasmid pEC-Py,.-AB-ftsZ, and
Cg03 contained plasmid pEC-Py,.-AB-Ppap-ftsZ. The IPTG inducer concentration was 0.3 mM and the arabinose concentration was 0.3 wt%. (A) Structure for protein
FtsZ in C. glutamicum, predicted by AlphaFold, https://www.alphafold.ebi.ac.uk/. (B) Relative expression level of the gene ftsZ in 24 h for the three recombinant
strains. Experiments were reproduced in triplicate. (C) Melt curves of the three parallel samples.

length in Cg03 were about a 2-fold enlargement, with average of 2.54
pm and maximum of 4.3 pm. The average cell membrane area also
increased 2-fold, which was around 7.47 pmz, while the maximum
membrane area reached 2.8-fold, which was 14.2 pm?. Enlargement of
cell size in Cg02 was more remarkable, reaching about 4-fold in both
average cell length and membrane area, which were 4.41 pm and 11.93
pm?, respectively. And the maximum cell membrane area increased
around 12-fold reaching 60.5 pm?. From Fig. 5D and E, it was found that
cell size distribution including cell length and membrane area was the
most concentrated in Cg01, followed by Cg03, with Cg02 having the
widest cell size distribution. It suggested that cell sizes are not identical,
rather they are distributed within a range of values and cell deformation
affects the distribution of cell sizes. Compared with Cg02, Cg03 has less
effect on cell size distribution, which further illustrates the superiority of
dual-valve regulation strategy.

3.3. Cell number and HA synthesis in recombinant C.glutamicum

When cells undergo metamorphosis, the linear relationship between
ODgpo and the number of cells cannot be deduced since larger cells
absorb more light compared to normal cells, yet cell size was not
accounted as a variable in the relationship. Thus, an alternative method
to characterize cell density and growth according to the cell count using
optical microscope and transmission electron microscope was used. It
was found by TEM imagery that under same dilution level cell count in
Cg03 was significantly higher than that in Cg01 and Cg02 (Fig. 6A).
Hemocyte counting plates were used to count the number of cells per
ODgpo under iso-OD condition. When observing cell density in one
counting square under optical microscope, it was found that cell density
for Cg02 was significantly lower than Cg03, which did not deviate much
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from Cg01 (Fig. 6B). The results are consistent with literature, a dra-
matic decrease in cell number occurred when ftsZ was overexpressed
using Piae. ODggp was measured using a spectrophotometer, through
which the cell number per ODggo was calculated (Fig. S5), allowing for
an assessment over the total cell count (Fig. 6C). Because of excessive
cell deformation, the cell counts in Cg02 decreased about 33% compared
to the control group despite the invariant value of ODggo. In contrast, the
effect of deformation on the cell count of Cg03 was almost negligible.
Essentially, the total cell count of C.glutamicum under the dual-valve
regulation system showed little deviation from the control group,
meaning the dual-valve regulation system does not affect cell growth.
Without altering the expression of HAS, it can be inferred that the
improvement of HA production in Cg03 is caused by the increase in cell
membrane area leading to additional attachment sites for HAS, thus
improving the efficiency of HA synthesis. The ability of HA synthesis in
Cg03 was indirectly illustrated by measuring the concentration of me-
tabolites on the HA synthesis pathway. Results showed that the con-
centration of two reaction precursors, UDP-GlcUA and UDP-GlcNAc,
were both reduced in Cg03 compared with the control strain Cg01,
indicating an increase in the amount of these precursors being used by
HAS to produce HA (Fig. 7A). Moreover, no significant changes were
found for the concentration of other metabolites in HA synthesis
pathway, further indicating that cell size engineering did not alter
pathways other than the HA synthesis reaction. The ability of single cells
to synthesize HA was also enhanced following enlargements in mem-
brane area leading to a theoretical increase in attachment sites for the
membrane protein HAS. Both deformed recombinants of C.glutamicum,
Cg02 and Cg03, showed better performance in single cell HA synthesis
(Fig. 7B). A remarkable increase of single cell HA synthesis of about 3-
fold was achieved by Cg02. Excessive deformation caused a significant
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Fig. 5. Results for cell deformation for Cg01, Cg02 and Cg03. The inducer IPTG concentration was 0.3 mM and the arabinose concentration was 0.3 wt%. (A)
Scanning electron microscope images of the three recombinant strains. (B) Transmission electron microscope images of the three recombinant strains. (C) The longest
cell in the view field and measurement for acurate cell length. (D) Distribution of cell length in the three recombinant strains. (E) Distribution of cell membrane in the
three recombinant strains.
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Table 3
The statistics cell length and membrane area of three recombinant strains.
Cgo1 Cg02 Cg03

Maximum cell length/pm 2.1 9.2 4.3
Increase fold / 4.4 2.0
Averag cell length/pm 1.36 £ 0.21 4.41 £1.98 2.54 + 0.46
Increase fold / 3.2 1.9
Maximum membrane area/pm? 5.1 60.5 14.2
Increase fold / 11.9 2.8
Average membrane area/pm> 3.59 +0.75 11.93 + 4.76 7.47 + 2.04
Increase fold / 3.3 2.1

Note: The inducer IPTG concentration was 0.3 mM and the arabinose concen-
tration was 0.3 wt%. The length and diameter parameters of single cells were
estimated by microscopic observation. 130 cells for each strain were randomly
selected and observed to calculate the mean value of the length and diameter.

Cg01

(A) of®

2pm

(B)

(C)

Cg02
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increase in single cell HA synthesis but also a counterproductive
decrease in cell number causing the HA titer to plummet (Fig. 7C). Cg03
showed a slight increase in single-cell HA titer, coupled with a
remarkable increase in cell count, which resulted in increased HA titer of
16.0 g/L, which was 1.6-time compared with Cg02, conclusively
showing the significance of controllable and fine tuning via the dual-
valve strategy. Hence, for the first time, a morphologically engineered
strain resulting in both high cell density and HA titer was constructed.
Moreover, compared with Cg01, single cell HA synthesis was also
enhanced using this strategy, leading to a 1.2-fold increase in HA titer.

Comprehensively, cell size regulation via dual-valve strategy
comprised with the morphology tuning module and the transporter
module showed great enhancement on single cell HA synthesis and
improvement on HA titer, achieving high cell density and high HA titer
in C.glutamicum.
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Fig. 6. Comparison of cell number for Cg01, Cg02 and Cg03, where Cg01 contains plasmid pEC-P,.-AB, Cg02 contains plasmid pEC-Py,.-AB-ftsZ, Cg03 contains
plasmid pEC-Py,c-AB-Pap-ftsZ. The inducer IPTG concentration was 0.3 mM and the arabinose concentration was 0.3 wt%. (A) Transmission electron microscope
imagery at the same magnification. All three tested samples were diluted 20 times. (B) Optical microscope photograph of a counting unit on the hemocyte counting
plate. All three tested samples were dilute to ODggg of 1. (C) Total cell number in 1 mL fermentation broth calculated using hemocyte counting plates. Experiments

were reproduced in duplicate.
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Fig. 7. HA synthesis in shake flask culture for Cg01, Cg02 and Cg03, where Cg01 contains plasmid pEC-Py,.-AB, Cg02 contains plasmid pEC-Pi,.-AB-ftsZ, Cg03
contains plasmid pEC-Piyc-AB-Ppap-ftsZ. The inducer IPTG concentration was 0.3 mM and the arabinose concentration was 0.3 wt%. (A) Quantification results of
metabolites in HA synthesis pathway. The blue bar is the result for Cg01 and purple bar is the result for Cg03.Experiments were reproduced in triplicate. Metabolites
were depicted in capital letters. G6P: glucose-6-phosphate; G1P: glucose-1-phosphate; UDPG: UDP-glucose; UDP-GlcA: UDP glucuronate; F6P: fructose-6-phosphate;
GAMBG6P: glucosamine-6-phosphate; GAM1P: glucosamine-1-phosphate; ACGAM1P: N-acetyl-glucosamine-1-phosphate; UDP GlcNAc: UDP-N-acetyl-glucosamine. (B)
Comparison of single-cell HA synthesis at 48 h between Cg01, Cg02 and Cg03. (C) Comparison of HA titer at 48 h between Cg01, Cg02 and Cg03.The inducer IPTG
concentration and arabinose concentration was 0.3 mM and 0.3 wt%, respectively. Experiments were reproduced in triplicate. Draw with BioRender.com.

4. Discussion

HA has significant application values in the fields of medicine, cos-
metics and health care products, thus overcoming the bottleneck of HA
synthesis has tremendous market value. Previous attempts to strengthen
HA synthesis through cell size enlargement were discontinued after
achieving single-cell level enhancements since excessively deformation
led to obstruction of normal cell growth. Discouraged by the plummet in
overall HA production, further applications of cell size engineering in
HA production were no longer studied.’®> This work provides a
methodical solution to the problem, balancing the effects of deformation
on cell growth and product yield. In previous works of our laboratory
team, the HA titer of metabolically engineered strains achieved about 8
g/L in shake flask at 48 h and 32 g/L in 10 L fermenter at 60 h. Through
the application of cell size engineering, the strain constructed in this
work, Cg03, was able to reach shake flask titer of 16 g/L at 48 h, which is
1.6-time than Cg02 and 2-time than the previous engineered strains.
Thus, providing insight for improving the performance of HA synthesis
at fermenter level to meet industrial needs.

In addition to metabolic pathway optimization and modification, cell
size engineering is also recognized as a novel approach to effectively
construct various cell factories. Morphology engineering has been
widely used in the production of poly-p-hydroxybutyrate (PHB), which
generated remarkable results. As reported in literature, the over-
expression of gene sulA in E. coli inhibited the formation of Z-rings
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during cell division, resulting in the formation of elongated cells that
provided more space for intracellular accumulation of PHB, doubling
PHB accumulation to 2.19 g/L,°° showing that the accumulation of
intracellular products is proportional to the cell volume.?” For extra-
cellular products, deformation tends to affect cell growth and is detri-
mental to product synthesis. In a previous work reporting the synthesis
of extracellular product alginate oligosaccharides (AOs), overexpression
of MreB in Pseudomas mendocina resulted in a 1.27-fold and 1.49-fold
increase in cell length and width respectively, while overexpression of
MreB made cell growth slow.>® Thus, morphology engineering proves to
be an innovative approach to optimize and control the physical char-
acteristics and structure of microorganisms, offering significant advan-
tages in improving the process flexibility of efficient production of
valuable products.

Cell size plays a crucial role in influencing the accumulation of
intracellular products and the secretion of extracellular product, thus it
is important to develop a fine-tuning method for the precise regulation
of cell size. The dual-valve regulation system in this study, based on an
arabinose-inducible promoter strategically developed through the con-
struction of the transporter module and the morphology tuning module,
has the potential to be applied to the cell size regulation of other strains
and to enhance the synthesis of other target products. This dual-valve
system works by a facile adjustment of the inducer concentration,
which can increase the average length and membrane area of cells to up
to two times the original scale. More importantly, this novel system can
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effectively avoid excessive cell deformation, allowing for normal cell
growth and division. Here, we successfully accomplished fine-tuning of
cell size of C. glutamicum and applied this practical strain to enhance HA
synthesis by increasing the maximum length and membrane area of cells
by 1.87-fold and 2.08-fold respectively, setting a threshold for cell size
enlargement.

The method developed in this work can be further combined with
other strategies to collaboratively achieve hyper-production of HA. For
example, as extracellular capsule-like layer may further increase the
inhibition for metabolism and resistance for mass transfer due to cell
enlargement, coupling with hyaluronidase addition strategy has great
potential to improve low molecular weight HA yield.'? Cardiolipin is an
important cofactor for maintaining HAS activity, so enhancing car-
diolipin synthesis can increase HAS activity and HA production.'!
Westbrook et al. strengthened cardiolipin synthesis while overexpressed
gene ftsZ to enlarge the cells size in B. subtilis, changing the distribution
of cardiolipin in the lateral membranes, which in turn enhanced the
interaction between cardiolipin and HAS, enhanced the activity of HAS
and increased the HA production by 204%.%? Therefore, cardiolipin
overexpression coupled with fine-tuning cell size of C.glutamicum in this
work will further strengthen HA synthesis, which will generate great
potential for HA productivity enhancing and new product development
in the future.

To conclude, this work focuses on the precise tuning of cell
morphology to increase the levels and activity of the crucial protein HAS
through the construction of a novel dual-valve system able to achieve
precise regulation of cell morphology leading to enhanced HA
production.
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