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Figure 2 
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Figure 3 
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ENGINEERED CYANOBACTERIA WTH 
ENHANCED SALT TOLERANCE 

FIELD OF THE INVENTION 

0001. The present invention relates to a novel recombinant 
cyanobacterium with enhanced halotolerance, and composi 
tions thereof. The present invention also relates to methods of 
producing the recombinant cyanobacterium, and using the 
recombinant cyanobacterium for producing biofuels. 

BACKGROUND OF THE INVENTION 

0002. About 85% of mankind’s current energy needs are 
met by fossil fuels. Green energy companies have gained 
momentum in recent years which has fueled interest in the use 
of alternative energies. While there is some resistance to 
biofuel development and production from Some policy mak 
ers, the pursuit of alternative energy sources is only likely to 
intensify. This is primarily due to growing global concerns of 
pollution and greenhouse effects of petroleum-based energy. 
In addition, price instability caused by rising worldwide 
demand is likely to impact future world energy markets. 
0003. Further, there is growing recognition that petroleum 

is a finite resource. As the imbalance between Supply and 
demand for petroleum-based energy continues to increase, 
prices will rise and consumers will demand alternatives. For 
these reasons, even large oil companies have invested in the 
biofuel market. Billions of dollars are already tied to the 
biofuel and alternative energy markets, and these will con 
tinue to grow at a faster pace than petroleum-based energy 
markets over the next decade. 
0004 Currently, the most common biofuel alternative to 
fossil fuels is produced by fermentation of edible crops, 
mainly Sugarcane and corn. However, biofuel production 
from these sources has created widespread debate, as it dis 
places land needed for food production. The challenge 
remains to develop renewable energy industries which are 
operatively Sustainable and cost-competitive with existing 
energy options. 
0005 Fresh water is required for various agricultural and 
human needs and its Supply is limited. On the contrary, Sea 
water is abundantly available and generating fuel from brack 
ish water is a viable alternate to solve the energy crisis. 
Brackish water found in ocean bays and gulfs also provides an 
enormous opportunity. Furthermore, in winter, de-icing salts, 
mainly in the form of sodium chloride get washed down 
stream resulting in salting of streams and waterways. The 
salty runoff water could be used as a source for generating 
biofuel. With nearly three quarters of the earth's surface cov 
ered by oceans, finding ways to better utilize salt water is 
critical to Sustaining humanity. 
0006. The use of photosynthetic algae and cyanobacteria 
(blue-green algae) has recently received widespread attention 
for significant biofuel production due to their rapid growth, 
lack of requirement for arable land, CO., fixation, and genetic 
tractability (journal. frontiersin.org/article/10.3389/fbioe. 
2013.00007/full). These organisms can inhabit a wide-range 
of environmental conditions and have evolved different 
mechanisms to Sustain their photosynthesis. 
0007. In particular, F. diplosiphon has a light-dependent 
acclimation process known as complementary chromatic 
adaptation which gives it the flexibility to grow in varying 
light intensities. These organisms grow in aquatic ecosystems 
which allow the use of CO at higher concentrations than that 

Apr. 7, 2016 

of ambient air and could potentially allow the use of concen 
trated CO2 emissions from waste industrial sources. Standard 
oil yields from cyanobacteria/algae range from 1,000-6,500 
gallons/acre?year. (Hannon, M. et al., "Biofuels from algae: 
challenges and potential.” Biofuels, 1, 763-784 (2010); and 
International Energy Outlook. U.S. Energy Information 
Administration. 284 (2009)). 
0008. The Department of Energy estimates that oil yields 
from cyanobacteria/algae range from 1,000-6,500 gallons/ 
acre?year (National Algal Biofuels Technology Roadmap. 
U.S. Department of Energy, Office of Energy Efficiency and 
Renewable Energy, Biomass Program, (2010)). Calculation 
and analysis of oil from lipids by Weyer and his team (Weyer, 
K. M. et al., “Theoretical maximum algal oil production. Bio 
Energy Research, 3, 204-213 (2009)) has estimated a theo 
retical yield of 38,000 gallons/acre?year and a current practi 
cal yield of 4.350-5,700 gallons/acre?year from cyanobacte 
ria/algae. 
0009 Cyanobacteria convert light energy into chemical 
energy through photosynthesis. To inhabit a wide range of 
environmental conditions, these organisms have evolved dif 
ferent mechanisms to Sustain their photosynthesis (Gutu, A. 
et al., “Emerging perspectives on the mechanisms, regulation, 
and distribution of light color acclimation in cyanobacteria.” 
Molecular Plant, 5, 1-13 (2012); Montgomery, B. L., “Shed 
ding new light on the regulation of complementary chromatic 
adaptation. Central European Journal of Biology, 3, 351 
358 (2008)). 
0010. Over S6 trillion is spent worldwide on energy, and 
even a small shift toward biofuel represents billions of dollars 
in this enormous market. 

SUMMARY OF THE INVENTION 

0011. A first aspect of the invention relates to recombinant 
cyanobacteria with increased or enhanced halotolerance 
comprising at least one polynucleotide encoding a halotoler 
ance gene, as well as and compositions thereof. 
0012. The halotolerance gene is selected from the group 
consisting of ApNhaP (SEQID NO: 1), BetT (SEQID NO: 
2), Mdh (SEQ ID NO: 3), ApNapA (SEQ ID NO: 4), 
ApGMST (SEQID NO: 5), ApDMT (SEQID NO: 6), and 
HlyB (SEQID NO: 7), and the polynucleotide encoding the 
halotolerance gene may have a nucleotide sequence with at 
least 60%, 75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 
95%, 96%, 97%, 98%, 99%, or 99.9% identity to any one of 
the polynucleotide sequence encoding ApNhaP (SEQID NO: 
1), BetT (SEQ ID NO: 2), Mdh (SEQ ID NO:3), ApNapA 
(SEQID NO: 4), ApGMST (SEQ ID NO. 5), ApDMT (SEQ 
ID NO: 6), or HlyB (SEQID NO: 7). 
0013. In a particular embodiment, the polynucleotide 
encoding the halotolerance gene is at least 60%, 75%, 80%, 
85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 
99%, or 99.9% identity to a polynucleotide encoding Mdh. In 
another embodiment, the polynucleotide encoding the halo 
tolerance gene is at least 60%, 75%, 80%, 85%, 90%, 91%, 
92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 99.9% 
identical to a polynucleotide encoding HlyB. 
0014. A second aspect of the invention relates to a method 
for producing a halotolerant recombinant cyanobacteriacom 
prising at least one polynucleotide encoding a halotolerance 
gene into wild-type cyanobacterium. 
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0015. A third aspect of the invention relates to a plasmid 
comprising at least one polynucleotide encoding a halotoler 
ant gene, wherein the plasmid is transformed into cyanobac 
terium. 
0016 A fourth aspect of the invention relates to a method 
for producing biofuel by growing recombinant cyanobacteria 
in Salt water and salt amended media, and isolating lipid 
produced from the recombinant cyanobacteria. 
0017. Furthermore, another aspect of the invention is the 
halotolerant strains of F. diplosiphon, HSF33-1 and HSF33-2, 
produced by methods of the present invention. 
0018 Cyanobacteria have a fast generation time and halo 
tolerant Strains, according to the present invention, can be 
grown in closed systems (e.g., ponds or photo bioreactors) or 
in sea water where the Sodium chloride concentration is high. 
By engineering the halotolerance gene into F. diplosiphon, 
biofuel can be produced using naturally available sea water, 
which will be a cost-effective alternative to fossil fuels. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0019 FIG. 1 shows the pGEM-7Zf (+) expression vector 
which was used to construct the recombinant plasmid. 
0020 FIG. 2 shows the impact of salt on growth of Fre 
myella diplosiphon in 0 to 30 g/L NaCl in BG-11 liquid 
medium. 

0021 FIG. 3 shows growth of SF33, HSF33-1 and 
HSF33-2 in seawater blends after 7 days. 
0022 FIG. 4A shows the lipid profile of HSF33-1 and 
FIG. 4B shows the lipid profile of HSF33-2 via gas chromato 
graph mass spectra of peaks associated with methyl palmitate 
(C16:0) and other fatty acid methyl esters (FAMEs) (FIG. 
4B). 

DETAILED DESCRIPTION OF THE INVENTION 

0023 Cyanobacteria provide very high levels of net 
energy; hence, converting biomass into fuel is much less 
energy-intensive than other methods of conversion. Yields 
from cyanobacteria even dwarf terrestrial biofuel crops such 
as high-yield plants like oil palm which yield 637 gallons/ 
acre?year. While various researchers have aimed at increasing 
lipid content to enhance biodiesel production in other cyano 
bacterial species (Hellingwerf, K.J. et al., “Alternative routes 
to biofuels: light-driven biofuel formation from CO and 
water based on the photanol approach,” Journal of Biotech 
nology, 142, 87-90 (2009); Liu, X. et al., “Production and 
secretion of fatty acids in genetically engineered cyanobac 
teria. Proceedings of the National Academy of Sciences, 107. 
1-6 (2010)), there have been no attempts to enhance halotol 
erance in F. diplosiphon. 
0024. The present inventors have discovered a solution for 
generating an alternative source of biofuel from cyanobacte 
ria in Saline water, which is otherwise unsuitable for irrigating 
crops or for any other purpose. Novel recombinant cyanobac 
teria, F. diplosiphon, with salt resistant properties for 
enhanced halotolerance is provided. Wildtype F, diplosiphon 
is intolerant to salt concentrations above 15 g/L NaCl in solid 
media and 10 g/L NaCl in liquid media (sea water salinity 35 
g/L). Proteins involved in the stress response were identified 
by growing cyanobacterial colonies under various salt con 
centrations and then proteins were isolated and purified using 
2-D gel electrophoresis. Different patterns of protein accu 
mulation were identified and linked to abiotic stress tolerance 
in cyanobacteria. Gene candidates (ApNhap (SEQID NO: 1), 
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BetT (SEQID NO: 2), Mdh (SEQID NO:3), ApNapA (SEQ 
ID NO:4), ApGMST (SEQID NO:5), ApDMT (SEQID NO: 
6), and HlyB (SEQID NO: 7)) from halotolerant cyanobac 
terial species were isolated, sequence analyzed and at least 
one gene candidate was incorporated into plasmids, which 
were used to transform F diplosiphon to facilitate growth in 
saline environments. Integration of the halotolerance gene 
was confirmed with RT-PCR and physiological evaluations 
were conducted. At least one candidate gene from Aphanoth 
ece halophytica, a highly halotolerant species which tolerates 
up to 70 g/L NaCl, was inserted into the wild type F, diplosi 
phon to develop a genetically transformed cyanobacteria 
strain with enhanced halotolerance. 
0025 To investigate tolerability, transformed lines of 
cyanobacteria were subjected to varying levels of salt media 
and changes in growth and physiological responses were 
evaluated. The biofuel efficacy of the halotolerant strains was 
tested. Subsequent production of biofuel included harvesting, 
biomass drying, chemical extraction, mechanical/enzymatic 
methods, with analysis using mass spectrometry/nuclear 
magnetic resonance spectroscopy. Therefore, construction of 
recombinant cyanobacteria comprising at least one halotol 
erance gene selected from the group consisting of ApNhaP 
(SEQID NO: 1), BetT (SEQID NO: 2), Mdh (SEQID NO: 
3), ApNapA (SEQ ID NO: 4), ApCMST (SEQ ID NO. 5), 
ApDMT (SEQID NO: 6), and HlyB (SEQID NO: 7), repre 
sents a suitable method for lipid biofuel production. 
0026. A first aspect of the invention relates to a recombi 
nant cyanobacterium comprising at least one halotolerance 
gene. 
0027 Cyanobacteria, also known as cyanophyta, is a phy 
lum of bacteria that obtain their energy through photosynthe 
sis. They are often called blue-green algae. Cyanobacteria 
require light, inorganic elements, water and a carbon Source, 
generally CO, to metabolize and grow. One of the main 
products of this metabolic process is lipid that can be con 
verted into biofuel. 

0028 Halotolerance is tolerance to ionic stress, or the 
ability of an organism to grow at Salt concentrations higher 
than those required for growth. (DasSarma S. and Arora P. 
(2006) Halophiles. Encyclopedia of life sciences. Wiley, Lon 
don; Oren A (2006) Life at high salt concentrations. In: Dwor 
kin M (ed), The prokaryotes: a handbook on the biology of 
bacteria. Springer, New York, which are hereby expressly 
incorporated by reference in their entirety.) Halotolerant spe 
cies tend to live in areas such as hyper saline lakes, coastal 
dunes, saline deserts, Salt marshes, and inland salt seas and 
springs. Halophiles are organisms that live in highly saline 
environments, and require the salinity to Survive, while halo 
tolerant organisms (belonging to different domains of life) 
can grow under Saline conditions, but do not require elevated 
concentrations of salt for growth. 
0029) “Recombinant refers to polynucleotides synthe 
sized or otherwise manipulated in vitro (“recombinant poly 
nucleotides’) and to methods of using recombinant poly 
nucleotides to produce gene products encoded by those in 
cells or other biological systems. For example, a cloned poly 
nucleotide may be inserted into a suitable expression vector, 
Such as a bacterial plasmid, and the plasmid can be used to 
transform a suitable host cell. A host cell that comprises the 
recombinant polynucleotide is referred to as a “recombinant 
host cell' or a “recombinant bacterium. The gene is then 
expressed in the recombinant host cell to produce, e.g., a 
“recombinant protein. A recombinant polynucleotide may 
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serve a non-coding function (e.g., promoter, origin of repli 
cation, ribosome-binding site, etc.) as well. “Polynucleotide' 
and “nucleic acid refer to a polymer composed of nucleotide 
units (ribonucleotides, deoxyribonucleotides, related natu 
rally occurring structural variants, and synthetic non-natu 
rally occurring analogs thereof) linked via phosphodiester 
bonds, related naturally occurring structural variants, and 
synthetic non-naturally occurring analogs thereof. Thus, the 
term includes nucleotide polymers in which the nucleotides 
and the linkages between them include non-naturally occur 
ring synthetic analogs. It will be understood that, where 
required by context, when a nucleotide sequence is repre 
sented by a DNA sequence (i.e., A.T., G, C), this also includes 
an RNA sequence (i.e., A, U, G, C) in which “U” replaces “T” 
The term “polynucleotide' may encompass a single nucleic 
acid or nucleic acid fragment as well as plural nucleic acids or 
nucleic acid fragments, and refers to an isolated molecule or 
construct, e.g., plasmid DNA (pDNA), or derivatives of 
pDNA (e.g., minicircles as described in (Darquet, A. M. et al., 
“A new DNA vehicle for nonviral gene delivery: Supercoiled 
minicircle. Gene Therapy, 4, 1341-1349 (1997)) comprising 
a polynucleotide. “Sequence identity” refers to a relationship 
between two or more polynucleotide sequences or between 
two or more polypeptide sequences. When a position in one 
sequence is occupied by the same nucleic acid base or, amino 
acid residue in the corresponding position of the comparator 
sequence, the sequences are said to be “identical at that 
position. The percentage “sequence identity is calculated by 
determining the number of positions at which the identical 
nucleic acid base or amino acid residue occurs in both 
sequences to yield the number of “identical positions. The 
number of “identical positions is then divided by the total 
number of positions in the comparison window and multi 
plied by 100 to yield the percentage of “sequence identity.” 
Percentage of “sequence identity” is determined by compar 
ing two optimally aligned sequences over a comparison win 
dow (e.g., sequence of Mdh or sequence of HlyB). 
0030) “Heterologous' refers to any additional biological 
components that are not identical with the Subject biological 
component. 
0031) “Homolog”or “variant, as used herein, can be used 
interchangeably and refers to a polynucleotide or polypeptide 
that differs from the recited reference polynucleotide or 
polypeptide due to Substitutions, deletions, insertions, and/or 
modifications of one or more nucleotide base(s) (with regard 
to a polynucleotide) or one or more amino acid(s) (with 
regard to a polypeptide). Variants or homologs may occur 
naturally or be produced with conventional molecular tech 
niques known in the art. 
0032 Polynucleotide or polypeptide variants or homologs 
can exhibit at least about 60-70%, for example 75%, 80%, 
85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 
99% or 99.9% sequence identity with identified polynucle 
otide or polypeptide. 
0033 “Purified” means that the polynucleotide or 
polypeptide or homolog or variant thereof, is substantially 
free of other biological material with which it is naturally 
associated, or free from other biological materials derived, 
e.g., a recombinant host cell that has been genetically engi 
neered to have enhanced or increased halotolerance. 
0034. Cyanobacteria convert light energy into chemical 
energy through photosynthesis in their natural environment 
using phycobilisomes (PBS) (Staijier R. Y. et al., “Pho 
totrophic Prokaryotes: The Cyanobacteria.” Annual Review 
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of Microbiology, 31, 225-274 (1997), which is hereby 
expressly incorporated by reference in its entirety). They 
inhabita wide range of habitats including oceans, freshwater, 
and terrestrial ecosystems. Recently, there has been great 
interest in their practical applications, particularly as a renew 
able source of bioenergy (Abed et al., "Applications of cyano 
bacteria in biotechnology.” Journal of Applied Microbiology, 
106, 1-12 (2008), which is hereby expressly incorporated by 
reference in its entirety). 
0035. In order to inhabit a wide range of environmental 
conditions, cyanobacteria have evolved different mecha 
nisms to Sustain photosynthesis. Many cyanobacteria have a 
light-dependent acclimation process known as complemen 
tary chromatic adaptation (CCA), which provides the organ 
ism flexibility in the type of light it can absorb to optimize its 
growth in a range of environmental conditions to which it is 
exposed (Montgomery, B. L., “Shedding new light on the 
regulation of complementary chromatic adaptation. Central 
European Journal of Biology, 3, 351–358 (2008), which is 
expressly incorporated by reference in its entirety). CCA 
allows these organisms to live at various depths of the ocean, 
despite the varying intensities of light present (Postius et al., 
“N-fixation and complementary chromatic adaptation in 
non-heterocystous cyanobacteria from Lake Constance.” 
Microbial Ecology, 37, 117-125 (2001), which is expressly 
incorporated by reference in its entirety). 
0036 Some genes and proteins involved in the CCA pro 
cess including rcaE and Fdton B in Fremyella diplosiphon 
have been identified and studied (Bordowitz, J. R. and Mont 
gomery, B. L., “Photoregulation of cellular morphology dur 
ing complementary chromatic adaptation requires sensor-ki 
nase-class protein RcaE in Fremvella diplosiphon,” Journal 
of Bacteriology, 190, 4069-4074 (2008); Pattanaik, B. et al., 
“FdTonB is involved in the photoregulation of cellular mor 
phology during complementary chromatic adaptation in Fre 
myella diplosiphon,' Microbiology, 156, 731-741 (2010); 
Kehoe, D. M. et al., “Using molecular genetics to investigate 
complementary chromatic adaptation: Advances in transfor 
mation and complementation.” Methods in Enzymology, 297, 
279-290 (1998), which are hereby expressly incorporated by 
reference in their entireties). Bordowitz and Montgomery 
(2008) compared two different strains of F. diplosiphon, one 
with normal CCA responses and one that is lacking rcaE; they 
found that this protein had an essential role in light-dependent 
regulation of the cell's morphological characteristics in 
response to red or green light. 
0037 RcaE combines with rcac and rcaF to form a com 
plex that regulates transcription for altering pigmentation 
during CCA (Kehoe, D. M. and Gutu, A., “Responding to 
color: the regulation of complementary chromatic adapta 
tion.” Annual Review of Plant Biology, 57, 127-150 (2006), 
which is hereby expressly incorporated by reference in its 
entirety). Faton B is a protein found to have an important role 
in green light dependent regulation of a cell's morphology in 
F diplosiphon (Pattanaik, B. and Montgomery, B. L., 
“FdTonB is involved in the photoregulation of cellular mor 
phology during complementary chromatic adaptation in Fre 
myella diplosiphon. Microbiology, 156, 731-741 (2010), 
which is hereby expressly incorporated by reference in its 
entirety). CCA is Supported by the presence of essential pig 
ments in cyanobacteria known as phycobiliproteins (PBP) 
that assist in photosynthesis (Bogorad, L., “Phycobiliproteins 
and Complementary Chromatic Adaptation.” Annual Review 
of Plant Physiology, 26, 369-401 (1975), which is hereby 
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expressly incorporated by reference in its entirety). These 
PBPs form PBS, which harvest light from the abiotic envi 
ronment (Gutu, A. and Kehoe, D. M.. “Emerging perspectives 
on the mechanisms, regulation, and distribution of light color 
acclimation in cyanobacteria.” Molecular Plant, 5, 1-13 
(2012), which is hereby expressly incorporated by reference 
in its entirety). 
0038 Recently, cyanobacteria have been used in environ 
mental applications, including bioremediation of pollutants 
Such as heavy metals (Prasanna, R. et al., “Cyanobacteria as 
potential options for environmental Sustainability—promises 
and challenges.” Indian Journal of Microbiology, 48,89-94 
(2008), which is hereby expressly incorporated by reference 
in its entirety) and in the production of highly efficient pho 
tosynthesis derived biofuels (Ducat, D.C., et al., “Engineer 
ing cyanobacteria to generate high value products. Applied 
Microbiology, 29, 95-103 (2010), which is hereby expressly 
incorporated by reference in its entirety). 
0039 Fremyella diplosiphon has phycoerythrin (PE) and 
phycocyanin (PC) pigments that allow adaptation of the 
cyanobacterium to a range of habitats. In addition, a highly 
halotolerant species (Aphanothece halophytica), which can 
help in identifying molecular mechanisms associated with 
Survival in higher salt environments are also included in the 
present invention. 
0040 Salt-tolerant mechanisms can be introduced into F. 
diplosiphon to complement its ability to grow in a range of 
environments with different light parameters. Improving salt 
tolerance in cyanobacteria is highly beneficial for the culti 
vation of cyanobacteria for biofuel production in environ 
ments with higher salinity, Such as a saltwater ponds or salty 
lands that cannot be used for agriculture. 
0041. In another embodiment, halotolerant strains of F. 
diplosiphon produced by the methods of the present invention 
are HSF33-1 and HSF33-2. HSF33-1 with overexpressed 
HlyB gene was deposited in NCBI GenBank (National Cen 
terfor Biotechnology Information, National Library of Medi 
cine. Building 38A, Bethesda, Md. 20894) with the registra 
tion number KR912179 on May 27, 2014. HSF33-2 with 
overexpressed Mdh gene was deposited in NCBI GenBank, 
National Center for Biotechnology Information, National 
Library of Medicine, Building 38A, Bethesda, Md. 20894 
with the registration number KP036997.1 on Oct. 24, 2014. 
0042. In one embodiment the recombinant cyanobacte 
rium is Fremyella diplosiphon. F. diplosiphon exhibits CCA 
which allows this species to live at various depths in a water 
body, despite varying intensities of light (Gutu, A. et al., 
"Emerging perspectives on the mechanisms, regulation, and 
distribution of light color acclimation in cyanobacteria.” 
Molecular Plant, 5, 1-13 (2012), which is hereby expressly 
incorporated by reference in its entirety). In addition, it has 
great potential as a production-scale biofuel agent since it can 
grow in light intensity as low as 15umol mS and at an 
optimal temperature of 28°C. (Dubinsky, Z. et al., “Photoac 
climation processes in phytoplankton: mechanisms, conse 
quences, and applications. Aquatic Microbial Ecology, 56. 
163-176 (2009); Singh, S. P. et al., “Salinity impacts photo 
synthetic pigmentation and cellular morphology changes by 
distinct mechanisms in Fremvella diplosiphon,' Biochemical 
and Biophysical Research Communications, 433, 84-89 
(2013), which are hereby expressly incorporated by reference 
in their entireties). However, studies have shown that salt has 
detrimental effects on F. diplosiphon (Tabatabai, B. et al., 
“Investigating salt tolerance in the cyanobacterium Fremvella 
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diplosiphon as the basis for biotechnological development.” 
20th Annual Undergraduate and Graduate Research Sympo 
sium, Baltimore, Md. (2013), which is hereby expressly 
incorporated by reference it its entirety). 
0043. By incorporating a salt tolerance gene, the cyano 
bacterium finds unique environmental applications in open or 
closed salt water pond systems that can be used for biofuel 
production. The technology can be further extended because 
sea water is made up of a solution of salts of nearly constant 
composition of seventy different elements (Matsunaga, T. et 
al., “Marine Microalgae. Advances in Biochemical Engi 
neering/Biotechnology, 96, 165-188 (2005), which is hereby 
expressly incorporated by reference it its entirety), which will 
provide nutrients for growth of F. diplosiphon. 
0044 Exemplary halotolerance genes that may be used in 
the invention include ApNhaP (SEQID NO: 1), BetT (SEQ 
ID NO: 2), Mdh (SEQID NO:3), ApNapA (SEQID NO: 4), 
ApGMST (SEQID NO: 5), ApDMT (SEQID NO. 5), and 
HlyB (SEQID NO: 7), and variants thereof. 
0045. In certain embodiments, the halotolerance gene may 
be isolated from Aphanothece halophytica. A. halophytica is 
a halotolerant cyanobacterium which can grow in a wide 
range of salinity from 0.25 to 3.0 M NaCl and in extreme 
alkaline conditions up to an external pH of 11.0. Na+/H+ 
antiporters of alkaliphilic A. halophytica may play a crucial 
role of Na+ efflux and of cytoplasmic pH homeostasis. 
0046. In another embodiment, the recombinant cyanobac 
terium of the present invention has a higher salt tolerance as 
compared to wild-type cyanobacterium. 
0047. The recombinant cyanobacterium can be made by 
using conventional molecular methods known in the art. For 
example, the recombinant cyanobacterium can be made by 
introducing a polynucleotide encoding a halotolerance gene 
into wild-type cyanobacterium. The polynucleotide encoding 
a halotolerance gene can also be integrated into the genome of 
the cyanobacterium in order to make a recombinant cyano 
bacterium. 
0048. The present invention also relates to compositions 
comprising a recombinant cyanobacterium produced by 
methods described herein. The compositions described 
herein may include a carrier or excipient suitable for the 
recombinant cyanobacterium. Non-limiting examples 
include, but are not limited to, buffered saline, seawater, and 
BG-11 media and combinations thereof. 

0049. A second aspect of the invention is related to a 
method for producing a halotolerant recombinant cyanobac 
terium. The method includes introducing a polynucleotide 
encoding a halotolerance gene into the cyanobacterium to 
produce a halotolerant recombinant cyanobacterium. 
0050. In one embodiment, the method for producing a 
halotolerant recombinant cyanobacterium according to the 
second aspect of the invention further includes a step of 
incorporating at least one polynucleotide encoding a halotol 
erance gene in one or more plasmids and a step of integrating 
the polynucleotide encoding a halotolerance gene into the 
genome of the cyanobacterium. 
0051. The present invention uses standard methods for 
transformation of prokaryotes are known in the art. (Berger, 
S. L. and Kimmel, A. R. (1987), Guide to Molecular Cloning 
Techniques, Methods in Enzymology Vol. 152, Academic 
Press, Inc., San Diego, Calif.; Sambrook et al. (1989), 
Molecular Cloning A Laboratory Manual (2nd ed.) Vol. 
1-3, Cold Spring Harbor Laboratory, Cold Spring Harbor 
Press, N.Y.; and Current Protocols in Molecular Biology, F. 
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M. Ausubel et al., eds. Current Protocols, a joint venture 
between Greene Publishing Associates, Inc. and John Wiley 
& Sons, Inc., (through and including the 1997 Supplement), 
which are hereby expressly incorporated by reference in their 
entireties). 
0052. Non-limiting examples of transformation tech 
niques that may be used in the present invention include, but 
are not limited to, direct incubation in the presence of exog 
enous DNA, transformation by heat-shock, transformation by 
electroporation, transformation by biolistic particle bom 
bardment, transformation via addition of fusogenic agents 
(i.e., polyethylene glycol), conjugation with a heterologous 
microorganism, or transduction via viral particles. 
0053. The method according to the second aspect of the 
invention can further include a step of isolating or making a 
polynucleotide encoding a halotolerance gene and incorpo 
rating the nucleic acid in one or more plasmids. The method 
can further include a step of integrating the recombinant 
nucleic acid into the genome of the cyanobacterium. 
0054. A third aspect of the invention relates to a plasmid 
containing a polynucleotide encoding a halotolerance gene. 
The plasmid construct is such that it is capable of being 
transformed into a cyanobacterium. 
0055 Plasmids relevant to genetic engineering typically 
include at least two functional elements 1) an origin of repli 
cation enabling propagation of the DNA sequence in the host 
organism, and 2) a selective marker (for example an antibiotic 
resistance marker conferring resistance to amplicillin, kana 
mycin, Zeocin, chloramphenicol, tetracycline, spectinomy 
cin, and the like). Plasmids are often referred to as “cloning 
vectors' when their primary purpose is to enable propagation 
of a desired heterologous DNA insert. Plasmids can also 
include cis-acting regulatory sequences to direct transcription 
and translation of heterologous DNA inserts (for example, 
promoters, transcription terminators, ribosome binding 
sites); Such plasmids are frequently referred to as “expression 
vectors.” When plasmids contain functional elements that 
allow for propagation in more than one species, such plas 
mids are referred to as "shuttle vectors.” Shuttle vectors are 
well known to those in the art. 

0056. The present invention also relates to compositions 
comprising one or more plasmid(s) or expression vector(s) 
described herein. The compositions described herein may 
include a carrier or excipient suitable for the plasmid(s) or 
expression vector(s). Non-limiting examples include, buff 
ered saline, seawater, and BG-11 media, and combinations 
thereof. 

0057. In some embodiments, several genes of interest may 
be inserted into the cyanobacterium. Each gene of interest 
may be expressed on a unique plasmid or expressed as part of 
a single plasmid. In preferred embodiments, the desired bio 
synthetic pathways are encoded on multi-cistronic plasmid 
vectors. Useful expression vectors are designed internally 
and synthesized by external gene synthesis providers. 
0058 A fourth aspect of the invention relates to a method 
of producing biofuel using the recombinant cyanobacteria of 
the present invention. The method includes growing the 
recombinant cyanobacteria comprising at least one nucle 
otide encoding a halotolerance gene under conditions Suitable 
for production of a lipid for said biofuel production, and 
isolating the lipid. 
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0059. Unless defined otherwise, all technical and scien 
tific terms used herein have the meaning commonly under 
stood by a person skilled in the art to which this invention 
belongs. 

EXAMPLES 

Example 1 

Effect of Different Salt Concentrations on 
Cyanobacterial Growth 

0060 High levels of salinity cause a stress response in 
cyanobacteria, leading to an overexpression of certain pro 
teins, particularly in more salt tolerant Strains. High amounts 
of salt present in the environment can lead to diminished 
growth and viability in F. diplosiphon. 
0061 Preliminary results have demonstrated that F. diplo 
siphon does not tolerate salt concentrations above 15 g/L 
NaCl in solid media and 10 g/L NaCl in liquid media. The 
salinity of seawater is around 35 g/L which is more than twice 
the concentration that F. diplosiphon can tolerate. Thus, the 
key to unlocking this promising new Source of energy is to 
enhance salt tolerance in this species. 
0062 Cyanobacterial species F. diplosiphon were culti 
vated on liquid and Solid growth medium with varying con 
centrations of sodium chloride. See FIGS. 2A and 2B. Deter 
mination of growth rates in various salt concentrations were 
compared to the control (absence of salt). In liquid cultures, 
the optical density of the cyanobacterial cultures (growth rate 
and doubling time) was measured. 
0063 Cyanobacteria were also subjected to varying light 
intensities and colors both in the absence and presence of salt 
to study to test differential responses of the cyanobacteria to 
the abiotic environment and to see if there is a link between 
light and salt stress responses. 

Example 2 

Genetic Transformation of Wild Type F, diplosiphon 
0064 Candidate genes, such as, ApNhaP (SEQID NO: 1), 
BetT (SEQID NO: 2), Mdh (SEQID NO:3), ApNapA (SEQ 
ID NO:4), ApGMST (SEQID NO:5), ApDMT (SEQID NO: 
5), and HlyB (SEQID NO: 7) from halotolerant cyanobacte 
rial species were used to transform F diplosiphon to comple 
ment its ability to grow in saline environments (Kehoe, D. M. 
et al., “Using molecular genetics to investigate complemen 
tary chromatic adaptation: Advances in transformation and 
complementation.” Methods in Enzymology, 297, 279-290 
(1998) which are hereby expressly incorporated by reference 
in their entireties). 
0065 Other candidate genes were also identified using the 
methods disclosed, for example, in Example 3, and trans 
formed into F. diplosiphon. 
0.066 F. diplosiphon with the integrated halotolerance 
gene were screened and the presence of the gene was con 
firmed using RT-PCR. Physiological evaluations of trans 
formed lines were then conducted (FIG. 3). Molecular 
screening is a quick and direct process and the tests could be 
conducted multiple times with each gene. 
0067. Additionally, candidate genes from Aphanothece 
halophytica, a highly halotolerant species that tolerates up to 
175 g/L NaCl were inserted into the wild type F, diplosiphon 
in order to develop a genetically transformed strain with 
enhanced halotolerance (He, Y. et al. “Heterologous expres 
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sion of ApGSMT2 and ApDMT2 genes from Aphanothece 
halophytica enhanced drought tolerance in transgenic 
tobacco.” Molecular Biology Reports, 38, 657-666 (2010); 
Laloknam, S. et al., "Halotolerant cyanobacterium Aphanoth 
ece halophytica contains a betaine transporter active at alka 
line pH and high salinity. Applied Environmental Microbi 
ology, 72, 6018-6026 (2006), which are hereby expressly 
incorporated by reference in their entireties). 

Example 3 

Identifying Proteins Involved in Stress Response 
0068 Cyanobacterial colonies grown under various light 
and salt parameters were subjected to proteomic analysis. 
Proteins were isolated using a protein isolation and purifica 
tion kit. The purified protein extracts were then run in one and 
two dimensional gels and then analyzed for bands and spots 
exhibiting differential patterns of protein accumulation. The 
spots representing these proteins were then identified, and 
linked to abiotic stress tolerance in cyanobacteria. 
0069. Once the candidate proteins were identified, the cor 
responding genes were isolated and sequence analyzed. 
These gene sequences were used to transform F. diplosiphon 
(Kehoe, D. M. et al., “Using molecular genetics to investigate 
complementary chromatic adaptation: Advances in transfor 
mation and complementation.” Methods in Enzymology, 297, 
279-290 (1998), which is hereby expressly incorporated by 
reference in its entireties for increased salt tolerance). 
0070 Genetically transformed cyanobacterial strains 
obtained by transformation have various applications in effi 
cient biofuel production as they maximize growth rate and 
photosynthetic efficiency. The strategies described above can 
be extended to other cyanobacteria and used for efficient 
biofuel production. 

Example 4 

Extraction of Lipids from Wild Type and 
Halotolerant Strains 

(0071 Lipids were extracted from the wildtype (SF33) and 
halotolerant strains at the laboratory-scale level and lipid 
profiles are characterized using gas chromatography-mass 
spectrometry. See FIGS. 4A and B. 
0072 Transformed lines were subjected to varying levels 
of salt media following which growth and physiological 
response were investigated. The biofuel efficacy of the halo 
tolerant strain was tested in controlled laboratory tanks where 
environmental conditions were monitored. Steps in biofuel 

SEQUENCE LISTING 

<16 Os NUMBER OF SEO ID NOS: 7 

<21 Os SEQ ID NO 1 
&211s LENGTH: 2431 
&212s. TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: ApNhaP 

<4 OOs SEQUENCE: 1 
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production involve harvesting biomass, drying, extraction 
using chemical, mechanical or enzymatic methods, and 
analysis of lipids using mass spectrometry and Nuclear Mag 
netic Resonance (NMR) spectroscopy. 
0073. Although preferred embodiments have been 
depicted and described in detail herein, it will be apparent to 
those skilled in the relevant art that various modifications, 
additions, Substitutions, and the like can be made without 
departing from the spirit of the invention and these are there 
fore considered to be within the scope of the invention as 
defined in the claims which follow. 

Example 5 

Aeration for Speedy Growth 

(0074 Wild type (SF33) and halotolerant strains were cul 
tured under two different growth conditions in liquid media, 
shaking at 170 rpm in a temperature-controlled shaker, and 
aeration using air pumps. Growth rates were compared and 
minimal time taken was estimated. 

Example 6 

Nitrate Level Alterations and Pigment 
Quantifications in the Salt Tolerant Strains 

(0075 Wild type (SF33) and halotolerant strains were 
grown in varying amounts of sodium nitrate at 0.25 g/L, 0.5 
g/L, 1.0 g/L and 1.5 (control) g/L. Lipids, phycobiliproteins, 
and photosynthetic pigments (chlorophyll a, carotenoids) 
were extracted and quantified at the laboratory-scale level. 
0076. The amount and presence of fatty acid and methyl 
esters produced in varying amounts of sodium nitrate were 
estimated by gravimetric analysis and gas chromatography 
mass spectrometry. 

Example 7 

Alum Precipitation 

(0077. The wild type (SF33) and transformant cyanobac 
teria were harvested by adding varying concentrations of 
Aluminum Sulphate (alum). Efficacy of alum concentration 
(1-5% (w/v)) in flocculating cells was estimated. 
0078. The amount and presence of fatty acid and methyl 
esters produced in flocculants precipitated in varying concen 
trations of Alum were estimated by gravimetric analysis and 
gas chromatography-mass spectrometry. 

gaattctgcatt citt coccc tdtttgg tac aatcagtatg cc cttgctac agtagtaaag 60 
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- Continued 

<210s, SEQ ID NO 7 
&211s LENGTH: 747 
&212s. TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
22 Os. FEATURE: 

<223> OTHER INFORMATION: HlyB 

<4 OO > SEQUENCE: 7 

catatttgaa gcagtgctica caa.cattgcg gacittattta tttgttggata citaccaa.ccg 6 O 

cattgatatg agtttggggt cacaaattat tdaccaccita citcc.gc.ctac cactacgcta 12 O 

ttittgaaaag cqtccagttggggaattatc aact cqaatt aacgaac tag aaaat attcg 18O 

gcaatticctic acaggtacag ctittaactgt tdgcttagat gcagtattitt cqgtggttta 24 O 

tat catcgtt atgctgttitt acagttggca acttaccttg gtaggitttgg gtacaatticc 3OO 

cg tatttgta attctgacat taattgcct c ticcgactgta caaagacagt tacgcagtaa 360 

agc.cgaacgg aactic.cgaaa cacagt ccta tittagttgag gtaatgtc.cg ggattcaaac 42O 

agtgaaag.cg caaaat at cq aattgcgatc gcgcttittct tcaagaac gittatgctcg 48O 

atacgtagcg gctggattica aaactgttgt gacttct acc ttggctaact caact agtaa 54 O 

ctitt ct caat aaattgagta gtt tactagt gttgttgggtg ggagct tatt tag tact taa 6OO 

acaagaatta accittagggg aattaatcgc ctittagaatt atctotggitt acgttac tag 660 

t cctat cittg cqcttggctic aactittggca aagct tccaa gaalacagctt tat ctittaga 72 O 

gcggittaa.gc gat attgttg atacacc 747 

What is claimed is: 

1. A recombinant cyanobacterium comprising at least one 
polynucleotide encoding a halotolerance gene. 

2. The recombinant cyanobacterium according to claim 1, 
wherein the recombinant cyanobacterium is Fremvella diplo 
siphon. 

3. The recombinant cyanobacterium according to claim 1, 
wherein the halotolerance gene is selected from a group con 
sisting of ApNhaP. BetT, Mdh, ApNap A, ApGMST. ApDMT, 
and HlyB. 

4. The recombinant cyanobacterium according to claim 1, 
wherein the halotolerance gene is a homologue isolated from 
Aphanothece halophytica. 

5. The recombinant cyanobacterium according to claim 1, 
wherein the recombinant cyanobacterium has a higher salt 
tolerance as compared to wild-type cyanobacterium. 

6. The recombinant cyanobacterium according to claim 1, 
wherein the at least one polynucleotide is present in one or 
more plasmids. 

7. A method for producing biofuel comprising: 
growing a recombinant cyanobacterium comprising at 

least one polynucleotide encoding a halotolerance gene 
under conditions suitable for production of a lipid for 
biofuel production: 

and isolating the lipid. 
8. The method according to claim 7, wherein the recombi 

nant cyanobacterium is Fremvella diplosiphon. 
9. The method according to claim 7, wherein the halotol 

erance gene is selected from a group consisting of ApNhaP. 
BetT, Mdh, ApNapA, ApGMST. ApDMT, and HlyB. 

10. The method according to claim 7, wherein the halotol 
erance gene is a homologue isolated from Aphanothece halo 
phytica. 

11. The method according to claim 7, wherein the recom 
binant cyanobacterium has a higher salt tolerance as com 
pared to wild-type cyanobacterium. 

12. The method according to claim 7, wherein at least one 
polynucleotide encoding a halotolerance gene is incorporated 
in one or more plasmids and integrated into genome of the 
cyanobacterium. 

13. A method for producing a halotolerant recombinant 
Fremvella diplosiphon comprising: 

introducing at least one polynucleotide encoding a halotol 
erance gene into F. diplosiphon. 

14. The method for producing a halotolerant recombinant 
F diplosiphon according to claim 13, wherein the halotoler 
ance gene is selected from a group consisting of ApNhaP. 
ApGMST. ApDMT, Mdh, and HlyB. 

15. The method for producing a halotolerant recombinant 
F diplosiphon according to claim 13, wherein the halotoler 
ance gene is isolated from Aphanothece halophytica. 

16. The method for producing a halotolerant recombinant 
F diplosiphon according to claim 13, wherein the recombi 
nant F. diplosiphon has a higher salt tolerance as compared to 
wild-type F, diplosiphon. 

17. The method for producing a halotolerant recombinant 
F. diplosiphon according to claim 13, further comprising a 
step of incorporating at least one polynucleotide encoding a 
halotolerance gene in one or more plasmids and transforming 
one or more plasmids into a genome of the F. diplosiphon. 

18. A plasmid comprising at least one nucleic acid encod 
ing a halotolerance gene. 
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19. The plasmid according to claim 19, wherein the halo 
tolerance gene is selected from the group consisting of ApN 
haP, ApGMST. ApDMT, Mdh, and HlyB. 

20. The plasmid according to claim 19, wherein the halo 
tolerance gene is isolated from Aphanothece halophytica. 

21. A recombinant strain of F. diplosiphon having the char 
acteristics of that deposited in KR912 179, or a mutant 
thereof. 

22. A recombinant strain of F. diplosiphon having the char 
acteristics of that deposited in KP036997.1, or a mutant 
thereof. 

23. A composition comprising the recombinant strain of 
claim 1, claim 21, or claim 22. 

k k k k k 


