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Lipids of Pseudomonas 4

HOLLY C. PINKART and DAVID C. WHITE

1, INTRODUCTION

Lipids are generaily defined as farty acids, aicohols, hydrocarbons, and
compounds containing these substances which are soluble in organic
solvents. The iipids most commonty found in bacteria are phospholipids,
glycolipids, ornithine amide lipids, fatty acids, and lipopelysaccharides.
Phospholipids generally constitute ~40% of the cytoplasmic membrane
of bacteria and up o 25% of the outer membrane {mainly focalized in
the inner leaflet). A generalized structure for a Pseudomonas membrane
is shown in Figure 1. It has been found that the predominant phospho-
lipid in both the inner and outer membranes in most Pseudomonas species
is phosphatidylethanolamine (Wilkinson, 1988). Ornithine amide lipids
are localized in the outer membrane. Lipopolysaccharides are located in
the outer leaflet of the outer membrane of gram-negative bacteria.
Glycolipids are generally found as storage lipids located in intracellular
inclusions but can also be found in the membranes of P. dimnute and
P. vesicularis and gram-positive bacterta (Wilkinson, 1988). Carotencids
and hydrocarbons may be found in the cytoplasmic membrane.

2. LIPIDS OF THE GENUS PSEUDOMONAS

2.1. Membrane Lipids
2.1.1. Phospholipids

Phospholipids usually constitute 90% of the cellular lipids of fluo-
rescent pseudomonads. The primary phospholipids in Pseudomonas are
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Figure 1. Schematic representation of a ceil envelope typical of Pseudomonas. KDQ,
2-keto-3-deoxyoctulosonate; LPS, lipopolysaccharide,

phosphatidylethanolamine, phosphandylglycerol and diphosphatidyl-
glycerol (cardiolipin). Phosphatidylcholine, lysophosphatidylethano-
lamine, methyl-substituted and dimethyl-substituted phosphatidyle-
thanolamine, and glucosyl-substituted phosphaudylglyceroi have been
identified in Pseudomonas (Table I). Phosphatidylserine is detected in
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Tabie 1. Phospholipids in Pseudomonas and Thetr Structures®
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most Psendomonas strains in trace amounts but has notbeen shown tobe
major phospholipid (Table 1I). The inner cvtoplasmic membrane and
the inner leaflet of the outer membrane are comprised of these
phospholipids. Table 11 lists the phospholipids currently known in Psen-
domonas species. P. diminita and P. vesicularis {recently reclussitied as
Brevundimonas) are unusuat in their lack of phosphutidylethnnolnm'ule
and diphosphatidylglycerol, and both contain  6-0-phosphatidylglu-
cosyldiacvlglycerol (Fig. 2). The hatophile P. halosaccharolytica contains
glucosvl-substituted phospholipids, as shown in Figure 3 {Wilkinson,

1988).

2.1.2. Ornithine Amide Lipids

- Acylornithines (ornithine amide lipids) are quite common in some
members of the Pseudomones genus. They have been isolated most com-
monly {rom the fluorescent pseudomonads and from P. diminula and
P. vesiculuris {Segers ¢i al,, 1994). For the strains studied, these lipids
serve functions similar o those of phospholipids. In phosphate-limited
cultures, P. fluorescens produces ornithine lipids as the sole polar lipid
(Minnikin and Abdolrahimzadeh, 1974). A generalized structure for



Table II. Phospholipids in the Genus Pseudomonas

6-O-phosphati-  Phosphatidyl- Phosphatidyl-
glucosaminyl dylglucosyl- N-methyl N,N-dimethyl-
PG DPG IPC PSS LysolE PG diacylglycerol ethanolamine ethanolamine

=
=

Strain

+

Pseudomonas acruginosa®
Psendomonas alealigeness
Pseudomonas aureofactens®
Pseudomonas carboxydovoranse
Pseudomonas caraphyllid:h
Pseudomanas cepaciash
Pseudomonas coronafaciens<
Pseudomonas diazetrophicus?
Pseudomonas diminutash
Pseudomonas fluorescens®
Pseudomonas gladiolit*
Pseudomonas gardneric
Pseudomonas halophile/
Pseudomonas halosaccharolytica®
Pseudomonas mildenbergiic
Pseudomonas pickettitbh
Pseudomonas psendomalleish
Pseudomonas putida
Pseudomonas rubescens*
Pseudomonas savastanois
Psetrdomanas solanacearumns*
Pseudomonas stulzeric
Pseudomonas syneyaneas
Psenudomonas syringaec ]
Pseudomoanas vestcularis® + +

o+

T T
+ o+
+

+ 4+t + o+t
+ +

-+

+++++
+

S A
+ +

+ + + +
+
+ + +

aWilkinson, 1988; ¢Galbraith and Wilkinson, 1991; «Wilkinson et af,, 1973; 4 Taylor et al,, 1993; -Bouzar ef af,, 1994; 7Franzimann of al., 1990; #¥abucchi ot al,, 1992; ANow
ied as Burkhelderia (Yabuuchi et al., 1994); ‘Now classified as Brevundbmonas (Scgers e al., 1994),




LIPIDS OF PSEUDOMONAS
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acylornithine lipids is shown in Figure 4. The definitive mechanism tor
tproduction of amino lipids is still under investigation, and their true
function is still unknown.

92.2. Fatty Acids
9.2.1. Non-Hydroxy Fatty Acids

The fatty acids found in Pseudomonas are shown in Tables 111 and IV.
High concentrations of free fatty acids are not found in hacteria because
they would lyse the membrane. Detection of free fatty acids in an extract

~usually means that some hydrolysis has oceurred. However, reports of
fatty acid methy! esters and ethyl esters produced by £. fluorescensw and
P. fragi have been documented. The production of these compounds as
associated with decomposition of refrigerated beef (Edwards et al..
1987). Non-hydroxy fatty acids are generally found in the inner and
outer membranes, covalently linked to phospholipids via ester and am-
ide bonds. It has been shown that phospholipid inner leaflet of the outer
membrane contains mainly saturated fatty acds, whereas the cyto-
plasmic membrane contains more of a distribution of saturated and
unsaturated fatty acids. Almost all Pseudomonas species contain the satu-
rated fatty acids hexadecanoic acid and octadecanoic acid. Branced-
chain fatty acids are not common in Pseudomonas but can be found in
some species (Table I1I). These fatty acids may occur as saturated or
‘unsaturated forms. Unsaturated fatty acids are common in Pseudomonas
and commonly constitute 95_40% of the total fatty acids (although these

CHa0COR £H,OCOR
RCOO(E‘,H fo) (;-,;-g.;)._..(;1-|2
CHy—O—P—0—CH; H O H
Figure 3. Structure of 1-O-gtucosylphos- o AT
phatidylgiyceroi found in P. halosaccharolytica. AO 1 ‘l OH
R = faty acyl groups. H CH
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H,N (CH,);CHCOOH
HNOCCH,CHR Figure 4. Generalized structure of an ornithine amide lipid. R =
00CR  famy acyl groups.

percentages may vary depending on growth conditions). Many species
can make monounsaturated forms of hexadecanoic acid and octade-
canoic acid. Monounsaturated fatty acids in Pseudomonas have the unsat-
uration predominantly in the cis configuration. Localization seven car-
bons from the alkyl (w) end of the molecule suggests biosynthesis via the
“anaerobic bacterial pathway” (Witkinson, 1988). These bacteria also can
make the fatty acids cyclopropyt 17:0 and cycloprepyl 19:0 (Table IV).
Because of this variety of fatty acid structures, fatty acid profiles can be
used in both clinical and agricultural applications to classify strains {Den-
ny et al., 1988; Franzmann and Tindall, 1990; Galbraith and Wilkinson,
1991; Janse, 1991; Rosello-Mora et al., 1994; Stead, 1992; Yabuuchiet al.,
1992). These fatty acids are most useful for differentiating species rath-
er than major groups of Pseudomenas if the isolates are grown under
carefully specified conditions.

2.2.2. Hydroxy Fatty Acids

Almost all gram-negative bacteria contain Lipid A, which consti-
tutes the inner portion of LPS (Fig. i} Many hydroxy fatty acids are
localized to Lipid A. Lipid A usually also contains amide and ester-linked
non-hydroxy fatty acids in small amounts (primarily hexadecanoic acid).
Hydroxy fatty acids are commonly used in combination with non-hy-
droxy fatty acid profiles to classify Pseudomonas. The hydroxy fatty acids
are most useful for differentiating Pseudomonas into groups, whereas the
non-hydroxy fatty acids are most useful for further differentiation into
species (Stead, 1992). Table V shows the distribution of these types of
fatty acids among Pseudomonas. Hydroxy fatty acids range in chain length
from ten to eighteen carbons and may be saturated or unsaturated. The
saturated forms are more common than the unsaturated forms, and
branching is uncommon in Pseudomonas species, although it has been
detected in P. rubescens. While the hydroxy fatty acids and non-hydroxy *
fatty acids demonstrate great utility in classifying Pseudomonas groups
and species, it must be kept in mind that lipid profiles can vary greatly
with environmental conditions (see section, “Lipid Alteration in Re-
sponse to Environmental Conditions”). Great care must be taken with

- respect o growth conditions when classifying organisms by using lipid
profiles.

Recently a distinct group of gram-negative motile rods, previously



Table III. Hydroxy Fatty Acids of Pseudomonas Species

Hyedrowy Bty ackds

Strain SOTII0 30T 201112 801112 30Hi2:0 30013 20HH 30H 1 SOITIG 2OTEIG:E 3016 200118:1 301118
Pseudomonas aerugi- 1 +- +
nosee?
Psendomonas aleali- + + +
_,_.w_,_..._ﬁ,i
Pyewdomonas andropo- + + + +
goni®
Sendomonas awreof- + + + +
ciens"
Pseudvmanas cavbosyio- + T
vorans®
Pseudomonas caro- + + n ¢ +
phyllic-r
Psendomonas cepacians + + + 1
Pseudomonas cichorits + + +
Psendomonas cocovene- — + 4 + +
nenst
Pyeudomonas coronafa- + + +
ciens?
Psendomenas corvugela® + + - + + +
Pyetcdamonas diczotro- o+ &
Phicust
Psewdomonas diminute! + +
Pseudomonas fliwores- + + +

cens™T

{eontintecd)



Table II1. (Continued)

Strain

Hydroxy fatty acids

JOHIG 30HI11

20H12 30H12

30HI2:1 30HI3 20H14 301114 20HIE 20H16:1 3OHI6 20H18:1 30HI8

Pseudomonas gladiolics
Pseudomonas gardnerig
Eseudomonas halophilat
Pseudomonas halosac-
charolytiva
Pseudomonas indigofera
Pseudomonas margin-
alisa
Pseudomonas marginates
Pseudomonas mendo-
cina’
Pseudomonas milden-
bergiit
Pseudomonas olepvorangt
Pseudomonas pickettiios
Pseudomaonas pseudoal-
caligenes®
Pseudamonas preudo-
meedletmn.p 5
Pseudomonas putidan
Psewdomonas rubescenslr
FPseudomonas rubrisubal-
bicanse

+

-+

+

+

+

+

..T

+

..T



Pyeudomanas saceharu-

Philat
Preudvmonas savasianoid + + +
Pseudamonas solana-

cearinty

Pseucdomonas stufzeri® +

Pseudomonas syncyancal 1 +

Pseudomonas syringae” + +

Pseudomonas vesici- +
duris

Psewdomonas vividiflava? + -

Pseudomonas woodsiid

«Stead, FU92.

EALayer ef al., TUBY.

«Gablaithy and Wilkinson, 1991,
LN

“laylor ef af, FHIS.
SwWilkinson et al., 1971
slhegar ol al, 19
Herapzanann i Pinlall, TUHL

AWitkinson, P84,

Mees of af, TURD.

fRoussel and Asselineau, T84,

fhe Swet ef af., 1983,

aryabuuchi of al,, 19492,

wfamse ef al., UL .
«Roselio-Maora ef al,, 1994

#Now ¢ Lassified as Burkhodderia (Yabundhi of al., $U9h.
Now chssiFied as Brevendimenas {Segers ol ad., T4,
Containg small omounts of i3OI S aned hedOH 15,




Table IV, Saturated and Branched Fatty Acids of Pseudomonas Species

Saturated fauty acids Terminally branched saturated fatty acids

Strain 10:0 12:0 14:0 15:0 16:0 17:0 18:0 ilE:0 i13:0 il4:0 i5:0 i15:1 al5:0 i16:0 i17:0 il7:1 al7:0
Pseudomonas aeruginosas + + + +
Pseudomonas alcaligenes® + + + + + + + T
Pseudomonas andropogonize + + +
Pseudomonas anreofaciens” + + + +
Pieudontonas carboxydovorans® + +
Pseudomonas carophyllicr + + + + +
Pseudomonas cepacianr + + + b +
Pseudomonas cichoriie + + o+
Pseudomonas cocovenenansd + + -
Pseudomonas coronafaciensd + + + +
Pseudomeonas corrugaia® + + + +
Fseudomonas diazotrophicus + +
Fseudomonas diminutale + + + + +
Fseudomonas Shuorescens + + + +
Fseudomenas gladiolior + + + + +
Pseudomonas gardneris + + ' + + + 1
Pseudomonas halophila® + + + + + + + T
Pseudomonas halosac- + 4

charolytica’
Pseudomonas indigoferar + + + + + -+
Pseudomonas marginalise + + + +
Pseudomonas marginatal + + + +
Psewdomenas mendocina + + + + + +
Pseudomonas :E.&ESE%? -+ + + + +
Pseudomonas elecvorans! + + +




Prevdomons pickettiie?
Pyerdomonas \\_.:»:..?s.b.::.
genes?
Psendwmonas psesdomalicesd
Pseudmnonas putida”
Iyeudomanas ribescenst
Psendomonas rubrisubatbicans”
Pseudomonas saccharophiled
Pseudomanas saoastanoid
Pseudomonus solanacearum™
Psendomonay stuizeres
sewdomonas syncyaneal
Psewdomonas syringee
Psendomonas vesicudartst4
Prendomonas vividiflava?
Pseudomonas weodsi

+ +

+ +

+ +

+

wSiead, 1992
thayer et /i, 1984,
Gallraith and Wilkii
«hEDL.

“Taylor al., 1093,
JWilkinson et al,, 1973,
eBouwzar ef ul., 1994,
Alpamzmann and Tindall, 1990
Awilkinson, 1988,

1Dees of al., THES.

kRoussel and Assclineaw, 1980
tde Smet of al., 1983,

Yabsasschi ef al., 1982,

#Janse o al., 1941,
oRosello-Mora of al, §894

ay, 1941

pNow classilied as Burkholderia (Yalueuchi of al., 104040
eNow classilicd as Brevandimonas (Segers ef af 1O,
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Fable V. (Contined)

Unsaturated fatty acids Cydlopropyl FA

Strain 15:1 16:1w7cis

16:1wTirans  16:lwdcis 17:1wBcis  17:1w8trans 18 1w7cis 18:1eTtrans  18:1w9cs cycdo 17:0 cyclo 19:0

Pseudomonas
olesvarans®
Pseudomonas
pickettiic#
Pseudomonas
psewdoalcali-
genes”
Pseudomanas
pseudomalleitr
Pseudomonas
. putidas
Pseudomanas - +
rubescens/
Psendomonas yu-
brisubalbicans®
Pseudomaonas
saccharophilad
Pseudomonas
savastanoit  ~
Pseudomonas +
solana-
cearum™-F

+

+ + +



Pseuelononas: +
stutzers”

Pycwdomonas + + +
synryaneal

Pieudvinones $y- + .
rengae™

Psendomenas +
vesicadariy™

DPrendonionay -+
wiridif ey

Isenelomonay + +
wouodsit

a8rcad, 1902,

Syt o al., 148

Cadbenith and Wilkinson, 10tL

ML,

Taylor e al., 19us.

rwilkinson et af., 1973

eFranzmann and Tindall, FRHULR

H\Wilkinson, 1988,

yees of al., 1083,

JRoussel aned Asselineau, 1980,

kebe Smet of al., 1983,

yabauchi ef @, TREL

Janse et al., 1991,

Roscllo-Mori ef af., 19

sBouzar of af., P

FNow classificd as Burkholderia (Yabunclii ot af,, 1H).
aNow classilied ns Brevndimenas (Sepers of al., FOON).
sContains TOMET8.
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called Pseudomonas, has been reclassified as Sphingomonas. The genus
Sphingomonas forms a phylogenetically tight group in the a-4 subclass of
the Proteobacteria based on 165 rRNA sequence homology (Takeuchi et
al., 1994). Some Sphingomonas are nonmotile and nonfermentative, but
all contain a class of unusual ‘signature’ components: 18—21-carbon
straight-chain, saturated, monounsaturated, and cyclopropane-contain-
ing dihydrosphingosines in a ceramide glycolipid containing uronic acid
and amide-linked 2-hydroxy straight-chain saturated fatty acids. In ad-
dition, they conatin a long-chain respiratory benzoquinone with a side
chain of 10 isoprenoid units (ubiquinone Q-10) (Yabuuchi e al., 1990).
Sphingomonas spp. do not contain detectable ester or amid-linked, 3-OH
fatty acids and lack the lipopolysaccharide components or structures
characteristic of gram-negative bacteria. These former pseudomonads
have important roles in biotechnology including the ability to degrade a
diverse range of environmental pollutants {(White et al, 1996).

2.3. Storage Lipids
2.3.1. Polyhydroxyalkeanates (PHA)

PHA is a storage lipid common to many Pseudomonas species. Burk-
holderia {Pseudomonas) cepacia, B, pickettii, B. pseudomallei, B. carophyllii, B.
gladioli, B. solanacearum, and P. saccharophila all produce and accumulate
poly-B-hydroxybutyrate (PHB) as a carbon storage polymer, a charac-
teristic which as been used to distinguish these organisms from other
pseudomonads (Figure 5). Although some fluorescent pseudomonads |
cannot make PHB, they can accumulate other forms of PHA, most nata-
bly poiy-8-hydroxydecanoate, which has been studied in P. putida and
poly-B-hydroxyoctanoate in P. oleovorans. In all cases, these polyhydroxyalkoa-
nates accumulate in iniracellular inclusions. Biosynthesis of these polymer de-
pends on a combination of nutrient limitation (especially nitrogen limitation) and
carbon source excess (Anderson and Dawes, 1990). PHA accumulation i greatest
in flugrescent pseudomonads when they grow on decanoate, but accumulation also
accurs when they frow on other faity acids (hydroxy and non-hydroxy), glucose,
fructose, and glycerol. P. slegvorans accumulates poly-B-hydroxyoctanoate
when gown on Cg—C,; alkanes, 1-octene, and Cg—C,; alcohols (de Smet
‘et al., 1983). Several investigators have shown that PHA monomer length
depends on the growth source. The monomer is generally the carbon
length of the growth substrate, or one or two Cy untts shorter following
beta oxidation (Huijberts et al., 1992). Interestingly, the concentration of
unsaturated monomers in PHA depends on growth temperature, simi-
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CH, O |CH, O |CH,

]
HOCHCH}EA éHCHJ.‘I,-O é:HCHZCOOH
Figure 5. Structure of poly(hydroxybutyrate), n = up

o 10,000 n

lar to the cell envelope concentration of unsaturated fatty acids (Huij-
berts et al., 1992).

Production of PHA requires the enzymes 3-ketothiolase, acetoacyl-
CoA reductase, and PHA synthase. In P. putida, PHA is synthesized
from monomers generated from one of three sources. It has been shown
that PHA can be produced from de novo fatty acids synthesis, B-oxi-
dation of fatty acids, and fatty acid elongation. The PHA synthase of P.
putida preferentially incorporates Cg and Cyy CoA thioesters, Cg and
CoA thoesters larger tha C,, are invorporated less efficiently into PHA
(Juijberts et al., 1994). The PHA synthase of P. oleovorans accepts CoA
thoesters in the range of Cg—Cy..

The organization of the genes involved in the biosynthesis of PHA
has been most extensively studied in Alcaligenes eutrophus. However, In-
vestigators have cloned genes of the PHA biosynthetic pathway in Pseu-
domonas, most notably P. oleovorans and P. aeruginosa. In both of these
strains, PHA synthases 1 and 2 have been identified as well as a PHA

depolymerase and a protein of unknown function (Steinbuchel et al.,

1992). These proteins have similar molecular weights and amino acid sequence
similarities ranging from 53.7—79.6%. [n P. aeruginosa two transcriptional
start sites have been identified, one of which is preceded by a g3¢-depen-
dent promoter, and the other by a 07-dependent promoter. An intact
RpoN o factor is required for PHA accumulation from gluconate in
P. aeruginosa. Theis factor is not required in P. oleovorans. It is also
notable that P. oleovorans can produce only PHA from B-oxidation-de-
rived monomers butnot from luconate, even when complemented with
PHA synthases from P. aeruginose. An intact RpoN (GS FACTOR 1§ NOT
REQUIRED FOR PHA PRODUCTION FROM GLUCONATE IN P. putida, indicat-
ing yet another regulatory pathway for this species (Timm and Stein-
buchel, 1992).

Oue final note of interest in the production of PHA by Pseudomonas
species is the packaging of PHA material. As noted previously, the pro-
duction of PHB versus longer carbon chain length PHA 1s usually mutu-
ally exclusive. Organisms capable of PHB production do not make long-
er chain length PHA molecules (and vice versa). However, those that
have been engineered to do so through the addition of a plasmid accu-

127
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mulate PHB exclusively in some intracelular grnules, while accumulat-
ing the longer carbon chain PHA molecules in other, separate granules
{(Preusting et al., 1992).

2.4. Exolipids
2.4.1. Rhamnolipid

This glycolipid is produced by Pseudomonas aeruginosa. It is of special
interest for two reasons. Itis one of the few extracellular lipids produced
by Pseudomonas, and it also possesses surfactant qualities. The surfactane
qualities of rhamnolipid cause serious problems in the respiratory tracts
of cystic fibrosis patients. Rhamnolipid releases glycoconjugates from
tracheal cells (Somerville et al., 1992) and damages wracheal cilia (Hastie
et al.,, 1986), thus increasing airway mucus output and helping to main-
tain infection. It has also been implicated in aggravating the oxidative
burst response of lung macrophages which further damage lung tissue
(Kharami ef al., 1989). The surfactant qualities of rhamnolipid are help-
ful in removing hydrocarbons from soil (Van Dyke et al., 1592), and
some investigators have shown that biodegradation rates of hydrocar-
bons increase when rhamnolipid is added to the growth medium (Zhang
and Miller, 1992).

P. aeruginosa can synthesize both the mono-and di-rhamnolipids
(Rendetl et al., 1990) shown in Figure 6. The most common rhamnolipid
isolated from P. aeruginose is rhamnosyl-3-hydroxydecanoyl-3-hydro-
xydecanoate. Rhamnolipids containing the fatty acids 3-hydroxyoctan-
anoate, 3-hydroxydodecanoate, and 3-hydroxydodecenoate substituted

CH3(CHyCHCHCOOH CHg{CH3)sCHCH,COOH

CHa{CHy)eCHCH:COO CHa{CH3)gCHCH,C 00
CH3 ) GHJ

H
H

i
HG ClJH

H

H H

[

Figure 6. The two forms of rthamnelipid commonly found in P. zeruginosa.
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at one of the 3-hydroxydecanoate positions have also been identitied
(Rendell ¢t al., 1990). Rhamnolipid production 1s greatest during the
stationary phase of growth when grown on glycerol, n-alkanes, or glu-
cose, and under some circumstances constitute up o 38% of cell dry
weight (de Andres ¢t al., 1991). Production of rhamnolipid also increases
under nitrogen limitation and limitation of divalent cations, such as
magnesium and iron (Syldak et al., 1585).

A biosynthetic pathway for rhamnolipid has been proposed (Burger
ef al., 1963) based on studies with the radiotabelled substrates acetate and
glycerol. The initial substrate for rhamnolipid biosynthesis is thymidine-
diphospho-rhamnose (TDP-rhamnose), a precursor of the O-antigen region
of LPS. TDP-rhamnose is the donor molecule for the rhamnose moiety
of rthamnoiipid. The rhamnose is donated to the B-hydroxydecanoyl-8-
hydroxydecanoate molecule viaa specific rhamnosyltransterase enzyme.
The B-hydroxydecanoyl-8-hydroxydecanoate motecule is the product of
+ condensation reaction between two B-hydroxydecanoate molecules,
although the exact mechanisma for this reaction is unknown. The source
of the B-hydroxydecanoate can be from one of two sources {Boulten and
Ratledge. 1987). The first source is the fatty acid B-oxidation pathway.
This is the most likely source if the organism is grown on fatty acids or
alkanes. The second source of B-hvdroxydecanoate is de novo fatty acid
synthesis.

There are four genes in the rhl gene cluster (Ochsner and Reiser,
1995). The first two genes, rhiA and rhiB, code for the two subunits of
the rhamnosyltransferase enzyme. rAlR codes for a transcriptional acti-
vator, and kil codes for an autoinducer synthetase. The 7hiR gene is
expressed at a low constitutive tevel from a ¢7° promoter. The rAlR gene
product becomes a fully functional transcriptional activator of rhlAB
following binding to the autcinducer, N-acyl homoserine lactone. The
7hiAB operon follows a o®* promoter. Autoinducer molecules are pro-
duced at a low constitutive level. A high cell density is required to accum-
late enough autoinducer locally to activate transcription of the rhlAB
genes. Autoinducer-mediated activation of transcription in P. aeruginosa
is 2 well-studied phenomenon and is linked to expression of elastase
(Passador ef al., 1993; Pearson et al., 1995), chitinase (Winson et al., 1995),
and pyocyanin (Brint and Ohman, 1995; Latifi et al., 1995).

Although much is known about rhamnolipid gentics, regulation,
and biosynthesis, there are still unanswered questions about its function.
Rhamnolipid increases degradation rate of hydrocarbons, but how the
cell processes hydrocarbon-rhamnolipid complexes is still unknown.

The enzyme responsible for the condensation of the two B-hydro-

xydecanoate molecules has not as yet been isolated. Many researchers
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are now working to optimize production of rhamnolipid as a source of
rhamnose (Ochsner et al., 1995) and are studying its use in bioremedia-
toin to increase bioavailability of hydrocarbons sorbed to soil particles
(Finnerty, 1994).

2.4.2. Viscosin

P. fluorescens and P. viscosa also make an exolipid which is a pep-
tidolipid called viscosin. This compound is unusual in that it possesses
antiviral activity (Kochi, 1951). Litde is known at this time about its
regulation. Its primary function seems to be to promote the spread of
bacteria along surfaces colonized by these plant pathogens (Laycock et
al., 1991). The structure of viscosin has been elucidated (Neu, 1990). It
contains hydrophobic amino acid moieties (t-leucine, D-serine, L-150-
leucine, p-valine, and threonine) and a fatty acid.

3. ALTERATION OF LIPIDS IN RESPONSE TO
ENVIRONMENTAL CONDITIONS

3.1. Growth Temperature

Most growth temperature studies have been performed on enteric
bacteria, but a few investigators have examined temperature response
in Pseudomonas. P. aeruginosa, a mesophile, grows in temperatures rang-
ing from 15~45 °C. Like the enteric bacteria, it conforms to the rules of
homeoviscous adaptation, changing membrane lipids of both the inner
and outer membranes (Kropinski et al., 1987). As the temperature in-
creases, the percentage of saturated phospholipid fatty acids (dod-
ecanoic, hexadecanoic and octadecanoic acid) increases whereas the
percentage of the unsaturated fatty acids, hexadecenoic and octa-
decenoic acid, decreases. The fatty acids found in Lipid A of the outer
membrane also change as temperature increases. Dodecanoic acid,
hexadecanoic acid, and 3-hydroxydodecanoic acid increase whereas
3-hydroxydecanoic and 2-hydroxydodecanoic acid decrease. An in-
crease in the LPS:phospholipid ratio was also noted. This increase in
carbon chain length and saturation helps to maintain the proper phase-
transition state at increased temperature to maintain normal membrane
permeability and to provide an environment suitable for membrane
protetins.

Psychrophilic pseudomonads do not conform to the rules of hameo-
viscous adaptation. When grown in the temperature range of 0—20 °Cor
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5-30 °C, these Pseudemonas species do not show any significant differ-
ence in lipid profiles. Pseudomonas sp. E-3 showed 2 small increase in
hexadecenoic acid at 5 °C compared with what was observed at 30 °C, but
the increase was not significant (Wada et al., 1987). In another experi-
ment, five psychrophilic Pseudomonas strains showed small changes in
phospholipid composition as temperature decreased from 20 to 0°C
(Bhakoo and Herbert, 1980). Small increases were seen in phospha- -
tidylserine and cardiolipin, a decrease in phosphatidylglycerol was
noted, and phosphatidylethanolamine content varied at each tempera-
ture for each strain. No significant change in fatty acid composition as
noted for these strains. It has been hypothesized that because these
organisms are generally exposed 1o low, constant temperature, they have
not developed the ability toadapt their membrane lipids as a function of
temperature change.

3.2. Oxygen Tension

Oxygen limitation has not been studied extensively in Pseudomonas
with respect to lipid composition. However, some early studies have
shown that oxygen limitation induces the formation of cyclopropyl fatey
acids in P. denitrificans (Jaques and Hung, 1980). Further studies have
shown that it is an indirect function of oxygen tension. The production
of cyclopropyl fatty acids in P. denitrificans is directly related to the state
of reduction of components of the respiratory system rather than oxy-
gen tension per se (Jacques, 1981) and therefore is associated with star-
vation response, rather than strictly oxidative stress. _

Exposure of P. aeruginosa to hyperbaric oxygen tensions (100% Oy)
resulted in the formation of giant colonies (Kenward et al., 1980). These
cells showed significant increases in readily extractable lipid, free fatty
acid and neutral lipids, and a small increase in total phospholipid con-
tent. These cells also showed a significant increase in cardiolipin content
and a significant decrease in phosphatidylglycerol content. Phospha-
tidylethanolamine content remained unchanged. These changes are re-
lated to adaptation rather than mutation because subculture in normal
air restores the normal phenotype.

3.3, Desiccation

Although not much is known about bacterial response to desicca-
tion, some information is available. P. aureofaciens lipid profiles are
strongly influenced by moisture and nutrient availability (Kieft et o,
1994). The strain studied showed a marked increase in saturated/
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unsaturated fatty acid ratios, an increase in trans unsaturated fauy acid
to cis unsaturated fatey acid ratios, and an increase in cyclopropyl fatty
acids. These changes in fatty acid profiles coincided with entry into the
viable but nonculturable state of the starved, desiccated organisms.

3.4. Nutrient Deprivation

Carbon starvation in Pseudomonas generally resulis in the alteration
of lipid profiles and content. Prolonged starvation leads to the gen-
eration of minicells, which have proportionally more phopholipid. Al-
though the proportions of specific phospholipids do not change greatly
in carbon-starved cells, an increase in cardiolipin has been noted for
some strains. The bulk of lipid changes are localized to membrane fatty
acids (found in phospholipids and ornithine-amide lipids). The ratio of
saturated to unsaturated fatty acids incrases. The bulk of the remaining
cis unsaturated fatty acids are converted to trans unsaturated fatty acids
and to cyclopropyl fatty acids (unpublished data). Although the reasons
for these shifts are not completely understood, it is generally believed
that the increased saturation of the fatty acids, couple with modifications
of the unsaturated fatty acids, create a membrane with a higher phase-
transition temperature. It is believed that a membrane with a higher
phase-transition temperature creates a more rigid, less permeable cell
envelope capable of maintaining envelope integrity during environmen-
tal stress, such as starvation. Nitrate and phosphate limitation have dif-
ferent effects on lipid composition. When both of these nutrients are
limiting, but carbon is readily available, many Pseudomonas species accu-
mulate carbon storage polymer in the form of polyhydroxyalkoanates
(PBA) (Andersen and Dawes, 1990). Many strains can accumulate up to
60% or more of their dry weight in nitrogen and/or phosphate-limited
conditions. As mentioned previously, most Pseudomonas sirains accumu-
late PHA with either short (C,) or medium carbon chain lengths (Cg—
Cyp)- Medium chain PHA monomer length is generally dictated by the
carbon source used for growth. '

When starved for phosphate, P. fluorescens makes ornithine amide
lipids virtually to the exclusion of phosphoiipids, with no apparent ad-
verse affect on cell funciion (Abdolrazmah and Minnikin, 1974). The
same authors also showed that a magnesium-limited chemosiat culture
of the same organism produces membranes devoid of any ornithine
amide lipids. Phosphate starvation in P. diminute decreases its phospho-
lipid content to 0.3% of the membrane lipids, and acidic and neutral
glycolipids make up the bulk of the membrane lipid content.
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3.5, Solvent Tolerance

Several studies involving membrane alterations of P. putida strains
resistant to high concentrations of phenol, toluere, ethanol and other
organic solvents have been conducted recently (Heipieper et al., 1992
Pinkart ¢f al., 1943 Weber et al., 1994). Most hydrocarbons are toxic to
microorganisms because they partition in the membranes, causing swel-
ling and disorganization of the membranes. This disorganization leads
to alteration of the cell's permeability, resulting in the leakage of small
molecules from the cell and distuption of protonmotive force {Sikkema
ot al., 1994, 1995). In the past several years, many P. putida strains have
been discovered that are resistant to the effects of organic solvents.
Although the mechanism for resistance is 1ot understood at this time.
several changes in membrane composition have been documented in
solvent-tolerant and solvent-sensitive strains. One common response
seen in cells exposed wluene, xylene, and phenol is the formation of
trans-unsaturated facty acids (Heipieper #f al., 1992; Weber et al., 1994).
This response is seen in both solvent-iolerant and in solvent-sensitive P,
putida strains (Pinkart ef al., 1995), indicating that it may be a common
initial response o membrane damage. The mechanism for formation of
trans-unsaturated fatty acids has not been weil characterized, bue evi-
dence exists for both de nove synthesis of frans-unsaturated faity acids
(Guckert of al, 1987). and for isomerization of the intact phospholipid
(Heipeiper and de Bont. 1994). Some strains also show an increase in
cyclopropyl tatty acids when exposed to xylene, which is also a modifica-
tion of the intact phospholipid. An increase in saturated fatty acids fol-
lowing exposure 1o Organic solvents has been noted in some strains but
not in others. Exposure to ethanol decreases saturated fauty acids in P.
putida $12. Ethanol also increases C,4 fatty acids relative to C g, whereas
toluene causes an opposite reaction. This unusual response could be
caused by inhibition of fatty acid biosynthetic enzymes by ethanol. An
increase in hydroxy fatty acids has also been seen in the LPS of P. putuda
Idaho following exposure to xylene (Pinkart e al., 1995). This may be a
response of the cell to alter outer membrane permeability because strain
was shown to have an increase resistance to difloxacin, a hydrophobic
antibiotic with the same hydrophobic index as xylene.

3.6. Antibiotic Resistance

Seome Pseudomonas strains have developed antibiotic resistance
through membrane alterations. P. aeruginosa strains with increased

L
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amounts of KDO and Lipid A were found to be much less permeable to
hydrophilic quinolones and had much higher resistance to these antibi-
otics (Michea-Hamzepour et al., 1991). In an experiment comparing
four P. aeruginose sirains with respect to lipid content and antibiotic
susceptibility, it was found that strains with a higher lipid content were
considerably more resistant to ampicillin than strains containing less
lipid (Norris et al., 1985).

4, SUMMARY

Although much research has been conducted on the lipid composi-
tion of Pseudomonas, several areas of study still need attention. No informa-
tion is yet available about the genetics or regulation of phospholipid or
fatty acid biosynthesis in Pseudomonas. The enzymology of trans-unsatu-
rated fatty acid formation has not been elucidated. The mechanism for
maintenance of membrane integrity in solvent tolerant organisms is still
unclear. Studies are currently underway to examine the possibility of using
Pseudomonas to make copolyesters of PHB and medium chain length PHA
(Lee et al., 1995). There is still much to be learned about the function of
rhamnolipid in bioavailability. These probelms provide investigators of
Pseudomonas with several opportunities for study in the future.
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