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To more fully explore the role of unsaturated fatty acids in high-pressure, low-temperature growth, the fabF
gene from the psychrotolerant, piezophilic deep-sea bacterium Photobacterium profundum strain SS9 was
characterized and its role and regulation were examined. An SS9 strain harboring a disruption in the fabF gene
(strain EA40) displayed growth impairment at elevated hydrostatic pressure concomitant with diminished
cis-vaccenic acid (18:1) production. However, growth ability at elevated pressure could be restored to wild-type
levels by the addition of exogenous 18:1 to the growth medium. Transcript analysis did not indicate that the
SS9 fabF gene is transcriptionally regulated, suggesting that the elevated 18:1 levels produced in response to
pressure increase result from posttranscriptional changes. Unlike many pressure-adapted bacterial species
such as SS9, the mesophile Escherichia coli did not regulate its fatty acid composition in an adaptive manner
in response to changes in hydrostatic pressure. Moreover, an E. coli fabF strain was as susceptible to elevated
pressure as wild-type cells. It is proposed that the SS9 fabF product, 3-ketoacyl-acyl carrier protein synthase
IT has evolved novel pressure-responsive characteristics which facilitate SS9 growth at high pressure.

Increased hydrostatic pressure and reduced temperature
elicit similar physical effects on the phase and fluidity proper-
ties of membrane lipids. As growth temperature is lowered or
growth pressure is elevated, biological membranes undergo a
reversible change from a fluid disordered state to a nonfluid
ordered state (22, 29). Such changes would seem particularly
problematic for life in deep ocean environments. Many poiki-
lothermic organisms respond to decreased temperature and/or
increased hydrostatic pressure by altering their membrane
lipid composition, apparently to tailor the membrane with
physical properties suited to prevailing environmental condi-
tions. Such changes may include increases in fatty acyl chain
unsaturation, decreases in mean chain length, increased
methyl branching, cis/trans isomerization of unsaturated fatty
acid double bonds, increases in the ratio of anteiso branching
relative to iso branching, acyl chain shuffling between the phos-
pholipid sn-1 and sn-2 positions, or phospholipid headgroup
composition changes (22, 25, 36, 39). Among these changes,
the most common change observed among deep-sea bacteria
involves the incorporation into membrane phospholipids of
increased proportions of unsaturated fatty acids (UFAs) (1, 11,
12, 47). UFAs adopt a more expanded conformation, pack less
compactly, and possess lower melting temperatures than their
saturated counterparts, allowing for their less orderly align-
ment within membrane phospholipids (22). This response pre-
sumably functions to offset the membrane gelling effects of
increased pressure or decreased temperature, thereby main-
taining biological membranes in a fluidity or phase optimized
for growth. In addition to producing increased amounts of
monounsaturated fatty acids (MUFAs) such as palmitoleic
acid (16:1n-9) and cis-vaccenic acid (18:1n-11), many deep-sea
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bacteria also produce substantial quantities of omega-3 poly-
unsaturated fatty acids (PUFAs) at high pressure (1, 12, 47,
48).

The way in which a bacterial species modulates its mem-
brane fatty acid unsaturation depends on its method of UFA
synthesis and involves either an aerobic or anaerobic mecha-
nism. In gram-positive bacteria and cyanobacteria, a double
bond is introduced into a preexisting fatty acid chain by means
of an oxygen-dependent desaturase system (13, 44). In con-
trast, gram-negative bacteria employ an anaerobic pathway,
whereby at a discrete point in the elongation cycle of fatty acid
biosynthesis a cis double bond is introduced (38). Some bac-
teria utilize both the anaerobic and aerobic desaturation path-
ways (34).

In Escherichia coli, where the mechanisms of anaerobic UFA
synthesis have been well characterized, the response to tem-
perature downshift entails the restructuring of membrane fatty
acid composition by increasing the amount of 18:1 and de-
creasing the amount of palmitic acid (16:0) incorporated into
membrane phospholipids (33). This regulation is an intrinsic
property of the fatty acid biosynthetic enzyme B-ketoacyl-ACP
(acyl carrier protein) synthase II (KAS II), product of the fabF
gene (10, 14, 17). E. coli KAS 11 is one of three isozymes that
catalyze the elongation of fatty acyl chains. Specifically, KAS II
catalyzes the elongation of palmitoleoyl-ACP (16:1) to cis-
vaccenoyl-ACP (18:1) in UFA synthesis. Neither mRNA nor
protein synthesis is required for increased 18:1 production at
reduced temperature, indicating that thermal modulation of
fatty acid production is controlled at the level of KAS II ac-
tivity (17). Indeed, the elongation activity of KAS II is tem-
perature dependent, exhibiting decreased K, for palmitoleoyl-
ACP and increased relative V,,,,, at reduced temperatures (16,
18). E. coli fabF mutants possess a deficiency in 18:1 synthesis
as well as a loss of 18:1 thermal regulation (19).

Because of the critical role of fabF (KAS II) in thermal
modulation of UFA production in E. coli, we predicted that a
similar role exists for KAS II in the deep-sea bacterium Pho-
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid Description Reference
Or source
Strains
Photobacterium profundum
SS9 Wild type 11
DB110 Lac™ Rif"; SS9 derivative 8
EA40 fabF disruption mutant; DB110 derivative This study
E. coli
SJ16 panD2 zad-220::Tnl0 24
MRS86 fabF::Km" insertion; SJ16 derivative 31
MG1655 N 21
1100 N~ ginV44 rfoD1 endAl spoT1l thi-1 15
Plasmids
pCR2.1 Vector for cloning PCR products, Km" Invitrogen
pEA39 740-bp internal fragment of SS9 fabF in pCR2.1, Km" This study
pMUT100 Mobilizable suicide plasmid, Km" 7
pEA40 740-bp internal fragment of SS9 fabF in pMUT100, Km* This study
pEA401 SS9 genomic library clone containing fabF and flanking DNA, Km" This study
pKT231 Broad-host-range vector, Km" Sm* 3
pEA44 SS9 fabF in pKT231, Sm" This study

tobacterium profundum strain SS9 and furthermore that SS9
KAS II is required for 18:1 piezoregulation and piezoadapta-
tion. Such properties could distinguish the SS9 KAS II enzyme
from its homologue in bacteria which have not evolved adap-
tations for substantially elevated pressures. Consistent with
this hypothesis, recent studies in our lab using the fatty acid
biosynthesis inhibitor cerulenin and mutants altered in the
abundance of various UFAs indicated that MUFAs but not
PUFAs are required for high-pressure and low-temperature
adaptation in P. profundum strain SS9 (1). Here we report the
cloning of the SS9 fabF gene, the engineering of an SS9 mutant
harboring a disruption in fabF, and the growth characteristics
and fatty acid analysis of this mutant. In addition, an E. coli
fabF mutant and parental strain were compared with respect to
fatty acid composition and growth ability as a function of
pressure and temperature. Our results indicate that SS9 fabF
has evolved novel characteristics critical to pressure sensing
and high-pressure adaptation.

MATERIALS AND METHODS

Strains and growth conditions. All bacterial strains and plasmids used in this
study are listed in Table 1. P. profundum strains were routinely cultured at 15°C,
1 atm (=0.101 MPa) in 2216 marine medium (28 g/liter; Difco Laboratories,
Detroit, Mich.). All temperature experiments (15 and 4°C) were conducted
aerobically in 2216 marine medium for P. profundum strains unless otherwise
indicated. E. coli strains SJ16 and MR86 were graciously provided by John E.
Cronan, Jr. E. coli strains were routinely cultured in Luria-Bertani (LB) media
(30). For solid media, agar (Difco Laboratories) was added at 17 g/liter. The
antibiotics kanamycin (50 pg/ml for E. coli; 200 pg/ml for P. profundum strains),
streptomycin (50 pg/ml for E. coli; 150 pg/ml for P. profundum strains), rifampin
(100 wg/ml), and tetracycline (12 pg/ml) were added to the media when required.
All antibiotics were obtained from Sigma Chemical Co. (St. Louis, Mo.). Exog-
enous supplementation of marine media with fatty acids (i.e., Na™ salts) is not
possible due to insolubility problems resulting from the presence of a high
concentration of divalent cations. Tween compounds, however, are highly soluble
in marine media and have been used for exogenous supplementations (1). Oleic
acid (18:1) in the form of Tween 80 (polyoxyethylenesorbitan monooleate;
Sigma) was added at a final concentration of 0.025% (vol/vol).

High-pressure growth studies. High-pressure cultivation of P. profundum
strains for growth studies or fatty acid analysis were conducted as previously
described (1). Cultivation of E. coli strains at elevated pressures was similarly
performed. Each E. coli culture was grown to stationary phase in LB medium at
1 atm. Stationary-phase cultures were diluted 1/400 into LB medium buffered
with HEPES (100 mM, pH 7.5; Sigma) containing 22 mM glucose (Sigma). The
diluted culture was used to fill 4.5- or 15-ml polyethylene transfer pipettes
(Samco, San Fernando, Calif.). Pipettes were filled completely and then heat

sealed with a hand-held heat sealing clamp (Harwil, Oxnard, Calif.). Cells were
incubated at 0.1 or 30 MPa (1 or 300 atm, respectively) of hydrostatic pressure
at 37°C (unless otherwise stated) in stainless steel pressure vessels equipped with
quick-connect fittings for rapid decompression and recompression as described
by Yayanos and Van Boxtel (50).

DNA sequencing and analysis. Double-stranded DNA sequencing reactions
were performed using a Taq DyeDeoxy terminator cycle sequencing kit (Applied
Biosystems Inc., Foster City, Calif.) and run on an Applied Biosystems 373A
DNA sequencer. Global similarity searches were performed using the BLAST
network service (2). Multiple alignments were performed using ClustalW (23) in
conjunction with GeneDoc software (35).

JfabF insertional inactivation mutagenesis. An internal fragment of the SS9
fabF gene was initially PCR amplified from P. profundum strain DB110 genomic
DNA, using primers fabFl 5'-GTGTCCAAGCGTCGTGTAGTTGT-3" and
fabF4 5'-GCGTGTTCGTACTCTTCAAG-3'. These primers were created by
analysis of conserved regions from alignment of the E. coli and Vibrio harveyi
fabF gene sequences in GenBank. The resultant 740-bp PCR product was cloned
into pCR2.1 (Invitrogen, Carlsbad, Calif.), generating pEA39, and sequenced
using M13R and T7 primers to confirm the identity of the product. The PCR
product was then subcloned into the mobilizable suicide plasmid pMUT100
(Kan") (7) as an EcoRI fragment yielding pEA40. Bacterial conjugations were
used to transfer plasmid pEA40 from E. coli into P. profundum strain DB110 as
described by Chi and Bartlett (8). Kan" exconjugants arose from integration of
plasmid pMUT100 into the chromosome of P. profundum strain DB110 in a
single crossover event giving rise to two deleted copies of the gene, one copy with
a 5" deletion and the other with a 3’ deletion. These experiments yielded P.
profundum strain EA40 containing a disruption in the fabF gene and was con-
firmed by Southern blot analysis (40). Genomic DNA from P. profundum strains
EA40 and DB110 was digested with restriction enzymes Bg/II, HindIl, Hpal, or
Pst] and probed using the fabF internal fragment harbored on pEA39 labeled
with [«-*’P]dCTP by random priming (Life Technologies, Gaithersburg, Md.).

Isolation of the SS9 fabF gene. A P. profundum SS9 genomic library (6) was
screened using an internal fragment of SS9 fabF in order to identify recombinant
library clones harboring the SS9 fabF gene. Colony hybridizations were per-
formed according to standard protocols (40). Plasmid DNA was isolated from
positively hybridizing clones and subsequently sequenced. The SS9 fabF gene was
PCR amplified from strain DB110 genomic DNA, using primers fabF-F(5'-CT
AGTAATGGCTCTTGAAGAAG-3') and fabF-R(5'-AATTCTTCACGGCAA
AATTA-3"). The PCR product was cloned into pCR2.1 and subsequently sub-
cloned into pKT231 (3) as a HindIII-Xhol fragment, yielding pEA44.

Fatty acid analyses. Extraction and analysis of fatty acid methyl ester prepa-
rations via combined gas chromatography-mass spectrometry were performed as
previously described (1). Compounds were identified by comparison of retention
times with those of known standards (Sigma) as well as sample mass spectra data
compared to the Hewlett-Packard G1034C MS ChemStation software NBS75K
library containing mass spectra data of 75,000 known compounds. Fatty acids are
denoted as number of carbon atoms:number of double bonds. Inner and outer
membrane separation and fatty acid analysis on P. profundum strain EA40 grown
in the presence of 0.025% Tween 80 at 28 MPa (9°C) were performed in order
to show that the 18:1 from Tween 80 was incorporated into membrane phos-
pholipids as previously described (1).
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RNA isolation and Northern analyses. Total RNA was extracted from P.
profundum strains grown at various temperatures and pressures using the RNA-
zol B method (Tel-Test, Inc., Friendswood, Tex.). Equivalent amounts of RNA
(10 p.g) were electrophoresed through 1.2% formaldehyde agarose, blotted onto
a Magnacharge nylon transfer membrane (MSI, Westboro, Mass.), and subjected
to Northern analysis using the PCR product contained within pEA39 as the
hybridization probe labeled with [«-*P]dCTP by random priming (Life Tech-
nologies). Hybridizations were conducted using QuikHyb hybridization solution
(Stratagene, La Jolla, Calif.) at a temperature of 64°C.

Nucleotide sequence accession number. The sequence of P. profundum strain
SS9 fabF, along with the partial sequences of acpP and pabC, is deposited in the
GenBank database under accession no. AF188707.

RESULTS

Isolation and analysis of the P. profundum strain SS9 fabF
gene. Using PCR primers designed from conserved portions of
known fabF sequences (E. coli and V. harveyi), a 740-bp prod-
uct was amplified from P. profundum strain DB110 genomic
DNA and subcloned into pCR2.1 (Invitrogen) to generate
pEA39, and its nucleotide sequence was determined. Global
similarity searches using gapped-BLAST (2) indicated that the
insert DNA present on pEA39 contained an open reading
frame with a high degree of similarity to FabF proteins from V.
harveyi (E value of 5E-107) and from E. coli (E value of
2E-101). The entire SS9 fabF gene was then isolated following
colony blot hybridization of a SS9 genomic library (6), using
the insert on pEA39 as a hybridization probe. From all of the
three positively hybridizing clones obtained in this way, se-
quence analysis indicated the presence of fabF DNA. One of
the three plasmids chosen for further study, pEA401, con-
tained a 7.5-kb insert. Sequence analysis of pEA401 revealed a
gene organization flanking fabF identical to that present in E.
coli, V. harveyi, and Pseudomonas aeruginosa (27, 31, 41); in
particular it contained the 3" end of acpP, followed by fabF and
pabC. Further sequence downstream of SS9 pabC contained
on pEA401 was not obtained.

The SS9 fabF gene was found to display a high degree of
similarity and identity to both the E. coli and V. harveyi fabF
genes at both nucleotide and deduced amino acid sequence
levels. At the DNA level, the SS9 fabF sequence was 73 and
69% identical to fabF sequences of V. harveyi and E. coli,
respectively. In addition, possible Rho-independent terminator
sequences are present within the SS9 acpP-fabF intergenic
region (ending 70 bp upstream of the fabF GTG start) and the
fabF-pabC intergenic region (ending 67 bp upstream of the
pabC ATG start). These structures are similar in location to
putative terminators identified upstream of fabF in V. harveyi,
P. aeruginosa, and E. coli and downstream of fabF in V. harveyi
and P. aeruginosa. The predicted amino acid sequence of SS9
KAS II (FabF) was 79 (90) and 76% (88%) identical (similar)
to KAS II sequences of V. harveyi and E. coli, respectively. No
dramatic differences in pl value or amino acid composition
were observed between the KAS II enzymes analyzed.

fabF transcript analysis. To identify and determine the sizes
of SS9 fabF transcripts, Northern blotting was performed (Fig.
1). Northern blot analysis of strain DB110 revealed two fabF
probe-specific transcripts, one major transcript at approxi-
mately 1.9 kb and one minor transcript of approximately 1.5
kb. Zhang and Cronan (52) examined the expression of the E.
coli fabF gene and identified two transcripts identical in size to
those produced by SS9. Their analysis revealed that the 1.5-kb
transcript was a fabF-specific mRNA, whereas the 1.9-kb tran-
script was most likely the product of cotranscription of fabF
and the upstream acpP gene. In SS9, neither of these tran-
scripts exhibited differential abundance at decreased temper-
ature or elevated pressure.

J. BACTERIOL.
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FIG. 1. Northern analysis of fabF expression in P. profundum strains EA40
(fabF) and DB110 (wild type). Cells were grown to late exponential phase for
total RNA isolation and probed using internal fragment of SS9 fabF as described
in Materials and Methods. Lanes: 1, EA40 at 4°C; 2, EA40 at 15°C; 3, DB110 at
4°C; 4, DB110 at 15°C; 5, DB110 at 28 MPa (9°C); 6, DB110 at 0.1 MPa (9°C).

Isolation of an SS9 fabF mutant. To explore the in vivo
regulation and function of KAS II in SS9, a fabF mutant was
constructed. The isolation of an SS9 fabF mutant followed the
introduction of an internal fragment of the SS9 fabF gene,
harbored on pEA40, into strain DB110 by conjugal transfer.
The ColE1 replicon on this plasmid is mobilizable but replica-
tion impaired in SS9 and thus serves as a suicide plasmid
allowing selection of plasmid integrants into targeted regions
of the chromosome, i.e., those cloned on the plasmid. Kan"
exconjugants were screened initially by examining their fatty
acid profiles at 4°C compared to 15°C. One exconjugant dis-
playing greatly reduced levels of 18:1 at 4°C was designated
EA40 and saved for further study. The creation of a fabF
insertion mutation in EA40 was verified by both Southern and
Northern blotting. Southern analysis revealed the replacement
of specific restriction endonuclease fragments in strain DB110
by DNA approximately 6.3 kb larger in the case of strain EA40
(data not shown). In addition, no fabF-specific transcripts were
detected in total RNA extracted from mutant EA40 grown
under various temperature conditions (Fig. 1), providing addi-
tional verification of the insertional inactivation of fabF in this
strain.

Characterization of the fabF mutant as a function of tem-
perature. The percentages and types of fatty acids produced by
strains DB110 and EA40 under different growth conditions are
listed in Table 2. When examined at a temperature of 15°C,
mutant EA40 exhibited greatly diminished 18:1 levels relative
to the parental strain DB110 (4 versus 9.9%, respectively).
Moreover, when examined at the reduced temperature of 4°C,
mutant EA40 displayed further reductions in 18:1 content,
contrary to that observed in strain DB110. At 4°C strain,
DB110 produced approximately 10.3% 18:1, whereas the fabF
mutant produced only 0.7% 18:1.

In concert with the reduction of 18:1, the fabF mutant ex-
hibited elevated levels of the saturated fatty acid 14:0 and the
MUFA 14:1 and also upregulated the abundance of the ome-
ga-3 PUFA all-cis-5,8,11,14,17-eicosapentaenoic acid (EPA;
20:5). Specifically at 4°C, mutant EA40 also displayed dramat-
ically reduced 16:0 and 16:1 levels relative to parental strain
DB110. We have previously noted that chemical mutants of
SS9 or drug treatments which reduce the amount of MUFAs
produced by SS9 result in increased 14:0 and EPA levels (1).
We do not yet understand how it is that a fabF mutation
induces such pleiotropic effects on fatty acid composition. As
previously reported for P. profundum strain SS9, differences in
is0-16:0 content reflect differences in phase of growth at time
of harvesting (1). Overall, the ratios of unsaturated to satu-
rated fatty acids (UFA/SFA) of mutant EA40 were compara-
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TABLE 2. Fatty acid composition of P. profundum strains as a function of varying temperature and pressure”
Mean wt% fatty acid species = SD
Wild type fabF
Fatty acid species
Temp (°C) Pressure (MPa) Temp (°C) Pressure (MPa)
15 4 0.1 MPa 28 15 4 0.1 MPa 28

12:0 1.8 £0.9 27*+1.0 1.5+0.1 22 +0.6 32=*05 43+14 40+ 1.3 34 +0.6
14:0 49+ 14 33+0.8 5.0x0.3 1.6 = 0.7 132+ 1.7 18.6 = 3.2 19.6 = 1.3 140 = 1.8
14:1 1.2 +0.8 25+0.5 0.8 £0.1 0.7 £ 0.1 4.6+ 1.1 6.3 0.8 48 +0.9 3.1+0.8
Iso0-16:0 9.8 + 3.1 0.2 0.1 1.2+13
16:0 21.7 £28 20.2 = 3.8 214+ 1.5 175 32 19.2 2.6 10.5 2.2 19.7+13 162 +1.2
16:1 413 £83 48.8 £ 6.8 64.1 £ 1.5 48.7 = 9.6 415 =48 393 *+6.8 314 1.1 449 = 0.7
12-OH 30x1.2 34+13 0.6 £0.1 2.0+0.8 3.8*1.0 41+x1.2 34+1.2 52+0.1
18:0 1.1 =04 0.2 0.1 0.2 £0.0 0.1 £0.1 1.9+04 0.1 £0.0 0.7 0.1 04 +0.1
18:1 9.9 +2.6 103+ 1.7 3.6 £0.1 16.2 £ 1.6 4.0+0.8 0.7 £ 0.1 1.1+03 1.1+03
20:5 53+1.1 84+ 1.1 2.7+0.1 11.0 = 0.8 7117 159 =21 15.1 = 3.8 114 =15

UFA/SFA ratio” 1.95 2.65 2.53 3.57 1.53 1.91 1.20 1.77

¢ Data represent values derived from triplicate samples harvested in late-exponential-phase growth; 15 and 4°C cultures were grown aerobically at 0.1 MPa; 0.1- and
28-MPa cultures were grown at 9°C in 2216 marine medium containing 22 mM glucose buffered with 100 mM HEPES.

> UFAs, 14:1, 16:1, 18:1, and 20:5; SFAs, 12:0, 14:0, 16:0, and 18:0.

ble to those for strain DB110 under various temperature con-
ditions (Table 2).

The growth characteristics of the fabF mutant at two tem-
peratures are shown in Fig. 2A. At both 15 and 4°C, mutant
EAA40 displayed growth rates and yields essentially identical to
those for parental strain DB110. These results are consistent
with findings in E. coli, where no growth defect at reduced
temperatures have been ascribed to fabF strains (43).

Characterization of the fabF mutant as a function of pres-
sure. Table 2 displays the fatty acid profiles of mutant EA40
and strain DB110 at 0.1 MPa (9°C) and 28 MPa (9°C). At 0.1
MPa (9°C), mutant EA40 exhibited markedly reduced 18:1 and
16:1 levels and substantially increased 14:0, 14:1, and EPA
levels compared to strain DB110. Similarly, at elevated pres-
sure the most dramatic alterations in fatty acid content of
mutant EA40 relative to strain DB110 included severe reduc-
tion in 18:1 content (1.1 versus 16.2%, respectively) and ele-
vated 14:0 content. These high-pressure EA40 values are sim-
ilar to those of the mutant grown at 4°C (0.1 MPa). However,
at the elevated pressure of 28 MPa (9°C), mutant EA40 did not
upregulate EPA production as it did at 4°C. EPA content
actually decreased upon a shift in growth pressure from 0.1

015
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.001
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MPa (9°C) to 28 MPa (9°C) in mutant EA40 (15.1 versus
11.4%, respectively). This is in contrast to strain DBI110,
wherein EPA content increased from 2.7 to 11% upon pres-
surization to 28 MPa. Moreover, the UFA/SFA ratios of mu-
tant EA40 at 28 and 0.1 MPa (1.77 and 1.20, respectively) were
substantially lower than those for strain DB110 (3.57 and 2.53,
respectively).

The growth characteristics of mutant EA40 at two pressures
are shown in Fig. 2B. The effect of fabF disruption on cell
growth was detrimental at elevated pressure. At 0.1 MPa (9°C),
the mutant and parental strains exhibited essentially identical
growth abilities. However, at an elevated pressure of 28 MPa
(9°C), mutant EA40 displayed an extended lag phase, de-
creased growth rate, and reduced overall yield in comparison
to strain DB110. These results represent the first identification
of a growth phenotype associated with sole disruption or mu-
tation of the fabF gene.

It is conceivable that the difference between temperature
and pressure growth and fatty acid regulation observed in
strain EA40 is the result of an anaerobic effect (which pressure
cultivation necessitates). In other words, high-pressure cultiva-
tion conditions alone may be responsible for the observed
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FIG. 2. Growth characteristics of fabF disruption mutant P. profundum strain EA40 and strain DB110 as a function of temperature (A) and pressure (B). (A) @,
DB110 at 15°C; O, EA40 at 15°C; m, DB110 at 4°C; OJ, EA40 at 4°C. (B) @, DB110 at 28 MPa; O, EA40 at 28 MPa; m, DB110 at 0.1 MPa; [J, EA40 at 0.1 MPa.
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FIG. 3. Nutritional complementation of P. profundum fabF mutant EA40 at
elevated pressure (28 MPa, 9°C). @, plus 18:1 supplementation; O, minus 18:1.

high-pressure growth phenotype in strain EA40. To address
this possibility, strains EA40 and DB110 were grown at 4 and
15°C (0.1 MPa) under conditions identical to those used with
pressure cultivation (in heat-sealable bulbs with glucose and
HEPES added). These experiments showed no apparent cold
sensitivity in strain EA40, suggesting that the high-pressure-
sensitive phenotype of EA40 is the result of pressure effects
and not the result of cultivation conditions (data not shown).

Nutritional complementation of strain EA40. If the basis of
the high-pressure growth defect in EA40 stems from its re-
duced abundance of 18:1, it should be possible to nutritionally
complement this defect by providing an exogenous supply of
this fatty acid in the growth medium. This approach was pre-
viously used with partial success in overcoming the pressure-
sensitive and cold-sensitive growth characteristics of a chemi-
cal mutagen-derived mutant of SS9 deficient in the production
of both 16:1 and 18:1 fatty acids (1). The growth characteristics
of mutant EA40 at 28 MPa (9°C) in the presence or absence of
exogenous 18:1 in the form of 0.025% Tween 80 are shown in
Fig. 3. In the presence of exogenous 18:1, mutant EA40 exhib-
ited completely restored growth characteristics at elevated
pressure. Fatty acid analysis of inner and outer membrane and
total phospholipid fractions of strain EA40 grown in the pres-
ence of Tween 80 at 28 MPa (9°C) revealed incorporation of
18:1 into the membrane phospholipids, suggesting that the
exogenous 18:1 supplied is actively utilized for membrane re-
structuring (data not shown). These results provide further
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evidence of the need for 18:1 fatty acid for growth at high
pressure.

E. coli does not regulate fatty acid composition in an adap-
tive manner in response to pressure changes. Although the
effects of pressure on fatty acid composition in numerous pi-
ezophilic and piezotolerant bacteria have been well docu-
mented (1, 11, 12, 47), the effect of a pressure increase on the
fatty acid composition of a non-pressure-adapted bacterial spe-
cies has not yet been described. To determine whether the
observed effect of elevated pressure on deep-sea bacterial fatty
acids is reflective of an adaptive feature specific to microor-
ganisms which have evolved in high-pressure, pressure-variable
environments, or if the response simply reflects a similar phys-
ical effect of high pressure and low temperature on some as-
pect of cell structure or physiology (i.e., membrane fluidity),
experiments were conducted using E. coli as a representative of
a mesophilic bacterial species.

Table 3 shows the fatty acid profiles of E. coli strains MR86
(fabF::Km") and its parental strain SJ16 at 30 MPa (37°C) and
0.1 MPa (37°C) in pressurizable bulb cultures. As described in
Materials and Methods, high-pressure cultivation necessitated
growth under microaerobic conditions with glucose and
HEPES added to the media. In contrast to the fatty acid
changes observed in wild-type E. coli strains in response to
temperature downshift, wherein increased production of
UFAs 18:1 and 16:1 are observed at the expense of 16:0 (33),
no changes in fatty acid profile were evident when either strain
(SJ16 or MR86) was grown at high pressure (Table 2). The
UFA/SFA ratios of strain SJ16 at the two pressures were es-
sentially identical, 0.41 at 30 MPa and 0.38 at 0.1 MPa. Similar
results were obtained for fabF strain MR86 at various pres-
sures. At 30 MPa (37°C), strain MR86 experiences a slight
reduction in UFA production and an increase in SFA content
relative to 0.1 MPa (37°C) cultivation. Specifically, high-pres-
sure incubation resulted in an overall increase in 16:0 in com-
bination with a reduction in 16:1 content. Consequently, sub-
stantially reduced UFA/SFA ratios are observed at elevated
pressure in this strain (0.16 at 30 MPa, compared to 0.38 at 0.1
MPa). Unlike pressure increase, temperature decrease (from
37°C to 15°C) elicited approximately a twofold increase in
UFA/SFA ratios in both strains (approximately 0.6 to 1.2; our
unpublished results).

Results comparable to those obtained with SJ16 and MR86
were obtained with other E. coli strains, specifically MG1655
(21) and 1100 (15), which also displayed lower UFA/SFA ra-
tios at 30- than at 0.1-MPa cultivation. Moreover, fatty acid

TABLE 3. Fatty acid composition of E. coli strains as a function of varying pressure®

Mean wt% fatty acid species = SD

Fatty acid species Wild type fabF
0.1 MPa 30 MPa 0.1 MPa 30 MPa

12:0 454 +0.3 4.89 = 0.9 3.75+0.6 3.96 £0.2
14:0 10.82 £ 1.7 9.81 =14 11.29 = 0.0 11.07 £ 1.8
16:0 47.02 = 4.5 49.22 = 9.1 50.79 = 6.2 62.54 = 0.1
16:1 1455 £53 15.24 £ 0.6 2443 9.6 12.60 = 1.9
18:0 1.63 £ 1.0 1.74 =22 0.72 0.4 1.51 £ 0.8
18:1 11.90 £ 2.1 9.70 = 4.7 1.10 £ 0.1 0.46 = 0.2
14-OH 9.54 = 1.1 9.40 £ 1.6 79225 7.86 £0.2

UFA/SFA ratio” 0.41 0.38 0.38 0.16

“ Data represents values derived from triplicate samples harvested in mid-exponential-phase growth. Cultures were grown at 37°C in LB medium containing 22 mM

glucose buffered with 100 mM HEPES.

> UFAs, 16:1 and 18:1; SFAs, 12:0, 14:0, 16:0, and 18:0.
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FIG. 4. Growth characteristics of E. coli fabF disruption mutant MR86 and
parental strain SJ16 as a function of pressure. See Materials and Methods for
cultivation conditions. Pressure experiments were conducted at a temperature of
37°C. @, SJ16 at 30 MPa; O, MR86 at 30 MPa; m, SJ16 at 0.1 MPa; (1, MR86 at
0.1 MPa.

analysis was conducted on all four of the E. coli strains studied
at 30 and 0.1 MPa at a temperature of 30°C in addition to 37°C.
No dramatic fatty acid content differences were observed in
any of the E. coli strains at 30 MPa (30°C) compared to 0.1
MPa (30°C) cultivation (data not shown). The conclusion from
these studies is that E. coli does not modulate fatty acid pro-
duction in an adaptive manner in response to a pressure in-
crease, and therefore the response of many piezophilic bacte-
ria to increase UFA levels with pressure is likely to be an
acclimatory feature specific to microorganisms inhabiting high-
pressure environments.

Similar to arguments made with P. profundum strain EA40,
it is possible that the lack of fatty acid regulation at elevated
pressure in E. coli strains is the result of anaerobic rather than
pressure effects. When grown at 15 and 37°C (0.1 MPa) in
pressurizable bulbs, all E. coli strains (MR86, SJ16, MG1655,
and 1100) exhibited approximately twofold increases in UFA/
SFA ratios and no apparent decreased temperature sensitivi-
ties (data not shown). These results suggest that the lack of an
adaptive fatty acid regulatory response of E. coli with exposure
to elevated pressure is not a factor of the conditions used for
pressure cultivation.

E. coli fabF mutants do not display increased pressure sen-
sitivity. Another contrasting feature between SS9 and E. coli
concerns the role of KAS II in growth at elevated pressure.
The growth characteristics of E. coli strain SJ16 and its fabF
mutant derivative MR86 at various pressures are shown in Fig.
4. Previous reports have indicated that E. coli fabF mutants are
not cold sensitive (20). Likewise, at both 0.1 and 30 MPa
(37°C), the growth of strain MR86 was identical to that of
parental strain SJ16. Finally, no differences in the growth char-
acteristics of the two strains were observed even when pressure
cultivation was performed at reduced temperatures (30 and
15°C, 30 MPa; data not shown). Thus, even the combined
effects of elevated pressure and reduced temperature did not
result in differential growth susceptibility in fabF strain MR86
relative to strain SJ16.

DISCUSSION

The state of the physical environment (i.e., pressure and
temperature) influences the physical properties of biological
membranes (22). Decreases in temperature or increases in
hydrostatic pressure increase the molecular order of the fatty
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acyl chains and promotes tighter packing of the phospholipids.
The biological response to such environmental conditions of-
ten entails the retailoring of membrane composition, most
notably increases in fatty acid unsaturation (39, 49). This mod-
ification is believed to optimize membrane structure and func-
tion by offsetting the direct effects imposed by temperature and
pressure.

Previous studies employing the deep-sea bacterium P. pro-
fundum strain SS9 have revealed direct correlations between
UFA production and growth ability at low temperature or
elevated pressure (1, 4). In the present study, we have targeted
a key enzyme involved in UFA production, the KAS II product
of the fabF gene. Results presented here indicate that SS9 KAS
II is required for (i) the piezoregulation of cis-vaccenic acid
(18:1) and (ii) piezophilic growth. In addition, our data indi-
cate that pressure modulation of fatty acid levels is likely to be
an adaptive feature unique to high-pressure-adapted microor-
ganisms.

Since the fabF gene plays an essential role in thermal regu-
lation of fatty acid composition in E. coli, we hypothesized that
the SS9 fabF gene may play a similar role in the increased
production of 18:1 observed in response to pressure increase.
P. profundum strain EA40 containing an insertionally inacti-
vated fabF gene was engineered using a reverse genetics meth-
odology employing the suicide plasmid pMUT100 (7). Based
on the fatty acid profile of strain EA40, a dual role for SS9
KAS II has been revealed. In addition to temperature regula-
tion, the lack of 18:1 modulation in response to pressure in-
crease in strain EA40 suggests that SS9 KAS II is responsible
for the substantial increase in 18:1 levels observed in response
to pressure increase in fabF* strains (Table 2).

Studies in E. coli have shown that thermal modulation of
18:1 production does not involve de novo enzyme synthesis
(17). Such regulation resides at the level of enzyme activity,
where KAS II exhibits increased catalytic efficiency at reduced
temperature (16, 18). Northern analyses were performed using
P. profundum strain DB110 cultivated under different pressure
and temperature conditions in order to determine if the SS9
fabF gene exhibits differential expression. Identical transcripts
(sizes and amounts) were detected under all pressure and
temperature conditions examined, suggesting that the SS9 fabF
gene is not transcriptionally regulated in response to various
cultivation parameters (Fig. 1). In light of these results, we
hypothesize that SS9 KAS II displays increased catalytic activ-
ity at elevated pressure just as E. coli KAS II does at reduced
temperature. Given the high level of identity between KAS II
of SS9 and that of non-pressure-adapted organisms (E. coli
KAS II is 76/88% identical/similar to SS9 KAS II), it will be of
interest to analyze the structure and function of SS9 KAS II in
comparison to the E. coli enzyme. Of course, the fact that SS9
fabF is not transcriptionally regulated does not preclude the
possibility that some posttranscriptional processing event oc-
curs which influences KAS II abundance at elevated pressure,
thereby influencing 18:1 synthesis.

In strain DB110, a pressure increase from 0.1 MPa to 28
MPa results in greater than a fourfold increase in 18:1 levels,
rising up to 16% of total fatty acids (Table 2). However, under
identical conditions, 18:1 comprised only 1.1% of the total fatty
acids in mutant EA40. The inability to regulate 18:1 levels at
elevated pressure resulted in pronounced high-pressure sensi-
tivity in this strain (Fig. 2). The fact that supplementation of
this mutant with exogenous 18:1 resulted in restoration of
wild-type-like growth rates and yields at elevated pressure (Fig.
3) suggests that the 18:1 defect is responsible for its high-
pressure-sensitive growth phenotype. These results represent
the first reported growth alteration observed in any bacterial
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strain in which fabF is the only lesion in lipid synthesis. It
should be noted, however, that E. coli strains harboring a
mutation in fabF as well as an additional temperature-sensitive
mutation in fabB (KAS I) are incapable of producing any
long-chain fatty acids at the nonpermissive temperature (19).

In contrast to high-pressure conditions, strain EA40 exhib-
ited no apparent growth sensitivity at reduced temperature
despite producing only trace levels of 18:1 at 4°C. Contrary to
pressure increase, temperature decrease did not elicit substan-
tially elevated 18:1 production in wild-type SS9 strains (Table
2). Hence, some aspect of high-pressure growth ability appears
reliant upon 18:1 production which is not apparent at low
temperature. The fact that EPA levels increase significantly in
response to temperature downshift in mutant EA40 but not
with pressure increase is puzzling. It would appear SS9 is
capable of compensating for decreased 18:1 levels at 4°C by
increased EPA production but not at increased pressure. It
could be either the change in global membrane fluidity (or
membrane phase state) or that within the local environment of
a key membrane protein that accounts for the pressure sensi-
tivity of 18:1-deficient strains. Membrane proteins which are
known or implicated as important for piezophilic growth in-
clude CydD (required for the assembly of the cytochrome bd
respiratory complex [26]), RseC (an inner membrane protein
of unknown function [5, 9]), and the ToxR transcription factor
(which regulates the differential expression of outer membrane
protein encoding genes as a function of pressure [45]). It is
possible that membrane perturbation resulting from altered
18:1 synthesis contributes to the decreased activity of some key
membrane component and consequently pressure sensitivity.

Attempts to complement mutant EA40 by the introduction
of the wild-type SS9 fabF gene into this strain were unsuccess-
ful. Despite the creation of numerous SS9 fabF constructs,
expression problems prevented complementation of either the
18:1 defect or the high-pressure-sensitive phenotype of mutant
EAA40 by fabF containing plasmids (our unpublished results).
One possibility is that all of our plasmid constructs lacked a
fabF promoter. It could be that the two fabF transcripts ob-
served in SS9 by Northern blotting result from a single pro-
moter upstream of acpP and that the fabF-specific message
arises from a posttranscriptional processing event. However,
even SS9 fabF containing plasmids which placed fabF tran-
scription under the control of the Kan" promoter on pKT231
(3) still failed to transcribe fabF, even when a potential Rho-
independent terminator sequence was removed from fabF up-
stream DNA. These results suggest that some mechanism for
tight control of fabF transcription may exist in SS9. Coordinat-
ing fabF expression with that of other fab cluster genes is
critical to viability in E. coli. Excess fabF transcription leads to
the cessation of fatty acid synthesis as a result of blockage of
fatty acyl chain elongation (42). Because of these FabF toxicity
effects, E. coli fabF mutants have yet to be genetically comple-
mented.

Fatty acid compositional adjustment is a near-ubiquitous
response to temperature change among bacteria (39). How-
ever, unlike temperature, pressure variation is a seldom en-
countered environmental parameter outside of the deep sea or
deep subsurface. Previous studies which have documented
pressure regulation of fatty acids in deep-sea bacteria have
inferred that such changes reflect acclimation to pressure
change (1, 11, 12, 47). However, another possibility is that
because high pressure exerts a physical change on membrane
structure similar to that of a drop in temperature (30), most
microbes would perceive high pressure as low temperature and
respond accordingly to restore membrane fluidity or phase.
Our results with E. coli indicate that at least for this organism,
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the latter possibility is not the case even though this mesophile
is quite piezotolerant, capable of growing at pressures up to 50
MPa (54).

Fatty acid profiling of E. coli was performed at various pres-
sures to determine whether fatty acid composition in this me-
sophile is responsive to pressure change as it is to temperature
change. Because various E. coli strains were discovered to
exhibit similar fatty acid compositions at low and high pres-
sures, the results indicated that the capacity for thermal regu-
lation of UFAs in bacteria does not necessarily predispose
microorganisms to respond in a similar fashion to pressure
changes, despite the fact that both parameters can be manip-
ulated to produce similar effects on membrane structure.
These results are in accordance with observations made using
cultures of the mesophilic protozoan Tetrahymena pyriformis
NT-1 (28). As with E. coli, exposure of T. pyriformis to 26 MPa
did not result in changes in fatty acid composition or fluidity of
microsomal membranes. Of course, the possibility exists that
not all surface-living bacteria would respond as E. coli does to
elevated pressure. For example, bacteria which possess mem-
brane-localized desaturases may increase UFA production at
elevated pressure due to activation of such enzymes in re-
sponse to membrane fluidity changes.

While investigating pressure effects on the fatty acids pro-
duced by E. coli, we also examined the effect of loss of KAS II
on E. coli growth at elevated pressure (Fig. 4). Previous reports
have described the growth characteristics of E. coli at elevated
hydrostatic pressure (6, 53, 54). Upon pressurization, E. coli
experiences retardation in growth and reproduction owing in
part to inhibition in macromolecular synthesis and cell division
(51, 55). The response of E. coli to elevated hydrostatic pres-
sure results in a unique stress response which results in induc-
tion of numerous heat shock and cold shock proteins as well as
many proteins which appear solely in response to high pressure
(46). Despite numerous studies having investigated high-pres-
sure effects on specific functions in E. coli, it is still unclear as
to the key pressure point(s) which limits its growth ability at
elevated pressure (32, 37). Due to the physical effects elevated
pressure is known to exert on biological membranes (22), it was
hypothesized that the state of the membrane could represent
such a pressure point. Since an E. coli fabF mutant did not
exhibit increased pressure sensitivity, something other than
membrane phospholipid structure most likely limits E. coli
growth at high pressure. Possible limiting factors include as-
pects of chromosome partitioning (6), macromolecular synthe-
sis (51), cytochrome function (26), or proton translocation and
ATP production (32).
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