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Abstract

Haloferax mediterranei, a poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) producing haloarchacon, possesses
four PHA synthase encoding genes, phaC, phaCl, phaC2, and phaC3. In the wild-type strain, except phaC, the other
three genes are cryptic and not transcribed under PHA-accumulating conditions. The PhaC protein together with PhaE
subunit forms the active PHA synthase and catalyzes PHBV polymerization. Previously, it was observed that the
deletion of a gene named pps-like significantly enhanced PHBV accumulation probably resulted from the upregulation
of pha cluster genes (phaR-phaP-phaE-phaC). The present study demonstrated the influence of pps-like gene deletion
on the cryptic phaC genes. As revealed by qRT-PCR, the expression level of the three cryptic genes was upregulated in
the AEPSApps-like geneAphaC mutant. Sequential knockout of the cryptic phaC genes and fermentation experiments
showed that PhaCl followed by PhaC3 had the ability to synthesize PHBV in AEPSApps-like geneAphaC mutant.
Both PhaC1 and PhaC3 could complex with PhaE to form functionally active PHA synthase. However, the expression of
phaC?2 did not lead to PHBV synthesis. Moreover, PhaC, PhaC1l, and PhaC3 exhibited distinct substrate specificity as
the 3HV content in PHBV copolymers was different. The EMSA result showed that PPS-like protein might be a negative
regulator of phaCl gene by binding to its promoter region. Taken together, PhaCl had the most pronounced effect on
PHBYV synthesis in AEPSApps-like geneAphaC mutant and deletion of pps-like gene released the negative effect from
phaCl expression and thereby restored PHBV accumulating ability in AphaC mutant.

Key points

* Cryptic phaC genes were activated by pps-like gene deletion.

* PPS-like protein probably regulated phaCl expression by binding to its promoter.
* Both PhaCl and PhaC3 formed active PHA synthase with PhaE.
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Introduction

Nature has diverse ecosystem encompassing soda lakes, hot

54 Hua Xiang springs, deep oceans, deep sea hydrothermal vents, deserts,
xiangh@im.ac.cn polar regions, etc. that exhibit extremities in one or more

4 Jing Han physico-chemical parameters. Microbiota inhabiting such en-
hanjing@im.ac.cn vironments includes varieties of extremophiles, such as halo-
philes, acidophiles, alkaliphiles, thermophiles, psychrophiles,
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People’s Republic of China 2018). Haloarchaea are the salt loving extremophiles belong-

ing to Archaea domain. They are predominantly distributed in
hypersaline environments such as soda lakes, natural brines,
the Dead Sea, solar salterns, and rock salts (Fendrihan et al.
2006). Haloarchaea as an important microbial resource
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presents several advantages from an industrial point of view.
For example, haloarchaeal enzymes are potential candidates
for industrial applications under harsh conditions, where nor-
mal enzymes tend to be inactive or degrade. This is because
haloarchaeal proteins are most likely to be salt-tolerant due to
their adaptation to high salinity, resulting in high acidic amino
acid content (Siroosi et al. 2014). Most haloarchaea are red
and orange pigmented due to their ability to synthesize carot-
enoids (Zuo et al. 2018). Most importantly, haloarchaea are
considered one of the most promising producers of
polyhydroxyalkanoates (PHA) (Bhattacharyya et al. 2015).
Until now, almost 17 haloarchaeal genera are known to pro-
duce PHA, including Halopiger, Natrialba, Halobiforma,
Haloarcula, Haloferax, Halococcus, Halogranum,
Halorubrum, Natrinema, and Natronorubrum (Hezayen
et al. 2002; Legat et al. 2010; Zhao et al. 2015; Mitra et al.
2020).

PHA is a family of biodegradable and biocompatible poly-
ester of hydroxyalkanoates synthesized by microbes as intra-
cellular carbon and energy reserves under unbalanced condi-
tions of nutrient limitation with excess carbon source (Han
etal. 2007). Because of its good thermoplastic and mechanical
properties, PHA is considered a potential alternative to the
petroleum-based synthetic plastics. The characteristic proper-
ties of PHA are dependent on their monomer composition. For
instance, poly(3-hydroxybutyrate) (PHB), the homopolymer
of 3-hydroxybutyrate (3HB), is stiff and brittle in nature. It
exhibits high degree of crystallization, early thermal degrada-
tion, and poor mechanical properties (Hong et al. 2013).
Incorporation of 3-hydroxyvalerate (3HV) monomer in the
PHB chain enhances their flexibility and mechanical proper-
ties (Han et al. 2015). Until now, more than 150 different
types of monomers have been identified in PHA. Extensive
research work has showed that PHA holds high promise as a
biomaterial for developing medical implants for tissue engi-
neering and wound healing (Han et al. 2017; Xue et al. 2018).
Halophilic production of PHA is advantageous over non-
halophiles because halophiles require less stringent sterile
conditions as high salt concentrations prevent microbial con-
tamination (Zhao et al. 2013). Moreover, haloarchaeal cells
undergo lysis simply in tap water due to their high intracellular
osmotic pressure (Shih et al. 2015). This eases the down-
stream processing. As a result, these factors contribute to re-
ducing the overall PHA production cost.

Haloferax mediterranei is a model haloarchaea for study-
ing archaeal physiology and metabolism. This strain accumu-
lates poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
from various cheap unrelated carbon sources without using
3HV precursors (Hou et al. 2014). It efficiently utilizes several
agro-industrial wastes, including vinasse, cheese whey, olive
mill wastewater, and rice-based ethanol stillage, as low-cost
substrates for PHBV production (Alsafadi and Al-Mashagbeh
2017; Bhattacharyya et al. 2012; Bhattacharyya et al. 2014;
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Pais et al. 2016). Thus, it is the most prominent natural PHA
producer among haloarchaea. The complete genome sequence
of H. mediterranei was published in 2012 (Han et al. 2012).
Subsequently, the key genes involved in PHBV metabolism
and regulation have been identified and characterized in our
lab (Cai et al. 2012; Cai et al. 2015; Han et al. 2013; Hou et al.
2013; Liu et al. 2015; Liu et al. 2016; Lu et al. 2008). The
active PHA synthase in H. mediterranei is constituted of two
subunits, PhaC and PhaE (Lu et al. 2008). Additionally, its
genome sequence revealed three cryptic phaC genes, phaCl,
phaC2, and phaC3 (Han et al. 2010). Except phaC2, phaCl
and phaC3 encoded functional proteins which formed active
PHA synthases with PhaE subunit and led to the synthesis of
PHBYV in Haloarcula hispanica PHB-1 (PHA synthase gene
deletion mutant). These findings have further paved the way
for developing engineered H. mediterranei strain. For exam-
ple, the knockout mutant of exopolysaccharide (EPS) biosyn-
thesis gene cluster, AEPS, showed a 20% higher PHBV pro-
duction than the wild-type stain (Zhao et al. 2013). EPS is
synthesized by the wild-type H. mediterranei and excreted
into the medium. Its accumulation hinders PHA synthesis by
enhancing the culture viscosity and consuming carbon source.
The culture of AEPS exhibited a reduced viscosity and thus
increased the dissolved oxygen content in the medium and
decreased the foaming propensity. Furthermore, more carbon
source was channeled towards PHBV synthesis in AEPS
compared with the wild-type strain (Zhao et al. 2013).

In our recent research, we serendipitously discovered
two mutants H. mediterranei AEPSApps and
AEPSApps-like gene with further improved PHBV accu-
mulation ability while characterizing the key enzymes in-
volved in the interconversion of pyruvate and phospho-
enolpyruvate (PEP) (Chen et al. 2019). PEP synthetase
(PPS) catalyzed pyruvate to PEP. Its deletion strain
AEPSApps led to a 35.9% increase in PHA production
which might be resulted from channeling more pyruvate
to PHA synthesis. Notably, a novel protein that showed
high homology with PPS, named PPS-like, was identified.
However, unlike PPS, PPS-like protein did not participate
in the conversion from pyruvate to PEP. Unexpectedly, its
deletion increased PHBV production by 70.46%. Our
RNA-seq data showed that several genes involved in the
PHBV monomer supplying pathway (bktB, phaBl,
phaB2, and phaJ) and PHBV biosynthesis (phaR, phaP,
phaE, and phaC) were upregulated in AEPSApps-like
gene. This finding is speculated to result in a significantly
increased PHBV accumulation. However, the definite
mechanism behind the enhanced PHBV production
remained to be determined.

The present paper is a continuation of our previous research
work and attempts to determine the impact of pps-like gene
deletion on the cryptic PHA synthase genes of
H. mediterranei (Chen et al. 2019). We designed and
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developed several PHA synthase mutant strains based on
H. mediterranei AEPS Apps-like gene and checked its corre-
sponding effects on PHBV synthesis. Overall, this study is an
endeavor to elucidate the reasons behind improved PHBV
synthesis upon pps-like gene deletion in H. mediterranei.

Materials and methods
Strains and growth conditions

All the bacterial and haloarchaeal strains used in this
study are summarized in Table 1. The two Escherichia
coli strains, JM109 and JM110, were used for construct-
ing plasmids and eliminating DNA methylation of plas-
mids, respectively. They were grown in Luria-Bertani
medium at 37 °C. When needed, 100 pg/mL ampicillin
was added to the medium. H. mediterranei CGMCC
1.2087 (wild type strain) was deposited in the China
General Microbiological Culture Collection Center
(CGMCC). The derived strains of H. mediterranei used
in this study were pyrF deletion mutants, and thus 50-ug/
mL uracil was added to their culture media. They were
cultivated in AS-168 medium (Sambrook et al. 1989) at
37 °C and used as seed cultures after entering late expo-
nential phase. The seed culture was then inoculated into
PHA production medium (Zhao et al. 2013) containing
10 g/L glucose with a 5% (vol/vol) inoculum for PHA
synthesis. The fermentation was carried out at 37 °C un-
til the glucose in the media was completely consumed.

Table 1 Strains and plasmids used in this study

Plasmid construction and genetic manipulation of
H. mediterranei

The plasmids and primers used for gene knockout are listed in
Table 1 and Table 2, respectively. The upstream and downstream
fragments of the three phaC genes were amplified by using rel-
evant primer pairs NF/NR and CF/CR from the genomic DNA
of H. mediterranei via PCR, respectively. The three knockout
plasmids, pHFX-phaC, pHFX-phaCl, and pHFX-phaC3, were
constructed by inserting the two fragments of the target gene into
the suicide plasmid pHFX (Liu et al. 2011). The plasmids were
first constructed in E. coli IM109 and were confirmed by se-
quencing. Then, the plasmids extracted from E. coli IM110 were
transformed into H. mediterranei by the polyethylene glycol-
mediated method (Cline et al. 1989). The correct gene knockout
mutants were screened by PCR verification as previously de-
scribed (Liu et al. 2011).

RNA isolation and qRT-PCR

H. mediterranei cells were grown in PHA production medium
in tubes to exponential phase and stationary phase and were
subsequently harvested for RNA isolation. Total RNA extrac-
tion was carried out with the TRIzol® Reagent (Invitrogen,
USA) as instructed by the manufacturer. cDNA was generated
from the DNA-free RNA samples by using random hexamers
and the MLV Reverse Transcriptase (Promega, USA). The
fluorogenic quantitative PCR was performed in a ViiA™ 7
Real-Time PCR System (Applied Biosystems, USA) as de-
scribed previously (Chen et al. 2019). Each sample was repli-
cated in triplicates and normalized using 7S rRNA gene as an

Strains or plasmids

Relevant characteristics

Source and
reference

Escherichia coli IM109

E. coli IM110

H. mediterranei AEPS

H. mediterranei AEPS Apps-like gene

H. mediterranei AEPS Apps-like geneAphaC

H. mediterranei AEPS Apps-like geneAphaCAphaCl phaC and phaCl deletion mutant of H. mediterranei AEPSApps-like

H. mediterranei AEPS Apps-like geneAphaCAphaC3  phaC and phaC3 deletion mutant of H. mediterranei AEPSApps-like

recAl supE44 endAl hsdR17 gyrA96 relAl thi

dam dcm mutant of E. coli IM109
EPS gene cluster deletion mutant of H. mediterranei DF50

pps-like gene deletion mutant of H. mediterranei AEPS

(Sambrook et al.
1989)

Novagen
(Zhao et al. 2013)
(Chen et al. 2019)

phaC deletion mutant of H. mediterranei AEPS Apps-like gene This study
This study

gene
This study

gene
phaC, phaCl, and phaC3 deletion mutant of H. mediterranei This study

H. mediterranei AEPSApps-like
geneAphaCAphaClAphaC3

AEPSApps-like gene

pHFX 4.0-kb integration vector, containing pyrF and its native promoter, Amp" (Liu et al. 2011)
pHFX-phaC 5.2 kb; integration vector of pHFX for phaC deletion This study
pHFX-phaCl 5.2 kb; integration vector of pHFX for phaC1 deletion This study
pHFX-phaC3 5.2 kb; integration vector of pHFX for phaC3 deletion This study

@ Springer



9762

Appl Microbiol Biotechnol (2020) 104:9759-9771

Table 2 Primers used in this study

Primers Sequence (5'-3")* Usage
phaC-NF GCGTGGCGTGGATGAGATATCGAGCTCGACGAGTGGACGAT Amplify the upstream and downstream fragments of
GTATGC phaC
phaC-NR TCATCCCTCCACGTCCATCG gene to construct pHFX-phaC
phaC-CF GACGTGGAGGGATGATCGTTTTTTCGACGTGAAAA
phaC-CR TATAGGGAGAAGCTTGCATGCGTGAATGTACCCGAAGGTCT
phaC1-NF GCGTGGCGTGGATGAGATATCGAGCTCGGTTACTGAGAGTT Amplify the upstream and downstream fragments
TTGTCGCATCG of phaC1l gene to construct pHFX-phaCl
phaC1-NR  CTTTTATCTCGAGTGTGGTGGCGAA
phaC1-CF CACCACACTCGAGATAAAAGTACGGCGAATCAACAGTACTAGTG
AGG
phaC1-CR  TATAGGGAGAAGCTTGCATGCGCGTTTTACGAGGCACTCTC
AGAAC
phaC3-NF GCGTGGCGTGGATGAGATATCGAGCTCCTTACCCAGTATGG Amplify the upstream and downstream fragments
TCCTCGACTGT of phaC3 gene to construct pHFX-phaC3
phaC3-NR ~ GAACTATATTATCTCGAGCGAGGAT
phaC3-CF CGCTCGAGATAATATAGTTCCCTTAGTCCCCGTCCCGTATGAGTA
phaC3-CR TATAGGGAGAAGCTTGCATGCGAATGCGAGAGAACCCGGTC
GAGCG
qRTphaCl-F TCGAACGAGGTGCGGACA qRT-PCR analysis of phaCl expression
qRTphaCl-R  GTCGGTTGATCAGCGCGT
qRTphaC2-F CGTCGGTAGCTGGCGCAC qRT-PCR analysis of phaC2 expression
qRTphaC2-R  TCGGGACGTTCTGCTGCA
qRTphaC3-F ATGGGCGTTCGAGGGTCA qRT-PCR analysis of phaC3 expression
qRTphaC3-R  GAGCGGCTCGTAGCGGAG
7SF CCAACGTAGAAACCTCGTC Quantification of 7S rRNA
7SR GATGGTCCGCTGCTCGCTTC
phaCl-Pro-F  AGGTTCCACATCGTAATCTCG Amplify the double-stranded DNA fragment of

phaCl-Pro-R  GTAAACGGGTTCATGGTCAT

phaCl
promoter for EMSA analysis

# Sequences representing restriction sites are bold

endogenous control. The fold change of gene expression was
analyzed according to the method developed by Schmittgen
et al. (2008). The primers used are listed in Table 2.

Measurements of cell growth and determination of
residual glucose concentration

Diphenylamine colorimetric method was used to measure the
growth of H. mediterranei mutants by using Beckman Coulter
DUS00 spectrophotometer (Jersey City, NJ, USA), as de-
scribed previously (Hou et al. 2015). The cell growth curve
was plotted by using ODsgs per mL culture against time. The
residue glucose concentration in the culture was monitored by
using SBA-40C biosensor analyzer (Shandong, China).

Gas chromatography
Harvested cells of H. mediterranei were lyophilized overnight

by using TF-FD-12S freeze dryer (Shanghai, China). About
50-mg lyophilized cells were used for methanolysis reaction
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in 2-mL chloroform and 2-mL methanol containing 3% (vol/
vol) sulfuric acid at 100 °C for 4 h. After stratification using
distilled water, the constituents in the organic phase were an-
alyzed by GC-6820 (Agilent, USA) as previously described
(Han et al. 2007). In the GC analysis, benzoic acid was used as
the internal standard for quantitative calculation of 3HB and
3HV. The relative mass correction factors for 3HB and 3HV
were obtained from reference material PHBV and used for the
quantitative analysis of monomer compositions. PHBV con-
tent was calculated as follows: (mass of PHBV/original lyoph-
ilized cell mass) x 100%. The 3HV molar content in PHA was
calculated as the ratio of 3HV mole / (3HV mole + 3HB mole)
(as mol%).

Transmission electron microscopy

The H. mediterranei strains of AEPSApps-like
gene, AEPSApps-like geneAphaCAphaCl, AEPSApps-
like geneAphaCAphaC3, and AEPSApps-like
geneAphaCAphaClAphaC3 were grown in PHA
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production medium for 168 h and subsequently harvested for
TEM analysis. TEM sample preparation was performed as
previously described (Cai et al. 2012). TEM images of PHA
granules were acquired on JEM-1400 transmission electron
microscope (JEOL, Japan).

Electrophoretic mobility shift assay

The double-stranded DNA fragment (176 bp) of phaCl pro-
moter was amplified by PCR using the primer pair of phaCl-
Pro-F/phaC1-Pro-R (Table 2). The purified PCR product as
the probe for EMSA was labeled with biotin by using
Chemiluminescent Biotin-Labeled Nucleic Acid Detection
Kit (Beyotime, China) as the manufacturer’s instruction.
PPS-like protein was expressed and purified from Haloferax
volcanii H1424 as previously described (Chen et al. 2019).
The EMSA was performed using Chemiluminescent EMSA
Kit (Beyotime, China) with minor modifications. Briefly,
PPS-like protein (0—160 pmol) were incubated with 1 fmol
DNA probe in a 20 puL reaction mixture contained 1 x
EMSA buffer, 1 pg/puL poly dI-dC, 20 mM Tris-HCl
(pH 8.0), 2 M NaCl at 25 °C for 30 min. Then, the reaction
samples were immediately loaded on a non-denaturing 8%
polyacrylamide gel with 1 pL 40% sucrose solution and 0.2
pL bromophenol blue. The electrophoresis was run in 0.5 x
Tris-borate-EDTA buffer at 250 V for 25 min. Subsequently,
the DNA-protein complex and free probes were transferred
onto a Biodyne nylon membrane (Pall, USA) by using
Trans-Blot (Bio-Rad, USA). The transfer was run in 0.5 X
Tris-borate-EDTA buffer at 4 °C for 30 min at electricity of
380 mA. The membrane with probes was cross-linked using
Gene Linker UV Chamber (Bio-Rad, American) at C-3 gear.
The biotin-labeled probes were detected by
Chemiluminescent Nucleic Acid Detection Module Kit
(Thermo Fisher Scientific, USA) and photographed using
Tanon 5200 Multi Chemiluminescent Imaging System
(Tanon, China).

Sequence analysis

An online webserver was used for predicting DNA-binding
proteins (http://crdd.osdd.net/raghava/dnabinder/index.html).
The parameter of SVM (support vector machine) score
greater than zero indicated that the predicted protein is a
DNA-binding protein.

Statistical analysis

All data were analyzed using GraphPad Prism software and
presented as mean + standard deviation (SD) of the three in-
dependent replicates. Statistical significance between groups
were performed using Student’s ¢ test at three significance
levels (*p < 0.05, **p < 0.01, and ***p <0.01).

Results

pps-like gene deletion upregulates the transcription
of cryptic phaCs

In H. mediterranei, the active PHA synthase encoding genes,
phaE and phaC, form a PHA gene cluster with phaR and phaP
on the megaplasmid pHM300 (Fig. 1a). In addition, phaCl
and phaC2/phaC3 are located on its chromosome and the
megaplasmid pHMS500, respectively. Our previous work
found that phaCl, phaC2, and phaC3 were not transcribed
in the wild-type H. mediterranei strain (Han et al. 2010).
Our recent published RNA-seq data showed that the three
cryptic phaC genes were upregulated by 5-, 2-, and 3-fold,
respectively, in H. mediterranei AEPS Apps-like gene com-
pared with AEPS (Chen et al. 2019). However, the number of
fragments per kilobase of transcript per million mapped reads
(FPKM) of phaCl, phaC2, and phaC3 was 27, 21, and 187,
respectively, which was much lower than the FPKM (1250) of
phaC gene. In order to precisely compare the expression level
of the three phaC genes in AEPSApps-like gene and AEPS,
we carried out qRT-PCR with the RNA samples from both
exponential phase and stationary phase cultures by using the
specific primers (Fig. 1a and Table 2).

The qRT-PCR results were basically consistent with the
RNA-seq transcription tendency (Fig. 1 b and c). The tran-
scription level of phaCl was upregulated by 3- and 22-fold at
exponential and stationary phase, respectively, in
AEPSApps-like gene compared with AEPS. For phaC2 and
phaC3, no significant change was observed at exponential
phase, whereas the expression level at stationary phase was
5-fold and 3-fold higher, respectively, in the AEPSApps-like
gene. Our RNA-seq found that the pps-like gene deletion in-
creased the functional PHA synthase expression level in
H. mediterranei. Overexpression of PHA synthase could in-
fluence the expression level of other PHA synthesis genes,
including other phaCs, phaF, and phal (Kim et al. 2006;
Quelas et al. 2013). In order to exclude the effect of phaC
overexpression on the three cryptic phaC genes’ expression,
we knockout the phaC gene in AEPS and AEPSApps-like
gene. The expression level of phaCl, phaC2, and phaC3 in
AEPSAphaC was similar to AEPS at two growth phases
(Fig. 1 b and c). It indicated that the transcription level of
the three phaC genes was negligible in AEPSAphaC as in
AEPS. However, deletion of pps-like gene in AEPSAphaC
increased the expression of phaCl, phaC2, and phaC3 more
obviously compared with deletion of pps-like gene in AEPS.
The transcription level of phaC1 was almost 10- and 34-fold
higher at exponential and stationary phase in AEPSApps-like
geneAphaC, respectively. The expression of phaC2 showed
almost 3- and 6-fold increase at exponential and stationary
phase in AEPSApps-like geneAphaC, respectively. In the
case of phaC3, its expression underwent almost 6-fold
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Fig. 1 Expression of three cryptic phaC genes in Haloferax mediterranei
mutants. a Genetic organization of four phaC genes in H. mediterranei.
hp hypothetical protein, DBD DNA binding domain. The location of
primers used for qRT-PCR is indicated by arrows. qRT-PCR analysis

increase at stationary phase in AEPSApps-like geneAphaC.
In total, deletion of the pps-like gene activated the expression
of'the cryptic phaC genes in H. mediterranei, which supported
our previous findings (Chen et al. 2019). Moreover, deletion
of both phaC and pps-like genes led to a more prominent
upregulation of the expression level of phaCl than phaC?2
and phaC3 genes. This indicated that phaC deletion had a
positive effect on cryptic phaC gene expression when pps-like
gene was deleted.

pps-like and phaC knockout strain accumulates PHBV

In our subsequent study, we aimed to investigate whether the
expressed cryptic PhaC proteins could form a functional PHA
synthase with PhaE protein in Apps-like gene strain. We tested
the PHA accumulation ability of four mutant strains (AEPS,
AEPSAphaC, AEPSApps-like gene, AEPSApps-like
geneAphaC) by culturing them in PHA production media for
132 h. During the fermentation process, culture samples were
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taken every 12 h to measure cell growth and glucose consump-
tion (Fig. 2a). Obviously, AEPSAphaC and AEPSApps-like
geneAphaC grew slowly compared with AEPS and
AEPSApps-like gene, respectively. Among the four tested
strains, the growth rate decreased in the following order:
AEPSApps-like gene>AEPS>AEPSApps-like
gene AphaC>AEPSAphaC. The residual glucose concentration
in the culture supernate showed an opposite trend with respect to
the cell growth rate. These results showed that piaC deletion
slowed down glucose consumption and simultaneously had a
negative effect on cell growth in H. mediterranei. However,
pps-like gene deletion increased glucose consumption and accel-
erated cell growth in AEPS and AEPSAphaC.

The samples at 132 h were used for PHA analysis. With the
increase in the amount of intracellular PHA, the turbidity of
H. mediterranei culture became higher. As shown in Fig. 2b,
the cultures of AEPS and AEPSApps-like gene showed greater
turbidity compared with AEPSApps-like geneAphaC and
AEPSAphaC. Notably, the culture of AEPSAphaC was almost
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Fig. 2 Effects of pps-like or phaC knockout on cell growth, glucose
consumption, and PHBV synthesis in H. mediterranei. a Time course
of cell growth and glucose consumption. Green curves, glucose
consumption; red curves, cell growth; closed circles, AEPS; open
circles, AEPSAphaC; closed triangles, AEPSApps-like gene; open

transparent orange color, indicating no PHA deposited in the
cells. The PHA accumulation results determined by GC analysis
are shown in Table 3 and Fig. 2c. AEPS and AEPSApps-like
gene could accumulate 48% and 54% (wt) PHBV, respectively.
The deletion of phaC in AEPS completely abolished its PHA
accumulation ability, whereas its deletion in AEPSApps-like
gene still resulted in a PHBV accumulation of 5% (wt). It implied
that PhaC1l and/or PhaC3 could form functional PHA synthase

triangles, AEPSApps-like geneAphaC. b Optical images of cell
cultures in PHA fermentation medium at 132 h. ¢ GC analysis of
PHBV accumulation in AEPS, AEPSAphaC, AEPSApps-like
geneAphaC, and AEPSApps-like gene

with the PhaE subunit and catalyzed PHBV synthesis in the pps-

like gene deletion mutant.

Both PhaC1 and PhaC3 form functional PHA synthase
with PhaE subunit in pps-like deletion mutant

We next wanted to know which of the three cryptic PhaCs
polymerized with PhaE to accumulate PHBV in AEPSApps-

Table 3 PHA accumulation in

H. mediterranei mutant strains® Strains PHBV content 3HV fraction CDW" PHBYV concn
(Wt%) (mol%) (gL) (€40
AEPS 48.77+0.18 10.90+0.14 5.10£0.08 2.49+0.05
AEPSAphaC 0 0 290+0.16 0
AEPSApps-like gene 54.44+1.24 10.55+0.29 524022 286+0.18
AEPSApps-like 4.65+1.00 35.71£2.13 3.09 020 0.14£0.02
geneAphaC

#Data are expressed as mean + standard deviations from three independent experiments

> CDW cell dry weight
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like geneAphaC. Thus, phaCl, phaC3, or both were further
knockout in AEPSApps-like geneAphaC. The parent stain
(AEPSApps-like geneAphaC) and obtained mutants
(AEPSApps-like geneAphaCAphaCl, AEPSApps-like
geneAphaCAphaC3, and AEPSApps-like
geneAphaCAphaClAphaC3) were then used for PHA fer-
mentation and GC analysis. The fermentation process lasted
for 228 h until the glucose in all cultures was consumed
completely. The slow glucose consumption might be related
to a small amount of or even no PHA synthesis (Table 4).
Deletion of the phaCl gene reduced the PHBV content from
4 t0 0.43% (wt). On the other hand, the deletion of the phaC3
gene slightly reduced the PHBV content to 3.44% (wt). This
suggested that PhaCl had a pronounced effect on PHBV syn-
thesis in the AEPSApps-like geneAphaC strain, compared
with PhaC3. However, the PHA yield in AEPSApps-like
geneAphaCAphaCl and AEPSApps-like
geneAphaCAphaC3 mutants was very low compared with
AEPSApps-like gene mutant. It also implied that the expres-
sion level of phaCl and phaC3 caused by pps-like gene dele-
tion mutant was quite low compared with the phaC gene in its
original strain. The knockout of both phaC1 and phaC3 genes
in AEPSApps-like geneAphaC completely abolished its
PHA synthesis. Thus, PhaC2 did not participate in PHBV
synthesis. The 3HV content was significantly enhanced in
the phaCl or phaC3 deletion mutants compared with the
AEPSApps-like strain. The expression of phaCl and phaC3
genes resulted into the 3HV content 0f48.63 and 35.11 mol%,
respectively, whereas phaC gene expression led to a 3HV
content of 10.55 mol%. This might be due to the different
substrate specificities of PhaCl, PhaC3, and PhaC. The fer-
mentation results were further verified by visualizing the PHA
granules by TEM imaging (Fig. 3). Few PHA granules were
observed in the strain AEPSApps-like geneAphaCAphaCl.
The number of PHA granules was more and appeared bigger
in size in AEPSApps-like geneAphaCAphaC3. No PHA
granule was observed in AEPSApps-like
geneAphaCAphaClAphaC3. Despite the deletion of phaC
gene, PhaCl and PhaC3 formed PHA granules after the

pps-like gene knockout. Thus, PhaCl and PhaC3 formed an
active PHA synthase complex with PhaE subunit in the Apps-
like gene mutant. However, PhaC2 did not participate in PHA
granule formation. This indicated that PhaC2 was incapable of
forming functional PHA synthase due to its truncated C ter-
minus. This result was consistent with our previous report that
PhaC2 could not form functional PHA synthase with PhaE
protein in H. hispanica (Han et al. 2010). Overall, in agree-
ment with the previous two results and the fermentation re-
sults, both PhaCl and PhaC3 could complex with PhaE sub-
unit to form active PHA synthase and accumulate PHBV in
AEPSApps-like geneAphaC. Especially, PhaCl demonstrat-
ed a significant effect on PHBV synthesis.

PPS-like protein binds to the phaC1 promoter in vitro

The detailed mechanism behind the activation of the three
cryptic phaC genes in pps-like gene deleted H. mediterranei
remained to be clarified. PPS-like protein has no PPS enzyme
activity although it shows high homology with PPS family
proteins (Chen et al. 2019). Then, we tentatively speculated
that PPS-like protein might regulate its target genes by bind-
ing their promoters and performed a prediction by using an
online webserver (http://crdd.osdd.net/raghava/dnabinder/
index.html). The SVM score of PPS-like protein is 0.89 and
thus probably possessed DNA sequence binding ability. We
chose phaCl gene as the target gene to test the DNA-binding
capability of PPS-like protein due to the follow reasons. Our
qRT-PCR and fermentation results revealed that among the
three cryptic phaC genes, phaCl was upregulated most prom-
inently and played the most important role in PHA polymer-
ization in pps-like gene and phaC gene deletion mutants. In
addition, phaC1 and pps-like gene are closely linked and sep-
arated by only one small gene with unknown function on the
chromosome (Fig. 1a). This indicated that the interaction be-
tween PPS-like and the promoter sequence of phaCl has a
high probability. The 176 bp promoter sequence of phaCl
embracing its core elements, BRE and TATA box, was am-
plified (Fig. 4a and Table 2) to test whether the phaCl

Table 4 PHA accumulation in

H. mediterranei mutant strains® Strains PHBYV content 3HV fraction CDW" PHBYV concn
(Wt%) (mol%) (@L) (L)

AEPSApps-like geneAphaC 3.75+1.15 33.33+2.13 321+048 0.12+0.01

AEPSApps-like 0.43+0.15 35.11+1.72 232+0.51  0.01+0.001
geneAphaCAphaCl

AEPSApps-like 3.44+0.71 48.63+£3.25 2.89 035 0.10+0.01
geneAphaCAphaC3

AEPSApps-like 0 0 291+123 0

geneAphaCAphaClAphaC3

Data are expressed as mean =+ standard deviations from three independent experiments

> CDW cell dry weight
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Fig. 3 TEM images of pps-like
and phaCs deletion

H. mediterranei mutants grown in
PHA fermentation medium for
168 h. a AEPSApps-like gene; b
AEPSApps-like
geneAphaCAphaCl; ¢
AEPSApps-like
geneAphaCAphaClAphaC3; d
AEPSApps-like
geneAphaCAphaC3. PHA
granules observed in (b) and (c)
are indicated by yellow arrows.
Scar bars are 0.5 pum

AGGTTCCACATCGTAATCTCGTCGAAGCGGGAGGGA
CCATCCACCCCCGACTCCCGTACGGTTGAGCCGAGG
GGGGTTCGACCACTCGATAGACGATTCCACGGTACT
CGAAGAGACCCCTTCCAGAGCAATTICGCCACCACAC
TCGAGATAAAAGATAACCATGAACCCGTTTAC

1 1 1 1 Biotin-P,,c; (fmol)

0 10 50 160 PPS-like (pmol)

o <
bl

Fig. 4 EMSA analysis of the interaction between PPS-like protein and
the double-stranded DNA fragment of phaCI promoter. a Nucleotide
sequences of phaCl promoter used for EMSA. The length of the DNA
probe was 176 bp. The predicted BRE and TATA box were shaded and
double underlined, respectively. The start code of phaCI was boxed. The
primers for PCR were in italic. b EMSA of PPS-like protein and phaCl
promoter. The amount of DNA probe (1 fmol) and proteins (0—160 pmol)
in each lane was indicated. The DNA protein complex was indicated by
arrows. FP free probes

promoter could be recognized by PPS-like protein
overexpressed and purified from Haloferax volcanii. Their
interaction was determined by electrophoretic mobility shift
assay (EMSA) (Fig. 4b). As we predicted, PPS-like protein
could efficiently bind to the phaCI promoter sequence de-
duced from a clear binding band observed by EMSA analysis
(Fig. 4b). At a fixed DNA concentration of 1 fmol, the increas-
ing concentration of PPS-like protein resulted in the formation
of more protein-DNA complex. PPS-like could bind to phaC1
promoter sequence at the protein concentration of 50 pmol. As
the protein concentration increased to 160 pmol, the formed
PPS-like DNA complex was significantly intensified (Fig.
4b). This result might help explain the upregulation of
phaCl gene expression after pps-like gene deletion, as PPS-
like protein repressed phaCl expression by binding to its pro-
moter sequence.

Discussion

The present study showed that the deletion of pps-like gene in
H. mediterranei activated the expression of three cryptic phaC
genes, especially phaCl, although their absolute transcription
was low. PPS-like protein probably negatively regulated the
expression level of phaC1 by binding to its promoter region. It
was also found that PhaCl and PhaC3 could form functional
PHA synthases with PhaE and accumulated PHBV in
AEPSApps-like geneAphaC. However, the expression of
phaC2 alone completely abolished the PHBV synthesis capa-
bility. The 3HV content in the PHBV synthesized by the phaC
mutants were significantly higher compared with the
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AEPSApps-like strain. PhaCl contributed to the highest
3HV mol%, followed by PhaC3 and finally PhaC.

H. mediterranei wild-type strain has four phaC encoding
genes. Only the phaC gene in the pha cluster is expressed, and
the other three phaC genes are cryptic under PHA-
accumulating condition. The presence of multiple PHA syn-
thase genes is a common phenomenon among PHA-
accumulating microorganisms. For example, Pseudomonas
species usually possess at least two PHA synthase encoding
genes. Pseudomonas mendocina genome encoded two PHA
synthase genes (Hein et al. 2002). Both the PHA synthase
genes were functional and conferred PHA synthesis when
expressed individually in PHA-negative mutants. However,
PhaC1 was the major PHA synthase and accumulated higher
PHA content with fatty acid as a sole carbon source, while
PhaC2 accumulated a higher concentration of PHA using glu-
conate under storage conditions. Pseudomonas oleovorans
and Pseudomonas putida strains were reported to contain even
more than two PHA synthase genes that influenced the PHA
monomer composition (Matsusaki et al. 1998). Ralstonia
eutropha has two PHA synthase encoding genes, phaCl and
phaC2 (Peplinski et al. 2010). phaC1 gene was constitutively
expressed and encoded the major PHA synthase enzyme.
phaC2 was not transcribed under all conditions except during
storage conditions using gluconate as sole carbon source.
Moreover, deletion of phaCl gene inactivated phaC2 gene.
The PHA gene locus in Burkholderia sp. included two PHA
synthase genes, each of them encoding functional enzyme,
probably with distinct substrate specificity (de Andrade
Rodrigues et al. 2000; Hang et al. 2002). The genome of
Neptunomonas concharum JCM17730 contained two class I
PHA synthases, PhaCl and PhaC2, and one class III PHA
synthase, PhaEC (Pu et al. 2020). Heterologous expression
of the individual PHA synthase genes in E. coli showed that
the three phaC genes exhibited different catalytic activities at
different cultivation temperatures (Pu et al. 2020). PhaC1 pre-
sented the highest PHA synthesis ability, followed by PhaEC
and PhaC2. Several Halomonas species have been reported to
encode two different phaC genes. The two PhaC proteins
from Halomonas sp. TDO1 showed 78% and 73% identity
with the two PhaCs from Halomonas elongata DSM2581,
respectively (Cai et al. 2011). The heterologous expression
of phaCly, from H. elongate DSM 2581 accumulated PHA
in E. coli (Ilham et al. 2014). However, phaC2, expression in
E. coli did not synthesize PHA. Furthermore, coexpression of
phaCl and phaC2 genes from Halomonas sp. O-1 resulted in
an effect similar to phaC1 expression alone in E. coli (Ilham
et al. 2014). This indicated that Halomonas phaC2 was non-
functional. A total of 5 phaC genes were annotated in the
genome of Bradyrhizobium japonicus UDSA 110 (Quelas
et al. 2013).

It has been observed that PHA synthase gene expression
influenced the expression level of other PHA biosynthesis
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genes, positively or negatively. For instance, phaC2 overex-
pression in P. putida elevated the transcription level of its two
PHA granule-associated genes, phaF and phal (Kim et al.
20006). B. japonicum USDA 110 genome had five paralogs
of PHA synthase genes belonging to different classes
(Quelas et al. 2013). PhaC1 was similar to rhizobial PHA
synthase and belonged to class I type. PhaC2 was unclassified
and related to PHA synthase from betaproteobacteria. PhaC3,
PhaC4, and PhaC5 belonged to class I, class III, and class TV,
respectively. Among them, phaCl and phaC2 were signifi-
cantly expressed, but phaC3, phaC4, and phaC5 expression
level was very low. phaCl was the main PHA synthase as its
deletion mutant could not synthesize PHA. Interestingly,
AphaC2 mutant increased phaC3 transcript and synthesized
more PHA than wild type, suggesting that phaC2 negatively
regulated PHA synthesis. Similarly, in the case of
Rhodospirillum rubrum possessing three phaC genes, PhaC2
was the major PHA synthase. However, deletion of phaCl
gene elevated the PHA production level, indicating that
PhaC1 exerted inhibitory effect on PHA synthesis (Jin and
Nikolau 2012). In this study performed in H. mediterranei,
prior to the deletion of the cryptic genes in AEPSApps-like
gene mutant, phaC gene was knockout. This strategy helped
to determine the sole effect of the cryptic genes on PHBV
synthesis upon pps-like gene deletion. Our results showed that
besides the regulation of phaC1l imposed by PPS-like protein,
it was probable that overexpression of phaEC gene caused by
the deletion of pps-like gene in H. mediterranei had influ-
enced the expression of phaCl, phaC2, and phaC3 genes
(Fig. 1 b and c). Moreover, the fact that the three PhaC pro-
teins, PhaC, PhaCl, and PhaC3 led to incorporation of differ-
ent molar fractions of 3HV showed their distinct substrate
specificity. Thus, engineering of these genes can possibly pro-
duce different PHBV materials with tailor-made 3HV content.

The expression of phaC is often regulated by DNA bind-
ing regulatory proteins. In P. oleovorans, PhaF negatively
regulated the expression of phaCI by binding to the pro-
moter of phaCl (Pricto et al. 1999). Additionally,
Pseudomonas sp. encodes a PhaD protein which is a TetR-
like transcriptional regulator. PhaD could bind the promoter
of phaCl, which directed the transcription of phaC1ZC2D
operon (de Eugenio et al. 2010). In B. japonicum USDA
110, expression of phaC5 and phaC3 was elevated when
phaR gene, encoding a DNA binding PHA granule associ-
ated protein, was deleted (Nishihata et al. 2018). In
Azotobacter vinelandii, PhbR protein is a transcriptional
activator of phbBAC operon (Peralta-Gil et al. 2002).
However, in the case of PPS-like mediated regulation, we
had two important findings. First, pps-like gene knockout
led to upregulated phaEC expression and enhanced PHA
accumulation with no disorder in granule formation.
Second, PPS-like protein repressed phaCl expression by
binding to its promoter region, and hence its deletion
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upregulated phaCl gene expression. This type of regulation
phenomenon by PPS-like protein is identified in PHA accu-
mulating microorganisms for the first time. However, the
specific binding sites of phaC1 promoter by PPS-like pro-
tein need to be further determined in our future study.

PPS belongs to the PEP-utilizing family of protein. The
function of PPS is quite diverse among various microorgan-
isms. It is normally involved in the gluconeogenic direction of
carbohydrate metabolism and catalyzes the conversion of py-
ruvate to PEP (Niersbach et al. 1992). However, there are
reports that PPS has a bidirectional activity and participates
in the glycolytic direction, i.e., conversion of PEP to pyruvate
in microorganisms like Pyrococcus furiosus (Sakuraba et al.
2001). In Thermococcus kodakarensis, PPS enzyme played a
vital role in the conversion of PEP to pyruvate as the strain
failed to grow on maltooligosaccharides upon the deletion of
pps gene (Imanaka et al. 2006). Pyruvate phosphate dikinase
(PPDK) has a similar structure and function with PPS and also
belongs to PEP-utilizing family. In thermophilic archaeon
Thermoproteus tenax, PPDK showed a bidirectional activity
in PEP/pyruvate interconversion with preference for PEP con-
version to pyruvate (Tjaden et al. 2006). In Microbispora
rosea, PPDK is involved in the gluconeogenic pathway,
catalyzing the formation of PEP from pyruvate (Eisaki et al.
1999). PPDK is an important rate-limiting enzyme in C4 pho-
tosynthetic pathway in plants. It is involved in diverse pro-
cesses in plants, including abiotic stress tolerance, early seed-
ling growth, seed development, conversion of NADH to
NADPH, maintenance of pH and replenishing citric acid cycle
intermediates for amino acid synthesis, nitrogen assimilation
and fatty acid synthesis (Yadav et al. 2020). A very close
structural homolog to PPS and PPDK protein is rifampin
phosphotransferases (RPH). It is an antibiotic resistance pro-
tein, widespread among pathogenic bacteria that confer resis-
tance to rifamycin by phosphorylation (Qi et al. 2016).
Similarly, multiple sequence alignment and phylogenetic tree
analysis showed that PPS-like protein was closely related to
both PPS and PPDK proteins (Chen et al. 2019). However, it
neither possessed PPS nor PPDK function. Rather, our present
study revealed its regulatory function on phaCl gene. Thus,
even though all these proteins showed high homology, they
have evolved diverse functions. Taken together, molecular
characterization of PPS-like protein and its involvement in
PHBYV synthesis enhancement has provided a new insight on
both the PHA biosynthesis in haloarchaea and the diversity of
PPS family protein functions.
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