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Abstract

Polyhydroxyalkanoates (PHAs) can be produced by microorganisms from renewable resources and are regarded as promising
bioplastics to replace petroleum-based plastics. A medium-chain-length PHAs (mcl-PHA)-producing strain Pseudomonas
mendocina NK-01 was isolated previously by our lab and its whole-genome sequence is currently available. Morphology
engineering of manipulating cell morphology-related genes has been applied for enhanced accumulation of the intracellular
biopolymer short-chain-length PHAs (scl-PHA). However, it has not yet been reported to improve the yield of mcl-PHA by
morphology engineering so far. In this work, several well-characterized cell morphology—related genes, including the cell fission
ring (Z-ring) location genes minCD, peptidoglycan degradation gene nlpD, actin-like cytoskeleton protein gene mreB, Z-ring
formation gene fsZ, and FtsZ inhibitor gene sulA, were intensively investigated for their impacts on the cell morphology and mcl-
PHA accumulation by gene knockout and overexpression in P. mendocina NKU, a upp knockout mutant of P. mendocina NK-01.
For a minCD knockout mutant P. mendocina NKU-AminCD, the average cell length was obviously increased and the mcl-PHA
production was improved. However, the nlpD knockout mutant had a shorter cell length and lower mcl-PHA yield compared with
P. mendocina NKU. Overexpression of mreB in P. mendocina NKU resulted in spherical cells. When fisZ was overexpressed in P.
mendocina NKU, the cell division was accelerated and the mcl-PHA titer was improved. Furthermore, mreB, fisZ, or sulA was
overexpressed in P. mendocina NKU-AminCD. Consequently, the mcl-PHA titers were all increased compared with P.
mendocina NKU-AminCD carrying the empty vector. The multiple fission pattern was finally achieved in ftsZ-overexpressing
NKU-AminCD. In this work, improved production of mcl-PHA in P. mendocina NK-01 has been achieved by morphology
engineering. This work provides an alternative strategy to enhance mcl-PHA accumulation in mcl-PHA-producing strains.
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Introduction
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material, which is available to authorized users. proposed (Jiang and Chen 2016). Cell morphology has been
shown to be associated with cell growth, downstream separa-
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function as FtsZ inhibitors, which prevent the formation of Z-
ring in various ways (Chen et al. 2012; Bi and Lutkenhaus
1993; Anderson et al. 2004).

The “min” system has an important function for proper
localization of Z-ring. MinCD, which blocks the formation
of the FtsZ ring at all sites, and MinE, which relieves the
division block at the mid-cell site, precisely regulate the cell
division in binary fission (Rowlett and Margolin 2013; Ivanov
and Mizuuchi 2010). Knockout of genes minCD leads to the
formation of multiple Z rings in several positions of the cell
(Howard 2004; Pichoff and Lutkenhaus 2001). Thus, the pat-
tern of cell division is changed from binary fission to multiple
fission and the cell length also becomes several-fold longer
than the wild type (Wu et al. 2016a, b). A SOS-inducible
protein SulA interacts with FtsZ through GTP hydrolysis to
inhibit cell division (Higashitani et al. 1995). Overexpression
of SulA in Escherichia coli disrupts the Z-ring formation due
to inhibition of the assembly of FtsZ in the division ring and
SulA-overexpressing cells become filamentary (Dajkovic
et al. 2008; Wang et al. 2014). In addition, overexpression of
FtsZ in Escherichia coli promotes cell division, leading to
high cell density and smaller cell size (Wang and Lee 1997,
Ward and Lutkenhaus 1985).

During the cell division, the peptidoglycan layer must be
split by amidases to be shared by the two daughter cells (den
Blaauwen et al. 2008). NIpD can regulate directly the cell
division by activating amidases (Uehara et al. 2009, 2010).
Knockout of nlpD in E. coli destroys the function of amidases
and thus disrupts the binary fission. An actin-like cytoskeleton
protein MreB plays an important role in maintaining cell
shape (Gitai 2005; Wang et al. 2010; Cabeen and Jacobs-
Wagner 2010; Van den Ent et al. 2001). Previous studies have
shown that the cell shape of the mreB knockout mutant can be
changed from rod to sphere (Jiang et al. 2015, 2017), and that
overproduction of MreB can increase the width of the cell (Wu
et al. 2016a).

Polyhydroxyalkanoates (PHAs) belong to biopolyesters in-
tracellularly accumulated by a variety of bacteria as carbon
and energy storage under unbalanced growth conditions
(Reddy et al. 2003; Li et al. 2007). PHAs have been used as
potential alternatives to petroleum-based plastics due to their
unique properties such as biodegradability, biocompatibility,
and excellent thermal and mechanical properties (Chen and
Wu 2005; Chen 2009; Gao et al. 2011). PHASs are traditionally
classified into two major types based on monomer carbon
chain length, i.e., short-chain-length PHAs (scl-PHA) contain-
ing monomer units of C3 to C5 and medium-chain-length
PHAs (mcl-PHA) containing monomer units of C6 to C14
(Chung et al. 2013; Ma et al. 2009).

However, the production cost of PHAS is higher than that
of the petrochemical plastics for many reasons, such as expen-
sive substrate, difficult downstream processing, and small cell
sizes. It has been reported that morphology-engineered
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bacteria with larger cell sizes are capable of accumulating
more inclusion bodies, such as PHAs.

After sulA overexpression in E. coli, the poly(3-
hydroxybutyrate) (PHB) content was increased from 12.05
to 26.54 wt.% and the cell dry weight (CDW) was increased
from 4.03 to 8.24 g/L (Wang et al. 2014). Weaken expression
of mreB in mreB-deleting E. coli resulted in larger cell size and
higher PHB accumulation from 53.19 to 73.53 wt.% (Jiang
etal. 2015). In combination with inducible expression of su/A
in the above mutant strain, the PHB accumulation was further
improved to 80.41 wt.% and the filamentary cells were gen-
erated. Further, CRISPRi (clustered regularly interspaced
short palindromic repeats interference) was utilized to regulate
expression intensities of fisZ or/and mreB in E. coli, leading to
different cell sizes and increased PHB accumulation (Elhadi
et al. 2016). Knockout of minCD in E. coli IM109 resulted in
elongated cells and increased PHB production from 53.22 to
60.23 wt.% (Wu et al. 2016a, b). After fisZ, mreB, and sulA
overexpression in E. coli IM109AminCD, the PHB accumu-
lation was improved to 73.31, 70.51, and 70 wt.%, respective-
ly, and the cell size became larger (Wu et al. 2016a, b).
Simultaneous overexpression of FtsZ ring—related genes and
mreB in E. coli IM109AminCD, the cell growth rate was fur-
ther increased together with a significant increase in the PHB
accumulation up to 82.13 wt.% (Wu et al. 2016a). Not only
E. coli, morphology engineering for Halomonas could also
change the cell size and increase the PHA production.
Overexpression of minCD in Halomonas TDO8 elongated
the cell shape and enhanced the PHB accumulation from 69
to 82 wt.% (Tan et al. 2014). Using a temperature-sensitive
plasmid for mreB or ftsZ expression in mreB- or ftsZ-deleting
Halomonas campaniensis LS21 led to increased PHB accu-
mulation from 56.8 to 75.9 or 78.7 wt.% and the formation of
larger spherical cells or longer filamentous cells (Jiang et al.
2017). CRISPRi was also used in Halomonas TDO1 to regu-
late expression intensities of fisZ to elongate the cell shape
(Tao et al. 2017). Therefore, morphology engineering may
be a promising approach to improve the production of inclu-
sion bodies.

Many members from the genus Pseudomonas have an abil-
ity to synthesize mcl-PHA via either 3-oxidation pathway or
fatty acid de novo biosynthesis pathway. Inhibition of [3-
oxidation pathway in Pseudomonas has been used to synthe-
size novel mcl-PHA using fatty acids as carbon sources (Chung
etal. 2013; Ma et al. 2009; Ouyang et al. 2007; Liu et al. 2011).
Metabolic engineering approaches, such as the increase of
NADPH availability and the reduction of by-products accumu-
lation, have been used for the improvement of PHA production
using glucose as carbon sources through fatty acid de novo
biosynthesis (Poblete-Castro et al. 2013; Borrero-de Acuia
et al. 2014). However, there is no relevant report about the
improvement of mcl-PHA production in microorganisms by
applying a morphology engineering strategy so far.
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Previously, we isolated a mcl-PHA producing strain
Pseudomonas mendocina NK-01 from farmland soil, and
the biosynthetic pathway of mcl-PHA has been elucidated in
this strain (Guo et al. 2011a; Wang et al. 2016). This research
aims at investigating the influence of cell morphology on the
production of mcl-PHA in P. mendocina NK-01. For this pur-
pose, the deletion and overexpression of several cell
morphology—related genes were carried out to explore the
feasibility of manipulating cell morphology for the improve-
ment of mcl-PHA production in P. mendocina NK-01.

Materials and methods
Bacterial strains, plasmids, and growth conditions

Escherichia coli DH5x was used for plasmid construction,
and E. coli S17-1 was used for conjugal transfer.
Pseudomonas mendocina NK-01, which was deposited in
China Center for Type Culture Collection (CCTCC, no.
CCTCC M 208005), is resistant to chloramphenicol and can
synthesize mcl-PHA (Guo et al. 2011b). The complete ge-
nome sequence of P. mendocina NK-01 is available in
GenBank under accession number CP002620 (Guo et al.
2011b). Pseudomonas mendocina NKU, an upp knockout
mutant of P. mendocina NK-01 (Wang et al. 2015), was used
as the starting strain. An E. coli-Pseudomonas shuttle vector
pBBRIMCS-2 (Kovach et al. 1995) was used to overexpress
the cell morphology-related genes. A suicide plasmid
pEX18Tc-upp (Wang et al. 2015) was used for gene knockout.
All plasmids and strains used in this study are listed in Table 1.

Escherichia coli strains were cultivated in Luria-Bertani
(LB) medium (Green and Sambrook 2012) at 37 °C.
Pseudomonas mendocina strains were cultivated in LB medi-
um, nutrient-rich (NR) medium, or PHA fermentation medi-
um (Wang et al. 2016) at 30 °C. When necessary, media were
supplemented with chloramphenicol (Cm, 170 pg/mL), tetra-
cycline (Tc, 25 pg/mL), kanamycin (Kan, 50 pg/mL), or 5-
fluorouracil (5-FU, 20 pg/mL).

Construction of the gene overexpression plasmids

The mreB, fitsZ, and sulA genes were amplified, respectively,
by PCR with the P. mendocina NKU genomic DNA as the
template. Subsequently, each of the three PCR-generated frag-
ments was inserted into the vector pPBBRIMCS-2 via the
BamH 1 restriction site using a homologous recombination
kit (Vazyme, Nanjing, China) to construct the overexpression
vectors pPBBRIMCS-mreB, pBBRIMCS-ftsZ, and
pBBRIMCS-sulA, respectively. For construction of
pBBRIMCS-mreB-ftsZ, the fisZ gene was inserted into the
Xba 1 restriction site of the plasmid pBBR1MCS-mreB using

a homologous recombination kit. The construction processes
of the overexpression vectors are shown in Fig. S1.

Construction of the gene knockout mutants

The minCD and nlpD knockout mutants of P. mendocina
NKU were constructed based on a scarless genome editing
strategy (Wang et al. 2015) using the suicide plasmid in com-
bination with upp as a counter-selectable marker. The up-
stream and downstream homologous arms of minCD were
amplified, respectively, by PCR with the P. mendocina NKU
genomic DNA as the template and then ligated together
through overlap PCR. The fusion fragment was incorporated
into the suicide plasmid pEX18Tc-upp to generate the gene
targeting vectors pEX18Tc-AminCD. The construction pro-
cess of the vector pEX18Tc-AnilpD was the same as that of the
vector pEX18Tc-AminCD (Fig. 1). The two constructed plas-
mids were transformed independently into P. mendocina
NKU using a conjugal transfer procedure described by
Wang et al (Wang et al. 2015).

Due to the lack of the replication elements that are func-
tional in P. mendocina, the introduced plasmid was forced to
integrate via homologous recombination into the chromo-
some. The single-crossover recombinants were screened by
incubating at 30 °C for 24 h on LB agar plates supplemented
with 170 pg/mL Cm and 25 pg/mL Tc. Then, the selected
recombinants were incubated at 30 °C for 24 h in LB medium.
To screen the double-crossover recombinants, the culture
broth was diluted to 102 and spread on LB agar plates sup-
plemented with 20 pg/mL 5-FU. The recombinants showing
5-FU" and Tc® were selected for further validation of the de-
leted genomic regions by PCR. Finally, the minCD and nipD
knockout mutants were validated by DNA sequencing. All
primers used for plasmid construction and mutant validation
are listed in Table S1.

Scanning electron microscopy

After 18 h of incubation, cells were harvested by centrifuga-
tion, washed with 0.1 M PBS buffer (pH 7.2) for five times,
and fixed overnight with 3% (v/v) glutaraldehyde. After that,
the fixed cells were washed with PBS for five times to remove
glutaraldehyde. Subsequently, cells were dehydrated with eth-
anol using a concentration gradient (v/v) of 30, 50, 70, 80, 90,
and 100% in a sequential way (15 min per concentration).
Then, the samples were further dehydrated twice with 100%
ethanol and lyophilized in vacuum desiccators. Finally, the
samples were coated with gold and observed using a Quanta
200 scanning electron microscope (SEM) (FEIL, Hillsboro,
USA) for imaging (Feng et al. 2014). The image processing
software (Adobe® Photoshop® CC) was used to measure the
cell sizes. A minimum of 200 cells per group were measured
to get the average cell length and width.
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Table 1 Strains and plasmids used in this study

Strains Description Source or literature
Strains

Pseudomonas mendocina NKU

PHAcr. producing strain; Cm"; preserved in our laboratory; carrying an

This laboratory

in-frame deletion in the upp gene; starting strain for engineering

P. mendocina NKU-AminCD

P. mendocina NKU-AnlpD

P. mendocina NKU pBBR

P. mendocina NKU pBBR-mreB

P. mendocina NKU pBBR-fisZ

P. mendocina NKU pBBR-sulA

P. mendocina NKU pBBR-mreB-fisZ
P. mendocina NKU-AminCD pBBR

P. mendocina NKU-AminCD
pBBR-mreB
P. mendocina NKU-AminCD pBBR-fisZ

P. mendocina NKU-AminCD
pBBR-mreB-fisZ
Escherichia coli DH5x

NKU derivative carrying an in-frame deletion in the minCD gene
NKU derivative carrying an in-frame deletion in the nlpD gene
NKU derivative containing pBBRIMCS-2; Cm®; Km®

NKU derivative containing pBBR-mreB; CmR; KmR

NKU derivative containing pBBR-fsZ; Cm®; Km®

NKU derivative containing pBBR-su/A; Cm®; Km®

NKU derivative containing pBBR-mreB-fisZ; Cm"; Km®

NKU AminCD derivative containing pPBBRIMCS-2; Cm®; Km®
NKU AminCD derivative containing pBBRIMCS-mreB; Cm®; Km®

NKU AminCD derivative containing pBBR1MCS-fisZ; Cm®; Km®
P. mendocina NKU-AminCD pBBR-sulA  NKU AminCD derivative containing pBBRIMCS-sulA; Cm®; Km®
NKU AminCD derivative containing pBBR1MCS-mreB-fisZ; Cm"; Km®

This work
This work
This work
This work
This work
This work
This work
This work
This work

This work
This work
This work

F, 80dlacZAMI, A(lacZYA-argF)U169, deoR, recAl, endAl, hsdR17(r,, my*), This laboratory

phoA, supE44, N~ thi-1, gyrA96, relAl

E. coli S17-1 recA; harbors the tra genes of plasmid RP4 in the chromosome; proA thi-1 This laboratory
Plasmids

pBBRIMCS-2 Broad host range; expression plasmid; Km®; lacPOZ', mob Kovach et al. 1995

pBBRIMCS-mreB PBBRIMCS-2 derivative containing mreB gene from NKU; Km® This work

pBBRIMCS-fisZ PBBRIMCS-2 derivative containing fisZ gene from NKU; Km® This work

pBBRIMCS-sulA pBBRIMCS-2 derivative containing su/A gene from NKU; Km® This work

pBBRIMCS-mreB-fisZ PBBRIMCS-2 derivative containing mreB and fisZ gene from NKU; Km® This work

pEX18Tc-upp
pEX18Tc-AminCD

pEX18Tc derivative, carrying a copy of upp gene of P. mendocina NKU

This laboratory

pEX18Tc-upp derivative, carrying the up- and downstream regions of minCD gene, This work

used for deletion of the minCD gene

pEX18Tc-AnipD

pEX18Tc-upp derivative, carrying the up- and downstream regions of nipD gene,

This work

used for deletion of the nlpD gene

Real-time quantitative PCR

Total RNA samples were extracted from the NKU cells
using a commercial RNA pure bacteria kit (Cwbio,
Beijing, China). After the removal of DNA contamination,
cDNA was synthesized by reverse transcription using a
HiScript I Q RT SuperMix (Vazyme, Nanjing, China).
Real-time PCR was carried out using FastStart Universal
SYBR Green Master (Roche, Basel, Switzerland) on a
StepOnePlus™ real-time PCR system (Applied
Biosystems, Foster City, CA, USA). PCR conditions were
as follows: pre-incubation at 95 °C for 10 min, followed by
40 cycles of denaturation at 95 °C for 30 s, annealing at
55 °C for 30 s, and extension at 72 °C for 20 s. Triplicates
were used for all analyses. Relative gene expression levels
were normalized against that of the wild type and calculated
against the 16S rRNA gene as the internal reference using
the 2722 method (Song et al. 2016; Livak and Schmittgen

@ Springer

2001). All primers used in the quantitative PCR assay are
listed in Table S1.

PHA fermentation

PHA production by P. mendocina was carried out with a two-
step fermentation process, including the stages of cell prolif-
eration and PHA synthesis. Overnight culture (1%, v/v) was
inoculated into 100 mL of NR medium (Wang et al. 2016) in
a 500-mL flask and then incubated at 30 °C and 180 rpm for
24 h. The bacterial cells were harvested by centrifugation at
2500xg and 4 °C and resuspended in 1 mL PBS buffer. Then,
the seed culture was inoculated into 100 mL of fermentation
medium with 20 g/L glucose as the carbon source (pH 7.0)
(Wang et al. 2016) in a 500-mL flask and cultivated at 30 °C
and 180 rpm for 36 h. After shake-flask fermentation, the
culture broth was centrifuged at 4 °C and 13,000xg for
20 min to collect the bacterial cells. Subsequently, the cells
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Fig. 1 The construction a
schematic diagram for knockout

of minCD (a) and nlpD (b) in the

genome of P. mendocina NKU
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were lyophilized for 24 h and weighed. PHA was extracted
from the lysed cells with chloroform at a rate of 100 mL
chloroform/g cells at room temperature for 2 days. After be-
ing filtered to remove cellular debris, the extract containing
PHA was concentrated by vacuum rotary evaporator. Then, a
40-fold volume of pre-cooled methanol was added to precip-
itate PHA overnight. The precipitate was re-dissolved in
chloroform and the process was repeated to obtain the pure
mcl-PHA. Finally, PHA was weighed after being dried at
room temperature to remove all residual solvent (Guo et al.
2011a).

Results

Knockout and overexpression of cell morphologically
related genes in P. mendocina

In P. mendocina NKU, minC and minD are located together in
a gene cluster. In this work, minCD was deleted using the
suicide plasmid in combination with upp as a counter-

sigma

Iartm " RpoS gene pmleln g

omologous Recombination

nipD-UP ] nipD-DN
pEX18Tc-AnlpD

Knock Out
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selectable marker. Additionally, n/pD, which activates ami-
dases to regulate cell division, was also deleted in
P. mendocina NKU (Fig. S2).

Compared with NKU pBBR, the transcriptional levels of
mreB in NKU pBBR-mreB and NKU pBBR-mreB-fisZ were
improved by 340- and 441-fold, respectively. In NKU-
AminCD pBBR-mreB and NKU-AminCD pBBR-mreB-fisZ,
the transcriptional levels of mreB had a 90- and 253-fold in-
crease, respectively, compared with NKU-AminCD pBBR
(Fig. 2a). The transcriptional levels of fisZ in NKU pBBR-
ftsZ and NKU pBBR-mreB-ftsZ had a 256- and 172-fold in-
crease, respectively, compared with NKU pBBR. However,
the transcriptional levels of ftsZ in NKU-AminCD pBBR-
fisZ and NKU-AminCD pBBR-mreB-ftsZ only had a 12- and
13-fold increase, respectively, compared with NKU-AminCD
pBBR (Fig. 2b). The transcriptional levels of su/A in NKU
pBBR-sulA and NKU-AminCD pBBR-sulA were improved
by 102- and 23-fold, respectively, compared with NKU
pBBR and NKU-AminCD pBBR (Fig. 2c). These results in-
dicated that the transcription of the cell morphologically relat-
ed genes was upregulated in P mendocina.
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Fig. 2 qPCR analysis for the recombinant strains and P. mendocina
NKU. Transcriptional levels of mreB (a), fisZ (b), and sulA (c) for the
different strains. The transcriptional levels for the control strains NKU

Effects of minCD and nilpD knockout on cell
morphology and mcl-PHA accumulation

Pseudomonas mendocina NKU-AminCD showed a much lon-
ger cell length than the wild type when cultivated in LB me-
dium (Fig. 3a). The average cell length of P. mendocina NKU-
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Fig. 3 Cell morphology (a), cell growth (b), and PHA production (¢) of
P. mendocina NKU, NKU-AminCD, and NKU-AnlpD. Samples for SEM

were taken at stationary growth phase in LB medium. Scale bar, 5 pm.
Cell growth was measured in LB medium at different growth phases.
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pBBR and NKU-AminCD pBBR were set as 1. Error bars indicate the
standard deviations. Data represent the mean values + standard deviations
of triplicate measurements from three independent experiments.

AminCD approached 3 pum and the longest was up to 10 pm,
while the wild type was only 1.39 um (Table 2). Moreover, the
cells of NKU-AminCD presented different lengths and some
min-cells were observed (Fig. 3a).

The log phase of NKU-AminCD was longer than NKU.
However, the wild type early went into the decline phase than

NKU-AnlpD
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PHA production was performed in PHA fermentation medium. wt.%
was defined as the ratio of PHA to CDW. Data represent the mean
values + standard deviations of triplicate measurements from three
independent experiments.
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Table2 Cellsize of P. mendocina
NKU and its mutant strains in LB Strains Average cell length (pum) Average cell width (pum)
medium

P. mendocina NKU 1.39+0.27 0.37+0.03

P. mendocina NKU-AminCD 2.83+2.04 0.37+0.04

P. mendocina NKU-AnlpD 0.87+0.19 0.45+0.06

P. mendocina NKU pBBR 1.45+0.20 0.394+0.03

P. mendocina NKU pBBR-mreB 1.04+£0.20 0.54+0.20

P. mendocina NKU pBBR-fisZ 1.26+0.32 0.38+0.04

P. mendocina NKU pBBR-sulA 1.64+£0.43 0.39+£0.04

P. mendocina NKU pBBR-mreB-fisZ Multi-shaped Multi-shaped

P. mendocina NKU-AminCD pBBR 241+1.07 0.37+0.04

P. mendocina NKU-AminCD pBBR-mreB 241+1.28 0.42+0.04

P. mendocina NKU-AminCD pBBR-fisZ 1.60+0.47 0.38+0.03

P. mendocina NKU-AminCD pBBR-sulA 227+1.13 0.36+0.04

P. mendocina NKU-AminCD pBBR-mreB-fisZ

Multi-shaped Multi-shaped

did NKU-AminCD (Fig. 3b). Compared with the wild type,
the CDW of NKU-AminCD was increased by 27% and the
mcl-PHA yield of NKU-AminCD was increased by 45.62%
from 0.28 to 0.41 g/L (i.e., from 21.67 to 24.87 wt.%)
(Table S2 and Fig. 3c). The mcl-PHA yield (g/L) of all strains
used in this study is listed in Table S2.

Compared with P mendocina NKU, NKU-AnlpD had a
shorter cell length and an increased cell width (Fig. 3a and
Table 2). NKU-AnlpD showed a relatively poor growth
(Fig. 3b). Compared with NKU, the CDW and PHA titer of
NKU-AnlpD were decreased by 18% and 11%, respectively
(Fig. 3c). Knockout of nlpD in P. mendocina NKU had a
negative influence on cell growth and PHA production.

Effects of MreB, FtsZ, and SulA overexpression on cell
morphology and mcl-PHA accumulation

Overexpression of mreB in P. mendocina NKU led to the
formation of wider cells (Fig. 4a). The average cell width of
NKU pBBR-mreB was 0.54 um and the widest was up to
0.9 wm when cultivated in LB medium, while NKU pBBR
had only a cell width of 0.39 um (Table 2). The cell length of
NKU pBBR-mreB was obviously shorter than that of NKU
pBBR, and the cell shape was changed from rod to spherical
shape (Fig. 4a). However, overexpression of mreB in NKU
had a negative influence on cell growth, as shown by the
growth curve in LB medium (Fig. 4b). The improvements in
the PHA titer and CDW were also not observed with the
mreB-overexpressing strain (Fig. 4c).

When fisZ was overexpressed in NKU, some cells formed
multi-FtsZ rings during the cell division (Fig. 4a) and the cell
length was shortened (Fig. 4a and Table 2). Compared with
NKU pBBR, the CDW of NKU pBBR-ftsZ was increased by
23.26% and the mcl-PHA yield of NKU pBBR-fisZ was in-
creased by 60.87% from 0.23 to 0.37 g/L (from 18.09 to

23.69 wt.%) (Fig. 4c and Table S2). For the sul/A-overexpress-
ing NKU strain, some longer cells were observed and the
average cell length was changed from 1.45 to 1.64 pm
(Fig. 4a and Table 2). The CDW and PHA titer of NKU
pBBR-sulA had slight improvements compared with NKU
pBBR (Fig. 4c). The growth of NKU pBBR-ftsZ and NKU
pBBR-su/A had not a significant improvement compared with
NKU pBBR (Fig. 4b). Unexpectedly, the cells of NKU
pBBR-mreB-ftsZ were revealed to have different degrees of
size expansion and irregular shapes. Many cells also became
broken, resulting in cracked cell morphology (Fig. 4a). The
cell growth and PHA accumulation also had an evident de-
crease (Fig. 4b, c).

Overexpression of mreB, ftsZ, and sulA
in P. mendocina NKU AminCD for improved mcl-PHA
production

When mreB overexpression in NKU-AminCD, the cell length
maintained the elongated cell shape and the cell width was
increased from 0.37 to 0.42 um (Fig. 5a and Table 2). NKU-
AminCD pBBR-mreB produced PHA accounting for 18.83%
of CDW, which was higher than that (15.92%) of NKU-
AminCD pBBR (Fig. 5c¢). Although the cell size of NKU-
AminCD pBBR-mreB was larger than that of NKU-AminCD
pBBR (Fig. 5b), the obtained CDW did not improve com-
pared with NKU-AminCD pBBR.

When fisZ was overexpressed in NKU-AminCD, the cell
length was decreased from 2.41 to 1.60 um compared with
NKU-AminCD, and the different lengths of cells were ob-
served for NKU-AminCD pBBR-ftsZ (Fig. 5a). The mcl-
PHA accumulation in ftsZ-overexpressing NKU-AminCD
was increased from 15.92 to 19.05 wt.% compared with
NKU-AminCD pBBR (Fig. 5c¢).
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NKU pBBR-sulA

NKU pBBR-mreB

NKU pBBR-ftsZ

Fig. 4 Cell morphology (a), cell growth (b), and PHA production (¢) of
P. mendocina NKU pBBR, NKU pBBR-mreB, NKU pBBR-fisZ, NKU
pBBR-su/A, and NKU pBBR-mreB-fisZ. Samples for SEM were taken at
stationary growth phase in LB medium. Red arrows show more than one
FtsZ rings in a dividing cell of NKU pBBR-fisZ. Scale bar, 5 um. Cell

When NKU-AminCD harboring the plasmid pBBR-
mreB-fisZ was cultivated in LB medium, cell growth was
obviously inhibited. Moreover, the cell morphology present-
ed irregular cell shapes and even some cracked cells were
generated, which were also observed with NKU pBBR-
mreB-ftsZ (Fig. 4a). Co-overexpression of mreB and fisZ in
NKU-AminCD also had the influence on the mcl-PHA titer
decreasing from 15.92 to 10.74 wt.% and on the CDW
decreasing from 1.29 to 0.9 g/l compared with NKU-
AminCD pBBR (Fig. 5c).

The ftsZ inhibitor, SulA, was overexpressed in NKU-
AminCD to investigate the influence on mcl-PHA production
and cell morphology. As shown in Fig. 5, cells of NKU-
AminCD pBBR-su/A maintained the long filamentary status
in LB medium. The cell length had not a significant change in
comparison with NKU-AminCD pBBR. Nevertheless, the
mcl-PHA accumulation had a slight increase and the CDW
had a reduction (Fig. 5¢).
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growth was measured in LB medium at different growth phases. PHA
production was performed in PHA fermentation medium. wt.% was
defined as the ratio of PHA to CDW. Data represent the mean values +
standard deviations of triplicate measurements from three independent
experiments.

Discussion

Inclusion bodies accumulated by many bacteria can be used in
industrial applications, such as PHAs which can be used as
biodegradable materials. Many different methods have been
used to enhance the production of PHAs, such as metabolic
engineering, synthetic biology, and the use of cheap substrates
(Poblete-Castro et al. 2013; Borrero-de Acuna et al. 2014,
Wang et al. 2016; Fontaine et al. 2017). Recently, morphology
engineering which could change the cell size and cell division
pattern to increase the PHB accumulation (Jiang and Chen
2016) has attracted many attentions. In this study, many cell
morphology genes of P. mendocina NKU were manipulated to
change the cell size and enhance the mcl-PHA synthesis.
MinCD inhibits the formation of FtsZ ring. It has been
shown that overexpression of minCD in E. coli generated
filament cells due to the absence of FtsZ rings (Bi and
Lutkenhaus 1993). Conversely, deletion of minCD resulted



Appl Microbiol Biotechnol (2019) 103:1713-1724

1721

A NKU-AminCD pBBR

NKU-AminCD pBBR-sulA

Fig. 5 Cell morphology (a), cell growth (b), and PHA production (c) of
P. mendocina NKU-AminCD pBBR, NKU-AminCD pBBR-mreB, NKU-
AminCD pBBR-ftsZ, NKU-AminCD pBBR-sulA, and NKU-AminCD
pBBR-mreB-ftsZ. Samples for SEM were taken at stationary growth
phase in LB medium. Scale bar, 5 um. Cell growth was measured in

in the formation of FtsZ rings in any position of a cell
(Zhou and Lutkenhaus 2005) and the generation of elon-
gated cells (Wu et al. 2016a). The cell division way of the
minCD knockout mutant was changed from binary fission
to multiple fission process (Wu et al. 2016a). In this study,
many cells became much longer after minCD was deleted
in P. mendocina NKU (Fig. 3a). Since the FtsZ ring was
located in any position of a cell for NKU-AminCD, the
division pattern was changed from binary division to mul-
tiple fission and the imbalanced division led to the forma-
tion of different lengths of cells, including elongated cells
and min cells. Except for the change of cell morphology,
NKU-AminCD had improvements in the mcl-PHA titer and
CDW compared with NKU, which may give the credit to
the larger cell size allowing the accumulation of more PHA
granules (Fig. 3c).
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LB medium at different growth phases. PHA production was performed
in PHA fermentation medium. wt.% was defined as the ratio of PHA to
CDW. Data represent the mean values + standard deviations of triplicate
measurements from three independent experiments.

The two essential genes mreB and fisZ play important roles
in controlling the cell length and width, respectively (Elhadi
et al. 2016). Although the bacteria with deletion of mreB or
fisZ displayed larger spherical cell shape and formed longer
cells, they showed poor cell growth and reduced PHB produc-
tion (Jiang et al. 2015, 2017). In this research, the cells were
changed from rod to spherical shape when mreB was
overexpressed in P. mendocina NKU (Fig. 4a). The reason
may be that the high expression level of MreB strengthened
the extensibility of the bacterial cytoskeletons. Interestingly,
some min rod cells were also found for mreB overexpression
(Fig. 4a), suggesting that the stability of NKU pBBR-mreB
may need to be improved. NKU pBBR-mreB showed poor
cell growth compared with NKU pBBR (Fig. 4b); thus, there
were no improvements in the PHA titer and CDW for mreB-
overexpressing NKU (Fig. 4c).
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It was reported that fisZ overexpression could accelerate
cell division (Wang and Lee 1997). More than one FtsZ rings
in a dividing cell were appeared due to increased quantities of
FtsZ when ftsZ was overexpressed in P. mendocina NKU
(Fig. 4a). The cell length was shortened after the occurrence
of binary division more than once for a normal cell (Fig. 4a).
The CDW and mcl-PHA titer were improved for NKU pBBR-
ftsZ (Fig. 4c), suggesting that the formed multiple FtsZ rings
may accelerate the binary division of a cell, resulting in higher
CDW and more PHA accumulation.

Unfortunately, the cells with simultaneous overexpression
of mreB and ftsZ showed poor cell growth (Fig. 4b) and
multiple-shaped cells (Fig. 4a). Both the CDW and mcl-
PHA titer had an obvious decrease (Fig. 4c). It seemed that
the normal cell division was destructed when a spherical shape
cell contained more than one FtsZ rings. Many cells presented
irregular shapes and cracked cell morphology (Fig. 4a).

The mreB or fisZ gene was also overexpressed in NKU-
AminCD. Although the elongated cells were obtained by
knockout of minCD, the cell width had not an enhancement
as well as some min-cells appeared. However, overexpression
of mreB in NKU led to the formation of spherical shape cells.
It was expected that the elongated cells of NKU-AminCD
would be widen along with mreB overexpression. The cells
of NKU-AminCD pBBR-mreB maintained the elongated cell
shape, and the increase in the cell width was also observed
(Fig. 5a and Table 2). Moreover, the mcl-PHA titer was in-
creased from 15.92 to 18.83 wt.% compared with NKU-
AminCD pBBR (Fig. 5¢). However, the CDW of mreB-over-
expressing NKU-AminCD did not show an increase, possibly
resulting from poor cell growth. It should be noted that the
CDW of NKU pBBR-mreB and NKU-AminCD pBBR-mreB
independently maintained the similar levels to NKU pBBR
and NKU-AminCD pBBR, even though poor cell growth oc-
curred in both of the two strains. These results indicated that
cell morphology affected the relationship between dry bio-
mass and optical density and that the cell dry biomass was
determined by both cell morphology and optical density.

Since the location of FtsZ ring on the cell for NKU-
AminCD was uncontrollable, the elongated cell needed more
FtsZ rings to achieve the multiple division. The NKU-
AminCD cells with ftsZ overexpression did not maintain the
elongated cell shape in LB medium (Fig. 5a). This phenome-
non indicated that the multiple division was accelerated for the
elongated cell harboring more than one FtsZ rings and finally
realized in NKU-AminCD pBBR-ftsZ. The results indicated
that individual overexpression of fisZ and mreB in NKU-
AminCD could accelerate the cell division process and enlarge
the cell size.

In this work, mreB and ftsZ were also simultaneously
overexpressed in NKU-AminCD to investigate the effects of
co-expression on cell shape and mcl-PHA production. As the
cell morphology of NKU pBBR-mreB-ftsZ, it presented
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spherical shapes and many cells seemed cracked (Fig. 5a).
The cell growth and mcl-PHA production were seriously af-
fected (Fig 5b, c). It has been shown that cell growth and PHB
production were improved by overexpressing gene fisZ to-
gether with cytoskeleton protein gene mreB in E. coli IM109
AminCD (Wu et al. 2016a). However, co-overexpression of
mreB and ftsZ in NKU-AminCD not only did not accelerate
cell division and increase cell size but also led to unhealthy
cell growth and appeared cracked cells. In E. coli, knockout of
nipD gene led to elongated cells (Wu et al. 2016b), but the
cells became shorter by deleting the nlpD gene in NKU. These
results suggest that the same cell morphology genes may have
different roles in different bacteria. Currently, morphology
engineering is not an exactly controllable pattern. To precisely
manipulate the change of cell morphology, more in-depth
studies for the cell morphology genes are needed in the future.

Previous reports revealed that overexpression of a FtsZ
inhibitor SulA inhibits cell division to produce long and
non-septate filaments (Chen et al. 2012; Wu et al. 2016b;
Wang et al. 2014). In this study, the sulA gene was
overexpressed, respectively, in NKU and NKU-AminCD.
However, the cell length for NKU pBBR-su/A did not show
an obvious increase compared with the inducible overexpres-
sion of sulA in E. coli (Wu et al. 2016b). These results indi-
cated that the cell division could be slightly inhibited by sulA
overexpression in P. mendocina. In addition, the NKU pBBR-
sulA cells may not maintain lengthy shapes over the entire
growth period, while the SEM samples derived from station-
ary phase cultures might not be optimal for the observation of
lengthy cells. Anyhow, overexpression of su/A in NKU and
NKU-AminCD had slight enhancements for mcl-PHA accu-
mulation (Figs. 4c and 5c). These results suggest that an ap-
propriate quantity of SulA may be important for maintaining
the cell length.

The NKU-AminCD pBBR cells did not show an obvious
elongation when cultured in fermentation medium (Fig. S3).
Moreover, the cell shapes of NKU-AminCD pBBR-mreB and
NKU-AminCD pBBR-su/A in fermentation medium were also
not as long as that observed in LB medium (Fig. S3).
Compared with NKU-AminCD pBBR, the recombinant
strains NKU-AminCD pBBR-mreB, NKU-AminCD pBBR-

ftsZ, and NKU-AminCD pBBR-sulA had the increased aver-

age cell length and width when cultured in fermentation me-
dium (Table S3). The increases in cell size were positively
related to the mcl-PHA titers obtained with the recombinant
strains. The mcl-PHA titers were improved by overexpression
of mreB, ftsZ, or sulA in NKU-AminCD (Fig. 5c). It is specu-
lated that the cell shape may be dependent on many factors
such as cell morphologically related genes and the culture
conditions.

Morphology engineering should open up a new avenue for
enhanced PHA production by manipulating cell shape—related
genes. This strategy has been used to improve PHB
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accumulation in E. coli and Halomonas. However, PHB is
brittle and stiff due to its high 7, (> 170 °C) (Ouyang et al.
2007; Noda et al. 2004, 2005; Li et al. 2007). mcl-PHA nor-
mally contain monomer units of 3-hydroxyhexanoate
(3HHx), 3-hydroxyoctanoate (3HO), 3-hydroxydecanoate
(3HD), and 3-hydroxydodecanoate (3HDD). mcl-PHA are
elastomeric with longer elongation rate due to their low 7,
Thus, mcl-PHA can be used as biodegradable elastomers, ad-
hesives, or blending materials to improve the physical proper-
ties of PHAs. In summary, the mcl-PHA production was en-
hanced by manipulating the cell morphologically related
genes in P. mendocina NKU. To our knowledge, this is the
first report on the improvement of mcl-PHA synthesis by cell
morphology engineering. Many bacteria from the genus
Pseudomonas have an ability to produce various mcl-PHA.
This study provides an alternative strategy to enhance the mcl-
PHA accumulation in these bacteria.

It should be noted that the mcl-PHA production of
P. mendocina NKU did not have a significant increase as
the PHB synthesis of recombinant E. coli (Wu et al. 2016a,
b; Elhadi et al. 2016) by engineering cell morphology. There
could be many reasons. Firstly, P mendocina NKU is a mcl-
PHA production strain which was isolated by our laboratory.
The mcl-PHA synthetic ability for pseudomonas may not as
strong as that of PHB accumulation for recombinant E. coli.
In addition, morphology engineering may bring changes in
metabolism which may be the second reason for the enhance-
ment of PHA. And the metabolic network of E. coli was
simpler than that of pseudomonas. Therefore, the impacts
for mcl-PHA accumulation of NKU and PHB accumulation
of recombinant E. coli by morphology engineering had a
difference.

Morphology engineering has been an effective method
to accelerate cell growth, simplify downstream separation,
and enlarge space for more inclusion body accumulation
(Jiang and Chen 2016). Up to now, only limited genes such
as ftsZ, sulA, minCD, and mreB have been investigated to
change the cell morphology. Many genes such as fisA, mbl,
rodZ, and rodA have not yet been applied for engineering
the cell morphology (Jiang and Chen 2016). It is also nec-
essary to exploit new engineering solutions for precisely
controlling the change of cell shape. Morphology engineer-
ing also possesses the potential to improve the production
of other bio-chemicals (Gao et al. 2016) and is a promising
approach to construct microbial cell factories in combina-
tion with metabolic engineering.

In this study, the mcl-PHA accumulation in P. mendocina
NKU was enhanced by manipulating cell morphology and cell
division pattern through the deletion and overexpression of
cell morphologically related genes. Thus, morphology engi-
neering may be a feasible method to improve the production
of cellular inclusion bodies and other valuable bio-based
products.
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