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Abstract

Objectives For the stress from fermenters, down-
stream processing equipment, and wastewater treatment
to be alleviated, lowering salt-dependence in the ectoine
synthesis process is of great significance in the moder-
ately halotolerant Halomonas hydrothermalis Y2.
Results In H. hydrothermalis Y2, the 6% and 8-
controlled promoters of ectA are predicted to be
involved in the osmotic regulation of ectoine synthe-
sis. By substituting the ectA promoter with a promoter
P45 that identified in the outer membrane pore protein
E of H. hydrothermalis Y2, the salt dependence of
ectoine synthesis was significantly decreased. In the
500-ml flask containing various NaCl contents, the
engineered strain (p/Y2/AectD//AdoeA) showed a
remarkably enhanced ability in ectoine synthesis,
especially under lower saline stress. After a 36-h fed-
batch fermentation in the 1-1 fermenter, p/Y2/AectD/
AdoeA synthesized 11.5 g ectoine 1" in the presence
of 60 g NaCl™" 1, with a high 0.32 g ectoine "' h™"
productivity, a specific productivity of 512.2 mg
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ectoine per g cell dry weight (CDW)™', and an
excretion ratio of 67 % ectoine.

Conclusions Asno impaired growth was observed in
strain p/Y2/AectD//AdoeA while ectoine synthesis
was increased, this promoter engineering strategy
provides a practical protocol for lowering the salt-
dependence of ectoine synthesis in this moderately
halotolerant strain.
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Introduction

To cope with high osmotic stress in a saline environment,
microorganisms developed two key mechanisms to
achieve an osmotic balance between the cytoplasm and
the surrounding medium (Oren 2002). Some halotolerant
or halophiles following the organic osmolyte mechanism
can amass compatible solutes to lower the potential of
cytoplasmic water and to feed off the detrimental effects
of high osmolality on cellular physiology and growth
(Oren 2018). Recently, there has been compelling
evidences for the bioactivities of these multifunctional
molecules, which serve as osmostress protectants from a
variety of abiotic stresses (Pejin et al. 2015; Jadhav et al.
2018). Among the known compatible solutes, the
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aspartate  derivative ectoine  (1,4,5,6-tetrahydro-2-
methyl-4-pyrimidinecarboxylic acid) is of great interest
because of its broad applications in various fields, and
several tons are produced annually via a biotechnological
process by strain Halomonas elongata DSM25817
(Kunte 2006).

The production of ectoine is often strictly salt-
dependent. However, the use of high-salinity media in
such fermentation processes imposes notable constraints
on the cost, design, and durability of fermenter systems,
as well as saline wastewater treatment (Becker et al.
2013). To eliminate issues with high-salinity fermenta-
tion, considerable efforts have been made to explore
alternative fermentation processes, including some
engineering protocols for decreasing salinity require-
ments. For example, the heterologous pathway of
ectoine synthesis was constructed in the E. coli and
Corynebacterium glutamicum hosts to yield high
ectoine production under low salinity (Becker et al.
2013; Seip et al. 2011). However, with respect to
designing efficient chassis cells, there have been very
limited studies on the modification of Halomonas
species to decrease their dependence on high salt. In
our recent publication, we constructed a mutant that
lacks the Na*/H™ antiporter (Mrp) and showed that it
retained similar ectoine productivity in a low-salinity
medium (Zhao etal. 2019). This implies the engineering
potentials of lowing the salt-dependence for ectoine
production in this moderately halotolerant producer.

In H. elongata DSM2581" or most strains with
putative ectoine synthesis pathways, the ectABC gene
cluster, which is responsible for converting L-aspar-
tate-fB-semialdehyde to ectoine, is transcribed in dif-
ferent patterns (Calderon et al. 2004; Czech et al.
2018). In this study, the promoter assembly and the
osmotic responses of ectABC in H. hydrothermalis Y2
were investigated. Based on the mutant Y2/AectD/
AdoeA we previously constructed (Zhao et al. 2019),
the ectA promoter region was replaced by a constitutive
and strong promoter, and higher ectoine productivity
was successfully obtained in a lower saline medium.

Materials and methods
Microorganisms, plasmids and culture conditions

The strains and plasmids used in this study are listed in
Table 1. H. hydrothermalis Y2, a moderately
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halotolerant and alkalophilic strain, was isolated from
alkaline pulp mill wastewater and was preserved in the
China Center for Type Culture Collection (CCTCC
No. M208188) (Yang et al. 2010). To screen for strong
promoters in the H. hydrothermalis Y2 strain, pro-
moters were ligated with the promoter probe vector
pKK232-8 and transformed into Escherichia coli
DH5a.. The promoter replacement was based on strain
Y2/AectD/AdoeA that we previously constructed
(Zhao et al. 2019). E. coli strains and H. hydrother-
malis Y2 strains were routinely maintained on Luria-
Bertani (LB) agar plates and propagated in liquid LB
medium containing (17') 10 g tryptone, 5 g yeast
extract, and 10 g NaCl, pH 7.

Rapid amplification of cDNA ends polymerase
chain reaction (RACE-PCR) and sequence
alignment

Total RNA of strain Y2 was isolated from the
exponentially growing cells using Easy Pure RNA Kit
(TransGen Biotech, Beijing, China). To determine the
transcriptional initiation sites, RACE-PCR was per-
formed using the SMARTerTM RACE cDNA Ampli-
fication Kit (Clontech, Mountain View, CA, USA), and
the primers ectA-F1 (GATTACGCCAAGCTTCGGGC
CGATTCTTACCAGGTTTTCC) and ectB-F1 (GAT
TACGCCAAGCTTTGGCGCCCTGAGTGGGAATA
CCQG). The transcription initiation site was defined by
the boundary between the artificially attached RNA and
the 5’-end of the transcript. In addition, the promoter
sequences were also aligned by ClustalX2, with the
corresponding regions from strains H. elongata
DSM2581" and C. salexigens DSM3043™.

Transcriptome-based promoter screening

The transcriptome of H. hydrothermalis Y2 growing at
various pH values (6.21, 8, and 10.17) were sequenced
previously (Accession No: SRP075842) (Cheng et al.
2016). The potential strong promoters were screened
by comparing the fragments per kilobase of transcript
per million fragments mapped (FPKM) values of the
corresponding genes under these conditions.
Genomic DNA of H. hydrothermalis Y2 was
isolated using the ChargeSwitch® gDNA Mini Bac-
teria Kit (Invitrogen, Corp, Carlsbad, Calif., USA).
The chloramphenicol acetyltransferase (CAT) ELISA
kit100 (Roche) was wused to evaluate the
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Table 1 Strain and plasmid used in this study

Strain and plasmid

Functional characteristics

References

Temperature-sensitive suicide plasmid for gene replacement

Yang et al. (2010)
Zhao et al. (2019)

pKK232-8 Promoter probe vector

pK18mobSacB

E. coli DH5a Commercial E. coli competent cell for DNA cloning

E. coli S17-1 Competent cells for gene knockout

H. hydrothermalis Y2 Halotolerant and alkaliphilic strain for ectoine production
Y2/ AectDI AdoeA H. hydrothermalis Y2 with ectD and doeA deletion
p/Y2/AectDI AdoeA H. hydrothermalis Y2 with ectD and doeA deletion, and

This study

promoter substitution before ectA

transcriptional activities of the screened promoters.
Putative promoters were amplified using primers listed
in Supplementary Table 1 and the genomic DNA of H.
hydrothermalis Y2 as a template. The resulting
fragments were then ligated with the promoter probe
vector pkk232-8, transformed into E. coli DH5a
competent cells, and spread on plates containing
25 mg chloramphenicol 17'. After cultivation at
30 °C, the positive clones were picked and sequenced
for fidelity. For comparison, the ectA promoter was
fused with vector pkk232-8, transformed into E. coli
DH5a competent cells. In addition, the empty vector
pkk232-8 was also transformed into E. coli DH5o and
used as a negative control.

Promoter activity assay

For CAT activity measurement, the E. coli constructs
were cultivated in the LB medium and collected by
centrifugation at 8000xg for 5 min at 4 °C. After
washed twice and re-suspended in 2 ml lysis buffer,
cells were passed through a high-pressure homoge-
nizer (JN-02C, JNBIO, China) and then centrifuged at
10,000xg for 10 min. The protein content of the
supernatant was determined using Coomassie Brilliant
Blue. The CAT activity was measured using an
enzyme-linked immunoassay kit, and expression
levels were characterized by the ratio of (differential
dilution factor x CAT concentration)/(diluted fold x
protein concentration).

To test the osmotic response of the ectA and ectB
promoter regions, E. coli construct pkk-Y2-P,.4
fusing with the ectA promoter region was cultivated
in LB media various NaCl contents, 0.5 M KCI, 1 M
sucrose, and 1 M glycerol. After 10 h of cultivation,
the CAT activities were assayed as described above.

Gene manipulation

For promoter replacement in the upstream of ectA, the
recombinant fragment with P,45 was constructed by
overlap extension PCR (OE-PCR), using primers
listed in Supplementary Table 2. The recombinant
fragment was ligated with the shuttle vector
pK18mobsacB and transferred into E. coli S17-1.
The procedures for conjugation were described previ-
ously (Yang et al. 2010). Finally, the resulting strain
was selected on LB medium containing 20 % (w/v)
sucrose and verified by PCR and sequencing.

Ectoine production

To determine the osmotic stress response and ectoine
production titers, strains Y2/AectD/AdoeA and p/Y2/
NectD/AdoeA were cultivated in LBG medium (LB
medium with 10 g glucose 1" and 40 g NaCl11™") for
seed preparation, by cultivation at 30 °C for 8 h to
their logarithmic phase. The cultures were then
adjusted to a same OD value and diluted 200 fold
into 500-ml baffled Erlenmeyer flasks containing
50 ml fresh MMG medium (Zhao et al. 2019), as well
as 20, 40, 60, 80, or 100 g NaCl 171, After incubating
at 30 °C for 24 h, cultures were sampled for measur-
ing the cell growth and ectoine production.

For fed-batch fermentation, the seed culture of
p/Y2/AectDI AdoeA was prepared as described above
and transferred into a 1-1 Multifors fermenter (Infors
HT) with initial NaCl, glucose, and mono sodium
glutamate (MSG) concentrations (171) of 20 g, S g,
and 20 g, respectively. The final NaCl concentration
was 60 g 17! by feeding NaCl solutions at 12, 15, and
18 h. The concentration of MSG was detected by
SBA-40D (Shandong Academy of Sciences) every 3 h
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and was maintained at 20 (£ 5) g 17" by addition of
50 % MSG during the first 24-h fermentation.

Analysis methods

Growth was monitored by measuring the optical
density at 600 nm and the cell dry weight (CDW).
For intracellular ectoine analysis, the fermentation
cultures were sampled and cells were collected by
centrifugation at 6000x g for 10 min. After washed
twice with 1.5 M NaCl solution, the cell pellets were
resuspended in the distilled water and passed through
the French Press (JN-02C, JNBIO, China) to obtain a
cell homogenate. After further centrifugation at
8000x g for 10 min, two volumes ethanol were added
to the supernant and mixed as the intracellular
samples. For extracellular ectoine analysis, the culture
was also centrifuged at 6000x g for 10 min, and the
supernant was supplemented with two volumes
ethanol and prepared as the extracellular samples.
Before High Performance Liquid Chromatography
(HPLC) analyses, the mixtures were filtered through a
0.25 ym microporous membrane. The Shimadzu
HPLC system (Kyoto, Japan) that equipped with a
Venusil XBP NH2 column (4.6 x 250 mm) was used,
by applying the acetonitrile/H,O (60:40, v/v) as the
mobile phase, at a flow rate of 0.5 ml min~!. The
absorption of ectoine was recorded at 204 nm using an
UV-detector.

Accession numbers

Sequences encoding various promoters in this study
were extracted from the genomic sequence of strain
Y2 (NCBI no: CP023656). The transcriptional data for
promoter screening were extracted from the NCBI
database of Accession No SRP075842.

Results

Promoter identification of ectABC genes
by RACE-PCR

Multiple sequences alignment among the promoter
sequences of ectA and ectB in strains Y2, H. elongata,
and C. salexigens were performed by ClustalX2
(Fig. 1). In combination with the online prediction,
the consensus sequences of AGCGAA in the upstream
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of ectA gene were proposed as a putative ribosome-
binding site (RBS) that is conserved throughout
prokaryotes. When compared with the identified
promoters of H. elongata 2058" and C. salixigens
30437, 5'-end RACE-PCR revealed a different pro-
moter assembly for the ectoine synthesis of strain Y2.
As shown in Fig. 2, two transcriptional initiation sites
were mapped upstream of ectA and one was mapped in
front of ectB. Based on the two mapped transcription
initiation sites of ectA and the conservative sequences
of typical promoters, one G'°- and one G ‘-type
promoters similar to those of H. elongata DSM2581"
were identified; however, the o8 promoter is located
at a different location (Fig. 2a) (Schwibbert et al.
2011). Sequences of the — 10 (TATAAT) and — 35
(TTGAAT) regions of putative promoter PectAl
matched well with the consensus sequence of 6’ in
E. coli (TATAAT-16-18 bp-TTGACA) (Wdsten
1998), with only two base variations in the — 35
region. In addition, a 17-bp region linking the — 10
and — 35 regions were also found, which is typical for
c’® promoters. The promoter sequence of PectA2 is
not conserved among two compared strains, but
resembles the typical sequence of o °-controlled
promoters (Lee and Gralla 2004), with a well-
conserved — 10 region (TAGACT) and a cytosine at
the — 13 position. In accordance with previous
observations that the — 35 region of 6°° type promoter
is degenerate (Hengge-Aronis 2002), the putative
— 35 sequence of PectA2 (GTCTCG) is also not well
conserved. With high frequency, RACE-PCR also
mapped a transcription start point of C in the upstream
ectB (Fig. 2b). However, no conservative sequences
were found in front of its start point, and thereby the
promoter type needs to be further verified.

To confirm the osmotic regulation of ectAB
promoters, E. coli strains carrying promoter fusion
plasmids (pkk-Y2-P,.4 and pkk-Y2-P,.z) were mea-
sured for CAT activity in the presence of various ionic
and nonionic osmolytes. For comparison, glycerol,
which cannot establish an osmotic gradient across the
cytoplasmic membrane, was also tested (Czech et al.
2018). As shown in Fig. 3a, the transcriptional activity
of the ectA promoter was significantly triggered by
both ionic (NaCl and KCIl) and nonionic (sucrose)
solutes, while glycerol failed to stimulate ectA
promoter activity. In addition, a consistent increase
in CAT activity was observed in the medium with
elevated NaCl concentrations; an approximately 53 %
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Y2 ACGTTGCGCCATCAGGAAARCAGTGCAAAAAAGAGAEJEGAdETGATECTCARCTTTTT qiGCATCETEAGGGTGTTTARACTIRGTG. . AA
DSM2581  aatGaaT.GTGGACTAACTGGGTCTGTGCGAACE TRC TAATTLEATGRTTTTC YA AMICTGCCHeqeGACATCAGICEETACHIGCGCCGE
DSM3034 ................. TAATGCTCCTGACGCATGe TleACAlEGAACE . . GECACCCOY qeCCGTTTEeC. . . . . TT4AQEAACECTCACGT

Consensus a gc ¢ g c t C gg c g a

Y2 ccetls. acdeaaficTdiTdETad¥ecec . AcTccTdgGAGCGHIAdEGc ATl T . TR} CCTGG GGARAACCTTCGGATANYIN TATG
DSM2581 1Ga1fs.GATETCHIAAIATIEGGINEAGC . CGCTACAIACGCGRECTIEGCA ARG . QAP I TTTCT GGARTTCAGCAAGCAAYINICCTG
DSM3034 CATHEAGGETCAGATARTTEACTIYEACTGTAGGAAGIGCCGTAECTLE TCAR TR CCATRINIYYIATGAG CTAATAGCGACACGT CANIYICGAT
Consensus C g = a g ag t c g at gctataat ttat a ataa

Y2 A

DSM2581 @

DSM3034 ¢
Consensus

(CIMICATANICEGCTGTTATRAT LY Ga CANATTCGCUASRAGCGAAde A Y

[FNCCATAACCEGCTGTTAT[EAT (@GR CANATTCGCUASRAGCGAARE A 1

NP CATAANCCIOaGCTGTTATHAT LK GAYE CAUATTCGC{e ATIA GCGAAWE AT EE[el:y
g

cataa ¢ gctgttat a ca attcgc a agcgaa a

ttttga

Fig. 1 Multiple sequence alignment of the upstream regions of ectA in strain H. hydrothermalis Y2, H. elongata DSM2581%, and C.
salexigens3043T. The red square is the putative PectAl region and the blue square is the putative PectA2 region

a ACGTTGCGCCATCAGGAAAACAGTGCAAAAAAGAGAGGCGAGCTGATGCTCGC
+ tA2 380smo
-35(PectA2 g380smo) 10(PectA2 ¥osmo) 1(PectA2 g8osme)

CTTTTTTGTCTCGCGCATCCGTGAGGGTGTTCTAGACTCAGTGAACCCTCAGCG

AATCGTGATCGTGCAGGCCAGTCCTGTGAGCGGCAGGGCCATTTTGATAATCCTG
-35(PectAl ¢7%
GATTATGGAAAACCTTCGGATAAATAATATGATTTTTGAATTGCTCATAATCAGCT

-10(PectAl 7% +1(PectAl ¢™) ectd
GTTATAATGAAGCTCAAATTCGCTACAGCGAAGCATAACC |:>

RBS
-35(PectB)
b CCTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGTACATGGG
-10(PectB) +1(PectB)

CAGCTTTCAAGGTTAACGGTTTTCCCGCTTGTGTTGCCCCGGCTGCCACTTTT

ectB
GCCGATCAGGCCAACCAGACCCGACTGATAAGGAGGTCGCTT :>

Fig. 2 Schematic diagram promoter regions upstream of ectA
(a) and ectB (b) in H. hydrothermalis Y2. The transcription start
sites (4 1) was written in bold. The — 35 and — 10 sequences of

increase in CAT activity was detected in the presence
of 0.5 M NaCl when compared to the activity without
NaCl. In contrast to the osmotic response of the ectA
promoter, the CAT activity of pkk-Y2-P,..z was non-
osmotically regulated, with identical activities were
observed when stimulated by various ions (Fig. 3b).

Screening strong and constitutive promoter
from H. hydrothermalis Y2

Based on the results that the ectA promoter is
osmotically controlled and has lower transcriptional

RBS

the putative promoters are predicted by sequence analysis and
shown in bold

activity, we engaged to screen strong promoters from
strain Y2 for promoter substitution of ectA. As shown
in Supplementary Table 3, 15 genes with high
expression levels in strain Y2 were selected from the
transcriptional data (Cheng et al. 2016). Approxi-
mately 1000 bp sequences upstream of each candidate
gene were firstly used for promoter activity evaluation.
As shown in Fig. 4, the recombinant strain carrying
plasmid pKK-Y2-2155 displayed a protruding high
CAT activity, with 5200 CAT activity per pg of
protein observed. This was 80 fold higher than that of
the original chloramphenicol promoter in the control
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Fig. 3 CAT activities of recombinant E. coli strains carrying ectA (a) and ectB (b) promoters. Each experiments were performed in

triplicates

group and was 12 fold higher than that of the
secondary activity possessed by pKK-Y2-1913.
Genomic annotation revealed that the promoter fused
to recombinant pKK-Y2-2155 is from an outer
membrane pore protein E (Eyorn), Which is located
on the outer membrane and acts as a channel for
passive diffusion of nutrients and other solutes
(Lugtenberg et al. 1978).

In the genome of H. hydrothermalis Y2, a 265 bp
intergenic region is located upstream of the Epin
coding gene and shows 89 % identity with a consti-
tutive porin promoter that had been identified in
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Fig. 4 CAT activities of recombinant E. coli strains carrying
various promoters screened from H. hydrothermalis Y2. Each
experiments were performed in triplicates
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Halomonas sp. TD1 (Li et al. 2016). In the 265-bp
sequence of Epqyin, a 210-bp region matched well with
this homolog promoter of strain TD1, with only 21 bp
differences observed. Furthermore, the 40-bp core
region as well as the — 10 (GTATAGAGT) and — 35
(TTGCGT) elements, were completely conserved
between these two promoters (Fig. 5). We therefore
truncated the initial length of 1000 bp to the intergenic
region (265 bp) and compared its expression with that
of recombinant pKK-Y2-2155. As a result, minor
differences in CAT activity was detected (Fig. 4),
indicating that this 265-bp region is an intact promoter
for gene transcription.

Ectoine synthesis by the promoter replacement
strain

To evaluate the promoter activity in ectoine produc-
tion, the entire region upstream of ectA (258 bp) was
substituted with the 265-bp porin promoter (P,g5) in
the constructed strain p/Y2/AectD/AdoeA. In 500-ml
baffle-bottomed flasks with various NaCl concentra-
tions, the fusion strain exhibited growth profiles
similar to those of Y2/AectD//AdoeA (Fig. 6a, c). In
compared with the ectoine productivities of Y2/
AectD/AdoeA (Fig. 6b), the productivities of p/Y?2/
AectDIAdoeA were increased at all tested salinities
(Fig. 6d). Strikingly, strain p/Y2/AectD/AdoeA dis-
played a much higher synthetic ability in the low-
salinity medium, along with a higher excretion ratio.
For example, totally 1.22 g ectoine 17' was
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Fig. 5 Schematic diagram of porin promoter and its flanking
genes that identified in transcriptome analysis. The underlined
sequence is the 210-bp promoter region. The RBS sequence are

synthesized by the p/Y2/AectD/AdoeA strain, while
ectoine production of Y2/AectD/AdoeA was only
0.65 g 17", Obviously, additional ectoine of strain
p/Y2/AectD/AdoeA was excreted into the medium
(Fig. 6d). This is in agreement with the linear
relationship between the intracellular compatible
solute content and salt concentration of the medium
(Kuhlmann and Bremer 2002; Kunte 2006), i.e., these
two strains retained similar concentrations of ectoine
in cells under the same saline stress (Blue columns in
Fig. 6b, d). Differently, the promoter replacement
strain could synthesize more ectoine, and thus more
products were excreted into a lower salinity media
(Yellow columns, 20, 40, 60 g NaCl 1_1). In contrast,
as the saline stress outside increased to 80 g 17', more
compatible solutes were required for osmoregulation
and no additional ectoine could be excreted.

The ectoine-producing ability of p/Y2/AectD/
AdoeA was further investigated in a 1-1 fermenter
with an initial 20 g NaCl 1™ and final 60 g NaCI1~".
During the 48 h fermentation period, the p/Y2/AectD/
AdoeA strain underwent rapid growth and reached to
the maximum biomass (26.8 g CDW 17) after 18 h of
incubation, after which the biomass decreased
(Fig. 7). In contrast, the ectoine titer increased
constantly and achieved a 11.5 g ectoine 1" after
36-h fermentation, with a 0.32 g ectoine 1" h™' and a
specific productivity of 512.2 mg (g DCW) ' (Fig. 7).
The total consumed MSG was 42.1 g 171, and the

MSG yield was 0.27 g ectoine g~ .

written in bold. The red region is the core region identical to the
porin promoter in Halomonas sp. TD1, in which the — 10 and
— 35 sequences are written in bold

Discussion

In most ectoine-producing Halomonas strains, the
synthesis of ectoine is strictly salt dependent. Based on
RACE-PCR results of H. hydrothermalis Y2, the
putative promoters upstream of ectA are assumed to be
the 6’ and &°® type. In E. coli, the 6°® type promoter
with the so-called G-element was previously sug-
gested as the osmotic promoter that is responsible for
salinity responses during ectoine synthesis (Lee and
Gralla 2004). However, recent studies in C. salexigens
DSM 3043" and H. elongata 2581%, and even in
E. coli, demonstrated that ¢® is not essential for
osmotic regulation of ectoine gene transcription
(Typas et al. 2007; Salvador et al. 2015; Stiller et al.
2018). In contrast, the ¢’ promoter region was
demonstrated to be sufficient to establish a salt-related
response in the ectoine gene cluster of P. stutzeri
A1501 (Czech et al. 2018).

In this study, based on the findings that the
upstream sequences of ecfA contain both ¢’° and
o°® promoters, the whole region upstream of ecrA in a
previously constructed Y2/AectD/AdoeA mutant was
replaced by a constitutive promoter P45 that possesses
high transcriptional activity. This promoter constitu-
tively regulates the transcriptional expression of an
outer membrane porin protein and is also identified in
some moderate halophiles (Li et al. 2016; Nagayoshi
et al. 2006). As expected, the resulting strain p/Y2/
AectDIAdoeA showed a decreased salt dependence in
ectoine synthesis. In addition, attribute to the strong
transcriptional activity of promoter P,gs, the ectoine
productivity increased in all tested saline media. The
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Fig.7 Fed-batch fermentation of strain p/Y2/AectD/AdoeA in
the 1-1 fermenter. During the fermentation, the pH was
maintained at 9 by 6 M HCI or NH4,OH, and the dissolved
oxygen concentration was set at 30%

most striking difference was observed in the low-

salinity media, in which more ectoine was synthesized
and excreted into the medium. We suspected that

@ Springer

p/Y2/AectD/ AdoeA produced more ectoine than the
cell requirement for balancing the osmolality, and
therefore excessive ectoine can be continuously
excreted into the medium. In the 1-1 auto-controlled
fermenter containing 60 g NaCl 17!, the promoter
fusion strain also displayed a robust ability to synthe-
size ectoine, with a maximum titer of 11.5 g ectiube
17! after 36 h of fed-batch fermentation and high
excretion ratio of 67 %. The ectoine productivity was
0.32 g17' h™', which was higher than our previously
reported 10.5 g ectoine 1" after 48 h of fermentation
(022 g "' h™Y), by strain Y2/AectD/AdoeA/Nmrp
that was cultured under the same conditions (Zhao
et al. 2019).

It is worth noting that partial salt dependence was
also observed during the ectoine synthesis of strain
p/Y2/AectD/ AdoeA. This is in accordance with the
previous observation in P. stutzeri strain, where a
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series of mutants were constructed by altering the ¢”°
promoter region upstream of ectA. As a result, the
basal ectA promoter activity was significantly
enhanced in the absence of osmotic stress, while an
increased promoter activity was maintained at high
salinity. It was therefore proposed that osmotic
regulation of ect gene expression is not determined
merely by the DNA sequence that resides in the
canonical promoter elements (Czech et al. 2018).
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