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Abstract Transposon TnS mutagenesis was used
to generate random mutations in Shewanella bal-
tica MACI1, a polyunsaturated fatty acid (PUFA)-
producing bacterium. Three mutants produced
3-5 times more eicosapentaenoic acid (EPA 20:5
n-3) compared to the wild type at 10°C. One of
the mutants produced 0.3 mg EPA g when
grown at high temperature (30°C). Moreover,
2 mg docosahexaenoic acid (DHA 22:6 n-3) g™
was produced by S. baltica mutants at 4°C.
Sequencing of insertion mutation(s) showed 96 %
homology to trimethylamine N-oxide (TMAO)
reductase gene and 85% homology to rRNA
operons of E. coli. Tn5 transposon mutagenesis
therefore is a suitable technique to increase
PUFA formation in bacteria.
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Introduction

Polyunsaturated fatty acids (PUFAs), in particu-
lar omega-3 fatty acids (-3 FAs) such as eicos-
opentaenoic acid (EPA; 20:5 »-3) and
docosahexaenoic acid (DHA; 22:6 n-3), have
received much attention for their remarkably
wide range of physiological (Fontani et al. 2005)
and clinical effects (Siddiqui et al. 2004; MacLean
et al. 2006). Currently, the main sources of dietary
EPA and DHA are marine fish. However,
declining fish populations and an undesirable
fishy flavor and odor in fish oil have led to an
interest in alternative sources of EPA and DHA.
These sources include fungi, marine algae, dia-
toms, and some bacteria (Shewanella and Col-
wellia) (Russell and Nichols 1999; Satomi et al.
2003). Attention has been focused on bacterial
production of EPA and DHA for two main rea-
sons. Firstly, bacteria can be easily cultivated in
simple media which makes them a prime candi-
date for industrial production of PUFAs. Sec-
ondly, it is possible to genetically manipulate
bacteria in order to increase synthesis of PUFAs.

A bacterium, isolated from mackerel entrails in
our laboratory (Cadieux et al. 1998), was identi-
fied as Shewanella baltica MAC1 (M. Amiri and
M. W. Griffiths, unpublished data). This bacterium
has been of interest because it has the capability of
synthesizing PUFA (Cadieux et al. 1998). To
increase PUFA production in Shewanella cells,
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changes to the growth media and incubation
conditions have been investigated (Cadieux et al.
1998; Morita et al. 2005). However, Tn5 trans-
poson mutagenesis has not been reported as a
means for increasing PUFA production. The TnS
transposon is particularly useful for insertion
mutagenesis of a variety of Gram-negative bac-
teria (Lewenza et al. 2005). De Lorenzo et al.
(1990) constructed a collection of TnS-derived
mini-transposons that simply generate random
mutations. The mini-transposons consist of genes
specifying resistance to antibiotics such as
kanamycin and chloramphenicol as selection
markers and an unique Notl cloning site flanked
by 19-base pair terminal repeat sequences of TnS
(De Lorenzo et al. 1990). The delivery system
employed for all the Tn5 transposons is the
suicide pUT plasmid. Plasmid pUT is only
maintained and replicated in © protein-producing
bacteria. When pUT is transferred from a donor
strain to a recipient strain without the gene
encoding the = protein, pUT cannot replicate
and only TnS is inserted in the genome of the
recipient strain (Llamas et al. 2000). In this
study, Tn5 transposon mutagenesis was investi-
gated as a new strategy to enhance PUFA pro-
duction in Shewanella MAC1. The benefits of
having mutant MAC1 with ability to produce
more PUFA are described.

Materials and methods
Bacterial strains and growth conditions

Escherichia coli containing pUT mini-Tn5 Km?2
(obtained from the Institute of Infection and
Immunity, Nottingham, UK) and Shewanella
baltica MAC1 were the donor and recipient
strains, respectively. Wild-type MAC1 was grown
in Marine Broth (MB) 2216 (Difco) and Marine
Broth supplemented with 50 mg kanamycin ml™
(MBK) was used for selection of the insertion
mutants. Sixty selected mutants and the parent
Shewanella MAC1 were grown in 5 ml MBK or
MB overnight at 30°C with shaking at 70 rpm.
Then 200 ml of broth were inoculated with 1 ml
of each overnight culture. Cells were incubated at
10°C on a rotary shaker (70 rpm) for 2-3 days to
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an OD at 600 nm of 2. Furthermore, three high
EPA-producing mutants were incubated at 4 and
30°C under the same conditions explained above.

Insertion mutagenesis

To generate insertion mutants, the pUT mini-Tn5
Km?2 transfer plasmid was used. For conjugation,
the donor strain was grown overnight in 5 ml
Luria broth (Fisher) containing kanamycin at
10 mg mI™" at 37°C. The recipient strain was
grown overnight in 5 ml MB at 30°C. The rest of
the steps for generating mutants were performed
as described previously (Winson et al. 1998).

Fatty acid extraction and analysis

The cells were harvested by centrifugation at
28,000 g for 17 min at 10°C, washed with ultra-
pure water twice and freeze-dried overnight. To-
tal lipids from freeze dried cells were extracted by
the method of Cadieux et al. (1998). The fatty
acid methyl esters were analyzed by GC using a
BPX70 capillary column (60 m x 0.22 mm). The
injector and detector were maintained at 260 and
280°C, respectively. The oven was programmed
to increase from 110°C to 230°C. The initial time
was set for 2 min, program rate for 4 min and
final time for 10 min. Peak areas were quantified
by a data processor. The fatty acid methyl esters
were identified by comparison of their retention
times with those of known standards. Internal
standards for PUFA peaks were also used. Fur-
thermore, EPA production was confirmed by GC/
MS using a Varian Saturn 2000 GC-mass spec-
trometer with a Varian CP-Sil 5CB-MS
30 m x 0.25 m column (Varian Canada, Missis-
sauga, ON, Canada). The oven was programmed
to increase from 125°C to 250°C at 4°C min".
Compounds were identified by comparison of
relative retention time and mass spectra with that
of pure standard EPA.

Site mapping of insertion mutagenesis

GenomicPrep Cells and Tissue DNA Isolation Kit
(Amersham Pharmacia Biotech, Piscataway, NJ,
USA) was used to extract the genomic DNA of
wild MAC1 and mutant MACIL. Primers,
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5-CGAGCTCGAATTCGGCCTAG-3; 5-CTG
CAGGCATGCAAGCTTCG-3; 5-GCCGAAC
TTGTGTATAAGAGTC-3" and 5-GCCAGAT
CTGATCAAGAGAC-3" were designed accord-
ing to sequences at either end of the kanamycin
resistance genes and terminal sequences of the
mini transposon Tn5 (Karlyshev et al. 2000). Sin-
gle-Primer Polymerase Chain Reaction was used
to locate the insertion position of the mini-Tn5 in
mutants as described previously (Karlyshev et al.
2000). The PCR product was separated from the
reaction mix by running a 1% agarose gel. DNA
bands exclusively appearing in mutant lanes were
excised, and DNA fragments in the gel pieces
were extracted using a commercial Qiagen Quick
Gel Extraction kit (Qiagen Inc., Mississauga, ON,
Canada). Purified PCR fragments were ligated
with linear pGEM-T Easy Vector (Promega
Corporation; Fisher Scientific Co.) in 1x ligase
buffer and were transformed into high efficiency
competent JM 109 cells by the heat shock trans-
formation method. Colonies containing the PCR
insert were selected and were purified by sub-
culturing on LB agar plates (Difco) supplemented
with 50 pg ampicillin mI™, 80 pg X-Gal ml™" and
0.5 mm IPTG. Plasmids in the selected clones
were extracted and sent for sequence analysis to
Guelph Molecular Supercentre, Guelph, Canada.

Results and discussion

Effect of insertional mutagenesis
on EPA-production

Mini-Tn5 random insertion mutagenesis resulted
in more than 500 mutants. Sixty mutants were
selected randomly and they were tested for
PUFA production. Wild type and all mutated
MACI1 were capable of synthesizing EPA and
linolenic acid (LNA; 18:3 n-3) at 10°C but three
mutants showed significantly higher EPA pro-
duction than the wild-type MACI1. These
mutants, which were designated as mutants a, b
and c, produced 3-5 times more EPA than that of
parent (Fig. 1). Amounts of EPA in these three
selected mutants were confirmed in three inde-
pendent experiments. Since there is a significant
difference (P < 0.01) in the amount of EPA
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Fig. 1 Mean of EPA concentrations in 0.2 g cell dry
weight of wild type MAC1 and three mutated MAC1
cultured at 10°C in three independent experiments. EPA
concentrations are expressed in mg and were calculated
from the area under the GC chromatogram peak corre-
sponding to EPA

production between mutants and wild-type
MACI, particularly at 10°C, this may suggest that
the insertion of mini-Tn5 affected the enzyme
activity related to biosynthesis of EPA. These
mutants were confirmed to have insertion(s) in
their genomic DNA by antibiotic resistance and
PCR. The mini-transposon is located on an R6K-
based suicide delivery plasmid, which can be
maintained only in donor strains producing the
R6K-specified n protein (Llamas et al. 2000).
When the suicide plasmids are transferred into a
recipient cell without 7 protein, the plasmids will
not be amplified but chromosomally located
genes will be expressed.

Polyunsaturated fatty acids production by wild
type and mutant at different temperatures

Mutants were normally grown at 10°C. However,
differences in the cell membrane fatty acid com-
position, particularly EPA, docosapentaenoic
acid (DPA; 22:5n-3, a precursor of DHA), DHA
and LNA (18:3n-3) acid concentrations, were
studied to investigate PUFA production by
mutants at 4 and 30°C. Wild type and mutant
strains cultured at 4°C produced higher amounts
of EPA compared to cells grown at 10°C
(Table 1). Mutant (a) produced 10-fold more
DPA than wild type MACI at 4°C (Table 2). In
addition, mutants produced 0.04 to 0.2% (w/w)
DHA at 4°C (Table 2). The ability of bacteria to
adapt their membrane lipid composition in
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Table 1 Cells dry weight and total lipid contents of the wild type MAC1 and mutants at different temperatures

Parameter MAC1 Mutant a Mutant b Mutant ¢
4°C 10°C  30°C  4°C 10°C  30°C  4°C 10°C  30°C  4°C 10°C  30°C

Biomass® 0.94 1.1 0.85 0.9 1 0.85 0.88 1.05 0.85 0.9 1.08 0.87
Lipid yield® 0.032  0.036 0.03 0.032  0.036 0.03 0.032 0.036 0.031 0.032 0.036 0.030
EPA in-Biomass® 2.4 1 0 6 4.8 0.3 4 3.8 0 3.85 29 0
g dry cells 17!
bg lipid 17!
°mg EPA g dry cells
YValues are means of three samples
Table 2 Fatty acid compositions (wt%) of the lipid from wild type MAC1 and mutants
Fatty acid MAC1 (%) Mutant” (%) Mutant® (%) Mutant® (%)

4°C 10°C 30°C 4°C 10°C 30°C 4°C 10°C 30°C 4°C 10°C 30°C
14:0 4.9% 4.0 8.4 4.4 4.0 7.0 48 3.8 7.8 4.9 4.02 82
14:1n7 2.0 1.5 35 1.6 1.3 3.1 1.9 1.42 3.45 2 1.09 35
15:0 15 13 19 14.8 11.9 18.8 15 12.7 19 14.5 13 182
16:0 0.69 1.1 0.95 0.65 0.95 0.96 0.68 1.1 1.07 0.70 1.03 1
16:1n7c 8.6 7 14.8 8 6.1 152 8.7 6.5 14.7 8.5 6.7 15.8
17:0 36.9 42 30.7 36.6 39.3 30.5 36.9 40.8 29.7 36.3 41 29.3
18:0 231 32 6.8 22 34 7.8 2.3 32 7.86 2.3 3 7.4
18:1n9¢ 1.7 2.8 1.5 1.6 3.0 1.8 1.71 2.5 2.3 1.68 23 2
18:2n6¢ 6.1 9.4 1.6 6.06 9.2 1.5 6 9 13 6 9.09 1.5
18:3n3 0.05 0.3 0.35 0.06 0.4 0.4 0.05 0.36 0.38 0.053 0.4 0.35
20:5n3° 35 1.5 0 55 6.0 0.2 4.85 4.5 0 49 3.8 0
22:5n3 0.03 0 0 0.3 0 0 0.08 0 0 0.08 0 0
22:6n3 0 0 0 0.04 0 0 0.2 0 0 0.07 0 0
Others® 172 14.5 125 18 145 125 16.83 142 12.4 17.7 145 12.7

*Values are means of three samples

®Eicosapentaenoic acid (EPA)

“Includes: 13:0; 15:1n8c¢; 16:1n9¢; 17:1n8c; 18:1n9t; 18:1n7c; 18:2n6t; 21:0 and some traces which were less than 0.1%

response to changes in environmental tempera-
ture has been well documented (Valentine and
Valentine 2004). This adaptation usually involves
a change in unsaturated fatty acid concentrations
in the membrane. The proportion of PUFA in
membrane lipids indicates that they are likely to
be part of a homeoviscous adaptive response to
regulate membrane fluidity. Moreover, PUFA
make the cellular membranes more permeable at
cold temperatures (Valentine and Valentine
2004). The relative amount of EPA in mutant
MACI1 decreased as the growth temperature was
increased to 30°C and this is similar to results
reported previously (Watanabe et al. 1996).
Therefore, it can be concluded that the adapta-
tion of wild-type and mutant MAC1 to growth at
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low temperatures was related to changes in the
relative amount of cellular PUFA, particularly
EPA. EPA also regulates membrane fluidity of
the scallop (Placopecten magellanicus) in
response to cold (Hall et al. 2002). Wild type
MAC1 does not produce EPA at 30°C while
mutant (a) was able to produce EPA at this
temperature (Table 1). Therefore, this indicates
the strong effect of insertion mutagenesis in
enhancement of EPA production.

The total fatty acid composition of the wild
type and mutants was studied when they were
grown at different temperatures (Table 2). The
number of fatty acid peaks was the same for
MACI1 and mutants at 4, 10 and 30°C. At 30°C,
more long chain saturated fatty acids and short
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chain unsaturated fatty acids were detected.
Apart from EPA, no significant differences were
seen for the fatty acid composition of the wild
type MAC1 and mutants at 10, 4 and 30°C
(Table 2).

Genetic analysis of mutants

Four different primers were used in the single
primer PCR method. Forty PCR generated frag-
ments (500-2,000 bp) were isolated from mutants,
which were absent in the wild type MACI
(Fig. 2). Three non-specific common fragments
were seen in wild type and mutant MACI. The
extra bands indicate that amplification resulted in
predominantly Tn5-specific PCR products. Ten
plasmids containing different PCR fragments
were sent for sequencing. A search of the Gen-
bank database revealed that one of the sequences
related to mutant (a) showed 96% homology to
the DNA sequence of the trimethylamine
N-oxide (TMAO) reductase encoding gene
(torA) from Shewanella massilia (data not
shown). The TorA enzyme is responsible for
TMAO reduction. This enzyme has a high sub-
strate specificity and can only reduce TMAO
efficiently as a natural compound (Bordi et al.
2003). Various bacteria grow anaerobically using
TMAO which acts as an alternative terminal
electron acceptor of a respiratory transport chain
(McCrindle et al. 2005). Furthermore, it is re-
ported that TMAO is involved in the respiratory
pathway and increases the ability for anaerobic
growth of bacteria (Carpentier et al. 2005).
Shewanella MAC1 is a facultative anaerobic

Fig. 2 Gel electrophoresis of PCR products obtained
using primer 2. M: 1 kb ladder; lane 1: MACI; lanes 2-7
mutants

bacterium. It can be speculated that Shewanella
MACI1 might use both aerobic and anaerobic
pathways to synthesize fatty acids. It is possible
that the mini Tn-5 insertion disrupted the torA
gene encoding TorA enzyme involved in the
TMAO reductase respiratory pathway. There-
fore, the level of TMAO might have increased in
bacterial cells and, consequently, the anaerobic
pathway of bacterial fatty acid biosynthesis might
be elevated. This phenomenon might be a reason
for higher EPA production by mutant (a). In
addition, the anaerobic pathway, using the poly-
ketide synthase (PKS) route, is responsible for
bacterial PUFA biosynthesis (Ratledge 2004).
Another sequence related to the mutant had 85%
homology with rRNA operons of E. coli. Since
rRNA is involved in protein synthesis, it is pos-
sible that insertion of mini Tn5 in this region led
to changes in the regulation of the enzyme(s)
responsible for PUFA production.

Conclusion

The PUFA production in bacteria usually can be
increased by changing the growth media and
incubation conditions. However, the use of the
TnS transposon is a great advantage to generate
mutants with ability to produce higher level of
PUFA or to find a new strain that can produce
PUFA at high temperature (30°C). In addition, the
PUFA production in PUFA-producing mutants
can be further enhanced by changing the compo-
sition of growth media and cultural conditions to
make them a better candidate for use in industry.

Acknowledgements We thank Dr. Swift for providing
the pUT Mini-Tn5 Km?2 plasmid. This work was supported
by grants from Dairy Farmers of Ontario and the Natural
Sciences and Engineering Research Council of Canada.

References

Bordi C, Lobbi-Nivol C, Mejean V, Patte JC (2003)
Effects of ISSo2 insertions in structural and regulatory
genes of trimethylamine oxide reductase of Shewa-
nella oneidensis. J Bacteriol 185(6):2042-2045

Cadieux SU, Kakuda Y, Ward OP, Griffiths MW (1998)
Bacterial production of 3 fatty acids in whey. Mil-
chwissenschaft 53:547-551

@ Springer



1192

Biotechnol Lett (2006) 28:1187-1192

Carpentier W, De Smet L, Van Beeumen J, Brige A
(2005) Respiration and growth of Shewanella oneid-
ensis MR-1 using vanadate as the sole electron
acceptor. J Bacteriol 187:3293-3301

De Lorenzo V, Herrero M, Jakubzik U, Timmis KN
(1990) Mini-Tn5 transposon derivatives for insertion
mutagenesis promoter probing and chromosomal
insertion of cloned DNA in Gram-negative eubacte-
ria. J Bacteriol 172(11):6568-6572

Fontani G, Corradeschi F, Felici A, Alfatti F, Migliorini S,
Lodi L (2005) Cognitive and physiological effects of
Omega-3 polyunsaturated fatty acid supplementation
in healthy subjects. Eur J Clin Invest 35:691-699

Hall JM, Parrish CC, Thompson RJ (2002) Eicosapenta-
enoic acid regulates scallop (Plactopecten magellani-
cus) membrane fluidity in response to cold. Biol Bull
202:201-203

Karlyshev AV, Pallen MJ, Wren BW (2000) Single Primer
PCR procedure for rapid identification of transposon
insertion sites. BioTechniques 28:1078-1082

Lewenza S, Falsafi RK, Winsor G, Gooderham WJ, McPhee
JB, Brinkman FS, Hancock RE (2005) Construction of
a mini-Tn5-luxCDABE mutant library in Pseudomo-
nas aeruginosa PAOI1: a tool for identifying differen-
tially regulated genes. Genome Res 15:583-589

Llamas I, Argandona M, Quesada E, del Moral A (2000)
Transposon mutagenesis in Halomonas eurihalina.
Res Microbiol 151:13-18

MacLean CH, Newberry SJ, Mojica WA, Khanna P, Issa
AM, Suttorp MJ, Lim YW, Traina SB, Hilton L,
Garland R, Morton SC (2006) Effects of omega-3
fatty acids on cancer risk: a systematic review. J Am
Med Assoc 295:403-415

McCrindle SL, Kappler U, McEwan AG (2005) Microbial
dimethylsulfoxide and trimethylamine- N-oxide res-
piration. Adv Microb Physiol 50:147-198

@ Springer

Morita N, Nishida T, Tanaka M, Yano Y, Okuyama H
(2005) Enhancement of polyunsaturated fatty acid
production by cerulenin treatment in polyunsaturated
fatty acid-producing bacteria. Biotechnol Lett 27:389-
393

Ratledge C (2004) Fatty acid biosynthesis in microorgan-
isms being used for single cell oil production. Bio-
chimie 86:807-815

Russell NJ, Nichols DS (1999) Polyunsaturated fatty acids
in marine bacteria, a dogma rewritten. Microbiology
145:767-779

Satomi M, Oikawa H, Yano Y (2003) Shewanella marin-
intestina sp. nov., Shewanella chlegeliana sp. nov. and
Shewanella sairae sp. nov., novel eicosapentaenoic-
acid-producing marine bacteria isolated from sea-
animal intestines. Int J System Evol Microbiol 53:491-
499

Siddiqui RA, Shaikh SR, Sech LA, Yount HR, Stillwell W,
Zaloga GP (2004) Omega 3-fatty acids: health benefits
and cellular mechanisms of action. Mini Rev Med
Chem 4:859-871

Valentine RC, Valentine DL (2004) Omega-3 fatty acids
in cellular membranes: a unified concept. Prog Lipid
Res 43:383-402

Watanabe K, Ishikawa C, Yazawa K, Kondo K, Kawagu-
chi A (1996) Fatty acid and lipid omposition of an
eicosapentaenoic acid-producing marine bacterium.
J Mar Biotechnol 4:104-112

Winson MK, Swift S, Hill PJ, Sims CM, Griesmayr G,
Bycroft BW, Williams P, Stewart GS (1998) Engi-
neering the luxCDABE genes from Photorhabdus
luminescens to provide a bioluminescent reporter
for constitutive and promoter probe plasmids and
mini-Tn5 constructs. FEMS Microbiol Lett 163:193—
202



