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Abstract

D-Mannitol production was achieved in freshwater Synechocystis sp. PCC6803 via
the heterologous expression of mannitol-1-phosphate dehydrogenase (mtID) and
mannitol-1-phosphatase (m1p) under control of the strong promoter P;..1. However,
only 5.54 mg L~ of mannitol was found extracellularly after 7 days of cultivation,
likely due to insufficient expression of a mutated mtID lacking a methionine at posi-
tion 332. This study compared mannitol levels using different promoters (Ptrc1, Ppsbaz
and P,sg) to control the expression of (un)mutated versions of mtID in Synechocystis
with co-expression of mip. Our data suggest that even without the inducer, the
weakest promoter, P,sg, can support the expression of an unmutated mtID in Syne-
chocystis, which leads to 18.2 mg L~ of mannitol in 7 days without induction. Such
titer is already much higher than the first engineered mannitol-producing Synechocys-
tis. When 5 uM nickel sulfate was added to the medium as an inducer, mannitol pro-
duction could significantly be increased further, up to 92.9 mg L=?! after 7 days of
induction, but it partially inhibited growth. Attempts with the other increasingly
stronger promoters always failed to express the unmutated mtID, probably due to the
toxicity caused by the accumulation of the intermediate product, mannitol-1-phos-
phate. These results clearly suggest that the expression level of mtID is the bottle-
neck in achieving a high yield of mannitol in Synechocystis, and consequently, that
mannitol production can be enhanced by fine-tuning its expression. Future research
is needed to identify bottlenecks that hinder mannitol productivity and long-term sta-
bility, facilitating the engineering of more efficient mannitol-producing cyanobacterial

strains.
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1 | INTRODUCTION

D-Mannitol is a naturally occurring six-carbon sugar polyol found in
many bacteria, yeasts, algae, and several plants like celery and onion.!
The health-promoting properties of mannitol add significant value
across the medical, pharmaceutical, food, and chemical industries.?
Therefore, the development of low-cost mannitol production in an
environmentally friendly way has gained much attention. Compared
with either using Escherichia coli, yeast, or plants to synthesize manni-
tol, cyanobacteria present several advantages: (i) E. coli and yeast rely
on organic nutrients, like for example glucose and fructose, to survive,
but a cyanobacterium only requires (sun)light with basic inorganic
compounds to maintain fundamental metabolic requirements, which
drastically lowers costs; (ii) the cultivation of cyanobacteria has the
potential to be carried out on non-arable land, which, unlike plants,
can refrain from exerting further pressure on natural resources?; and
(iii) achieving mannitol production in cyanobacteria shows a huge
potential for large-scale cultivation in the future under different culti-
vation set-ups.*>

In our previous study,’ the sustainable production of mannitol via
the direct conversion of CO, in the freshwater cyanobacterium, Syne-
chocystis sp. PCC6803 (hereafter, Synechocystis) was achieved by het-
erologous expression of mannitol-1-phosphate dehydrogenase (mtID)
and mannitol-1-phosphatase (m1p). Although stable, it unfortunately
displayed both a very low yield and productivity. Mannitol production
was only 5.54 mg L™t in 7 days of cultivation with red light of moder-
ate intensity (~50 pmol photons m~2s7%).¢ This low efficiency of
mannitol production definitely limits its applicability at an industrial
scale. One of the culprits leading to such a low yield is due to the
insufficient expression level of the mutated mtID. In the previous
study,® a fragment containing the fused mannitol cassette (mtID and
m1p) was introduced into the neutral site slr0168 in Synechocystis, but
a methionine was stubbornly missing at position 332 of mtID. None-
theless, even with this mutated mtID, mannitol could still be synthe-
sized by cells, albeit at the low level indicated above.®

In this study, we engineered several plasmids for the expression
of (un)mutated mtID under the control of different promoters with
varying strength (Supplementary Table S2). The different constructs
were engineered in E. coli, and subsequently transferred to Synecho-
cystis for integration into the chromosome. The data showed that
only the weakest promoter P,.g can be used to control the expres-
sion of the intact mtID (i.e., without any sequence deletions and/or
substitutions) for production of mannitol in Synechocystis. Moreover,
induction by nickel using the nickel-inducible promoter P,.g led to
increased mannitol production. However, under these conditions,
excessive mannitol accumulation eventually became lethal to the
cells. To balance cell growth with mannitol productivity, 5 uM Ni?*
was determined as the most suitable inducer concentration for man-
nitol expression, which results in the production of 92.9 mg L™ in
7 days. Mannitol production in Synechocystis was therefore
increased nearly 8 times after fine-tuned expression of mt/D. Thus,
using the inducible promoter P,z with a moderate inducer concen-

tration to control the level of mtID expression is a good solution to

tackle the issue of low production of mannitol in engineered Syne-

chocystis strains (Figure 1a).

2 | METHODS AND MATERIALS

2.1 | Strains and culture conditions
Strains of E. coli were grown in LB liquid medium at 37 °C in a shaking
incubator at 200 rpm, or on solid plates containing 1.5% agar. Kana-
mycin (50 mg L™Y), spectinomycin (50 mgL™Y) or ampicillin
(100 mg L~1) were added to LB media, either separately or in combi-
nation, to select mutants when necessary.

Synechocystis, a glucose-tolerant wild type obtained from
D. Bhaya, Stanford University, Stanford CA, was cultivated in a modi-
fied BG11 medium’ with 25 mM PIPPS buffer (PH = 8.0) at 30 °C,
either in a shaking incubator at 120 rpm under continuous red light
(~50 umol photons m=2s~1), or on a solid plate, supplemented with
1.5% agar and 0.3% (w/v) sodium thiosulphate under continuous red
light (~50 pmol photons m~2 s2). Antibiotics were used in both lig-
uid and solid BG11 media, either separately or in combination, to
select mutants with appropriate concentrations as follows: kanamycin
(50 mg L~1) and/or spectinomycin (20 mg L~1). Growth was measured
by monitoring optical density (OD) at 730 nm using a standard labora-
tory spectrometer.

2.2 | Plasmid construction

In order to express mip under the control of promoter Py, in Syne-
chocystis  (Supplementary Table S2), the plasmid pWWO001
(Pire1_m1p_SpeQ), a derivative of pHKHO020, containing the Pyq-
driven codon optimized L-Idh cassette of L. lactis subsp. cremoris
MG1363 was modified® and used to introduce m1p in the neutral site,
slr0168 of Synechocystis. The codon-optimized m1p gene with Ndel
and Avrll restriction sites was PCR-amplified from pUCm1p® and used
to replace the L-Idh cassette of plasmid pHKHO020 according to stan-
dard cloning techniques,’ creating plasmid pWWO0O02 (P,,.;_m1p_Kan).
The spectinomycin resistance cassette was amplified from plasmid
pHSH with primers (Supplementary Table S3) introducing flanking
cloning sites for Sall to replace the kanamycin cassette of
pWWO002°; the new plasmid containing the m1p gene under pro-
moter Pycq with the spectinomycin resistance cassette was named
pWWOO01 (Py.;_m1p_ SpeQ).

To obtain plasmids pWWOO03 (P,spaz_unmutated mtID_Kan) and
PWWO004 (P,spaz_mutated mtID_Kan), which were used to express
either the native or mutated mtID under promoter Ppgpaz
(Supplementary Table S2), respectively, in Synechocystis, the plasmid
pHKHOOQ9 carrying a gene encoding a reporter enzyme (lacZ) under
promoter Ppspar Was modified.1° Briefly, native and mutated mtID
were PCR amplified from pHKHmtID and WT_M (Aslr0168::P;,c;::
mutated mtlD:m1p::Kan),® respectively; meanwhile, two restriction

enzyme sites, Ndel and BamHI, were introduced at the ends for both
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FIGURE 1 Overview of the Engineered Mannitol Biosynthetic Pathway in Synechocystis. (a) overall pathway design before/after optimization

by fine-tuned expression of mtID via a inducible promoter system. (b) constructs successfully developed in this study. (c) constructs that
consistently failed despite multiple attempts. Mutated mtID is shown in white; native mtID is shown in red. F6P, fructose-6-phosphate; M1P,
mannitol-1-phosphate; mtID, mannitol-1-phosphate dehydrogenase from E. coli; m1p, Mannitol-1-phosphatase from Eimeria tenella; KmR,

kanamycin resistance gene; SpR, spectinomycin resistance gene.

genes via the same primers during amplification (Supplementary
Table S3). Then, either the native or mutated mtID was cloned to
replace lacZ of plasmid pHKHOO09 according to standard cloning tech-
nigues, resulting in pWWO003 and pWWO004, respectively.

To construct plasmids used for the expression of either native or
mutated mtID under the inducible promoter P,,g, the nickel-inducible
operon composed of nrsS, nrsR, and PnrsB was first amplified by PCR
using Synechocystis wild type as the template!? (Supplementary
Table S2). The native or mutated mtID fragment was fused with the
nickel-inducible promoter, respectively, by overlap PCR, and
the restriction enzyme sites Xbal and Avrll at the two ends of the
fused fragment were also introduced via the primers (Supplementary
Table S3). Subsequently, the L-Idh cassette with the promoter Py of
plasmid pHKHO020 was replaced by the fused fragments according to
standard cloning techniques.” The new plasmids that can drive the
expression of native or mutated mtID under P,z were named
pWWO0O05 (P,,sg_unmutated mtID_Kan) and pWWO0O06 (P,,.s_mutated
mtID_Kan), respectively. Then, the fragment of P,g and native mtiD,

including the transcriptional terminator, were PCR amplified from
pWWOO5 (P,,.g_unmutated mtID_Kan) and an Xbal restriction site was
inserted at both ends via primers (Supplementary Table S3). Mean-
while, the plasmid pWWO002 (P;,.;_m1p_Kan) was linearized via diges-
tion by Xbal, and native mtID under P,z with the terminator was
inserted by ligation to create a new plasmid that contains native mtiD
under the control of P,,.sg and m1p under the control of P4, named
pWWOO07 (P,.g_unmutated mtID_P;.;_m1p_Kan). All the plasmids
were sequenced before integration into the chromosome of Synecho-
cystis to confirm the absence of mutations. All primers used are listed

in the supplementary file (Supplementary Table S3).

2.3 | Natural transformation of Synechocystis
Natural transformation for genomic integration in Synechocystis was
performed as in the previous study,'? using kanamycin (50 mg L™%)

and/or spectinomycin (20 mg L) as selection pressure to drive full
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segregation. Briefly, 2 ug of specific plasmid DNA was mixed with
200 pL concentrated Synechocystis cells harvested during the expo-
nential phase of growth (1 mL, OD730 = 1) and incubated in a white
light incubator with ~50 pmol photons m~2 s~ for 5 h. Then, mixed
cells were spread on a commercial membrane (Pall Corporation, USA)
which was placed on a BG11 solid plate. After incubation for 24 h
under white light, the membrane was transferred onto a new solid
BG11 plate with specific antibiotics until individual colonies could be
isolated. The full segregation status of mutants was achieved by prop-
agation in the presence of antibiotics and confirmed by colony PCR,
using appropriate primers (Supplementary Table S3). Sequencing

results were used to confirm the correct insertion.

24 | D-Mannitol assay

Extracellular mannitol concentrations were determined in the super-
natant of Synechocystis cultures using a D-Mannitol-L-Arabitol Assay
Kit (Megazyme). Cells from the selected culture were collected by
centrifugation for 5 min under 14,000 rpm, and 100 uL of superna-
tant was used for extracellular mannitol measurement according to

the instructions from the kit.

2.5 | Growth curve determination

The Synechocystis mutants used in this study were revived from a
glycerol stock (~ 16%) in BG11 in a red light incubator with 50 umol
photons m~2s~!
initial OD 0.05 of cells was transferred from precultures and culti-
vated in 20 mL fresh BG11 in 100 mL shake flasks. The growth curves
were determined by monitoring OD550 over time.

To study mannitol production from mutants influenced by nickel
as an inducer, mutants were first revived from a glycerol stock and
cultivated in the flask in the red light incubator with 50 umol photons
m~2 s~ until OD3o reaches roughly 0.5. Then 0, 3, 5, 10, 15, and
20 uM nickel were added to the BG11 medium, respectively. The
growth curves were again determined by measuring OD550 over time

using a spectrophotometer.

2.6 | Prolonged serial cultivation of SWW011

To study the stability of mannitol production in SWWO011 under the
optimized induction condition, SWWO011 was cultivated in 10 mL lig-
uid BG-11 medium with 5 pM nickel in a 50 mL shake flask under the
previously mentioned cultivation conditions. Cells were diluted and
inoculated into fresh medium with 5 uM nickel at OD3o of 0.5 after
4 days of cultivation to maintain the growth phase in three parallel
cultures. The final ODv30 and mannitol titer were measured every
4 days as previously described above. The mannitol titer (mgL™!
OD™ 1) of SWWO011 with 5 pM nickel induction at the 4th day prior to
dilution was defined as 100%.

WU ET AL
TABLE 1 Plasmids and strains used in this study.
Plasmid
and strains  Description Reference
pHSH Ap"SpeQ", Omega cassette 10
pHKHmtID  Ap', containing optimized native mtID S
pUC57mi1p Ap', containing optimized mi1p 6
pHKHO020 Ap'Kan'", Pyc1-driven codon optimized &
L-Idh cassette of L. lactis sub sp.
cremoris MG1363 containing upstream
and downstream fragments of slr0168
pWWO001 Ap'SpeQ’, pHKHO020 derivate used to In this work
express m1p under control of promoter
Pic1 at slr0168 gene locus
pWWO002 Ap'Kan", pHKHO020 derivate used to In this work
express m1p under control of promoter
Pic1 at slr0168 gene locus
pHKHO009 Ap'Kan', Ppgpao-driven lacZ at sir1311 8
pWWO003 Ap'Kan", pHKHO09 derivate used to In this work
express hative mtlD under control of
promoter P,g,a0 at slr1311 gene locus
pWWO004 Ap"Kan", pHKHOO09 derivate used to In this work
express mutated mtID under control of
promoter P,g,a0 at slr1311 gene locus
pWWO005 Ap"Kan", pHKHO020 derivate used to In this work
express native mtID under control of
promoter P,z at slr0168 gene locus
pWWO006 Ap'Kan", pHKHO020 derivate used to In this work
express mutated mtID under control of
promoter P,,.g at slr0168 gene locus
pWWO007 Ap'Kan", pHKHO0O02 derivate used to In this work
until OD53 reached 1. Then, the equivalent of an express native mtID under control of
promoter P,.sg and m1p under control
of promoter Py, at sIr0168 gene locus
WT Synechocystis sp. PCC6803 wild type D. Bhaya
WT_M Aslr0168::Pyc:mutated mtiD:mip:Kan ¢
SWWO001 slr1311::Ppspaz:mutated mtiD::Kan In this work
SWWO004 Aslr0168::Py,c1::m1p::Spef2 In this work
SWWO005 AsIr0168::Py,c1:m1p::Spes2, slr1311:: In this work
Pysbaz::mutated mtID::Kan
SWW011 Aslr0168::P,,sg::unmutated mtID::Py,.q:: In this work
m1p:Kan
SWW017 Aslr0168::P,,sg::mutated mtID::Kan In this work

Note: Ap", ampicillin resistance cassette; Spe’, spectinomycin resistance
cassette; Kan", kanamycin resistance cassette.

3 | RESULTS AND DISCUSSION

3.1 | Repeated attempts to express the native
mtID in the absence of M1p in Synechocystis
consistently failed

The viability of mannitol-producing mutants of cyanobacteria is well

6,13,14

documented in the scientific literature, as summarized in the

Supplementary Table S4. In fact, a synthetic mannitol cassette
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consisting of mannitol-1-phosphate dehydrogenase (mtID) and
mannitol-1-phosphatease (m1p) has been used to produce mannitol in
the freshwater cyanobacterium Synechocystis,®  Synechococcus
elongatus,** and the marine cyanobacterium Synechococcus
sp. PCC7002 (hereafter, Synechococcus).'®> However, a methionine
insistently remained missing at position 332 of mtID in Synechocystis®
and an incompletely segregated mannitol cassette in the chromosome
of Synechococcus®® proved that metabolic engineering for mannitol
production in cyanobacteria remained, to a certain extent, challenging.
In this study, we used different types of promoters to precisely con-
trol the expression level of mtID for optimization of the pathway of
mannitol synthesis in Synechocystis.

To implement this idea, the plasmids carrying either the native or
the mutated mtID (Supplementary Figure S1 and Table S1) and/or
mip (Supplementary Table S1) were constructed in E. coli (Figure 1b,c,
Table 1). In the previous study, the native mtID under Py..1 could not
be cloned in E. coli, so fusion fragments that contained an expression
system of native mtID and m1p under Py, instead of plasmids, were
introduced into the chromosome of Synechocystis at the neutral site
slr0168. However, inadvertently, a methionine was stubbornly left
missing at position 332 of mtID in Synechocystis. Nevertheless, con-
structs expressing this mutated mtID were still found to produce man-
nitol.® We hypothesized then that the overexpression of mtID is
stressful for both E. coli and Synechocystis. Therefore, here, weaker
promoters of Synechocystis were used to control the expression level
of (un)mutated mtID.

The Ppspaz2 promoter has been widely used in light-driven produc-

1516 and the transcripts

tion of isoprene and ethanol in Synechocystis
from Ppspa2 Were concluded to be approximately 10 times less abun-
dant than those originating from Pycq.t” In this study, the plasmids
used for (un)mutated mtID expression controlled by native Ppepaz
(slr1311)*® were constructed in E. coli, named as pWWO003 (Ppsbaz_un-
mutated mtID_Kan) and pWWO004 (P,spa2_mutated mtID_Kan), respec-
tively. However, we were not able to transform pWWO0O03 in neither
WT nor SWWO004 (Aslr0168:Pyc1:m1p:SpR), but Pz with
mutated mtID was successfully integrated in both of these strains and
named as SWWO001 (slr1311::Pyspaz:mutated  mtlD::Kan)
and SWWOO05 (Aslr0168::Pyc1::m1p::Spef2, slr1311:Ppgpar:mutated
mtID::Kan). This suggested that native mtID under Ppspa2 showed a
higher enzymatic activity resulting in higher toxicity than mutated
mtID for Synechocystis. To confirm this, we tried to express a func-
tional native mtID under control of inducible promoter P,,g in Syne-
chocystis. The P,z promoter has been characterized as a nickel
inducible promoter in this genus, with its expression level being
dependent on the presence of nickel ions in the medium.'? In this
case, if correct, mtID can be expressed in Synechocystis under control
of P.sg in the absence of nickel, and cell growth will be increasingly
inhibited as the concentration of nickel increases. This would prove
that the expression of the native mtID itself is a big burden for the
Synechocystis cells. However, the native mtID controlled by P,z is still
unable to be integrated into the chromosome of Synechocystis in the
absence of nickel, unless accompanied by the co-expression of M1p.

This strongly suggests that the promoter P,g is leaky in this strain,

PROGRESS

since the remaining expression of mtID in the absence of nickel is suf-
ficient to impose too much of a fitness burden such that it cannot be
tolerated by the cells. The protein M1p, when co-expressed, is suffi-
cient to release the pressure caused by the over-accumulation of
mannitol-1-phosphate via its degradation to less stressful mannitol,
and therefore, cells then thrive.

Mannitol-1-phosphate is not the first sugar phosphate that has
been found (when accumulating in the cytosol) to be a burden to cells.
In a previous study, accumulation of a non-metabolizable glucose-
phosphate in E. coli was found to inhibit growth and induce a specific
stress response, which is coordinated by the transcription factor
SgrR.2° A similar toxicity phenomenon has also been reported for

t,21 and also

fructose-1-phosphate and galactose-1-phosphate in yeas
in Synechocystis.?? However, the underlying cause of stress from sugar
phosphates is not clear. One hypothesis is that sugar phosphate could
present osmotic problems for the cells and the growth inhibition
could partially be removed by the addition of native compatible sol-
utes such as sucrose and/or glucosyl-glycerol.2° In this study, mip
expression can decrease accumulation of mannitol-1-phosphate and
produce mannitol, which has been proven to function as a compatible
solute in Synechocystis, such that osmotic pressure is therefore
relieved from cells.®

To further detect the effect of mtID expression on cell growth,
WT_M (Aslr0168::Pycq:mutated  mtlD::m1p::Kan), SWWO005
(Aslr0168::Pycq::m1p::SpeQ, slr1311:Ppgpar:mutated mtlD:Kan) and
SWWO011 (Aslr0168::P,,sg::unmutated mtID::P;,.,::m1p::Kan) were cul-
tivated in nickel-depleted BG11 medium, where they showed a similar
a growth phenotype (Figure 2a). The addition of nickel to the medium
halted growth for both strains WT_M and SWWO011 (Figure 3a,c). This
phenotype has been attributed to a toxic effect of nickel, since it acti-
vates undesirable redox reactions in Synechocystis.?® Irrespective of
the latter, the inhibitory effect of nickel on the growth of SWWO011
was significantly higher, assumedly due to the increased expression
level of MtID controlled by P,z (Figure 3c). These data support our
hypothesis that the overexpression of mtID in Synechocystis is highly
stressful to cells. Furthermore, it also sheds light on why the expres-
sion of only the native MtID under the control of Py.cq or Ppspaz is not
achievable, since both promoters have been shown to be strong pro-
moters in Synechocystis.’® The toxicity of high MtID expression is
decreased when a methionine located on the presumably non-
functional linker region between the mannitol dehydrogenase
C-terminal domain (pfam08125) and the mannitol dehydrogenase's
Rossmann domain (pfam01232) is missing from the sequence of MtID,

likely decreasing its activity.

3.2 | Enhancement of extracellular mannitol
production by fine-tuned expression of mtiD

Mannitol production from each constructed mutant has been mea-
sured using an enzymatic kit. SWWO011 showed the highest mannitol
production in 7 days with the absence of nickel, which reached
182 mg L%, while WT_M and SWWO005 only produced 5.5 and
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FIGURE 2 Growth curve and mannitol production of Synechocystis mutants in BG-11 medium. (a) Growth curves of WT_M, SWWO005, and
SWWO11 cultures. (b) Mannitol accumulation in three different mannitol-producing strains WT_M, SWWO005, and SWWO011. Symbols: Squares,
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1.9 mg L1, respectively (Figure 2b). These results corroborated our
previous conclusion that both the P,.sg promoter is leaky and that the
mutation in mtID has a negative impact on its activity. We also show
here that the expression level of mtID is a potential bottleneck to
increase mannitol production. These results inspired us to find a way
to balance cell growth with mannitol production. In order to find a
solution, different concentrations of nickel were used to control pro-
moter P,z for the cultivation of SWWO011. We found that 5 uM
nickel is suitable for achieving high mannitol production in this strain
while the side effects on cell physiology were kept within an accept-
(Figure 3b,d). Under such conditions, mannitol

able range

Cultivation time (day)

concentration reached 92.9 mg L~? after 7 days of induction, which is
the highest titer in comparison with any other strain under any other

growth condition (Supplementary Figure S2).

3.3 | Stability of mannitol production under
optimized induction conditions

We checked the stability of mannitol production in SWWO011 under
optimal induction conditions, that is, upon the addition of 5 uM nickel,

by performing serial cultivation-dilution cycles. By approximately the
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FIGURE 4 Relative mannitol titer changes of SWWO011 with
5 uM nickel induction every 4 days during the “growth-dilution”
cycles. Values represent the average of at least three biological
replicates (error bars represent standard deviation).

10th generation, the mannitol titer observed was already lowered to
roughly 75% that of the initial population (Figure 4). We found that
the growth rate of the strain appeared faster as its mannitol produc-
tion was lowered during the process of “growth-dilution” cycles.
These data indicate that the mannitol producers of SWWO011 with
5 UM nickel induction are quickly outcompeted by emerging revertant
mutants within the population. The instability of mannitol production

613 and greatly

observed is very much in line with previous reports
restricts its application in large scale processes in the future, which
should be considered. The latter can be overcome by additionally
implementing (i) fitness-coupling strategies, such as the conferral of
osmotic-stress resistance®; (ii) or the introduction of growth-coupled
metabolic engineering strategie524’25; and (iii) introduction of two-
stage growth uncoupled production strategies reliant on induction

systems suitable to be applied in industrial settings.2

4 | CONCLUSIONS

Our results demonstrate that mannitol production in Synechocystis is
restricted by the formation of a toxic intermediate product -
mannitol-1-phosphate. It is a big challenge to find a balance point
between growth and mannitol production, since high expression of
mtID is lethal to the cells, but deficient expression leads to low pro-
ductivity. In this study, we tackled this problem by the usage of an
inducible promoter, P,.z. In the presence of 5uM nickel in the
medium, our optimized mannitol producer was able to produce
92.9 mg L~* mannitol after 7 days of induction. This represents an
8-fold increase in comparison with the previously reported best
mannitol-producing Synechocystis. Mannitol itself is still not expected
to be toxic for Synechocystis at these concentrations. However, it has
been found to be toxic for a specific strain, NIES-298, of Microcystis
aeruginosa. This inhibitory effect has been proposed to provide a non-

toxic basis to control biomass blooms.?” A more systematic test of

PROGRESS

potential mannitol inhibition in different cyanobacterial strains, includ-
ing the ones developed in this study, would be very pertinent. Also,
future work focusing on stabilizing mannitol productivity, namely
within the production set-ups and timelines used at an industrial scale,
will still be needed to move the strains engineered here to full blown
production settings.
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