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ABSTRACT. Euglena gracilis is able to synthesize adenosine triphosphate under anaerobic conditions through a malonyl-independent
fatty acid synthesis leading to wax ester fermentation. Mitochondrial fatty acid synthesis uses acetyl-CoA and propionyl-CoA as C2- and
C3-donors for de novo synthesis of even- and odd-numbered fatty acids, respectively. Euglena’s wax ester fermentation has only been
described in the E. gracilis strain 1224-5/25 Z. Here we investigate eight E. gracilis strains isolated in 1932-1958 from different localities
in Europe and two bleached substrains of E. gracilis 1224-5/25, obtained by treatment with streptomycin and ofloxacin, and examine their
anaerobic growth, wax ester fermentation, and wax ester composition. Under ambient oxygen levels, all strains accumulated wax esters in
concentrations between 0.3% and 3.5% of the dry weight, but the strains revealed marked differences in wax ester accumulation with
respect to anaerobic growth. Most fermenting strains tested showed increased wax ester synthesis under anaerobic conditions as well as the
increased synthesis of odd-numbered fatty acids and alcohols suggesting an activation of the mitochondrial fatty acid biosynthesis
pathway. Addition of the elongase inhibitor flufenacet to the growth medium specifically reduced the accumulation of odd-numbered fatty
acids and alcohols and tended to increase the overall yield of anaerobic wax esters.
Key Words. Fatty acid methyl esters (FAMEs), fatty alcohols (FAlcs), gas chromatography (GC).

N eukaryotes, aerobic respiration takes place in mitochondria,

which for many species are the main sources of adenosine
triphosphate (ATP) synthesis (McBride, Neuspiel, and Wasiak
2006). However, many eukaryotes inhabit oxygen poor (hypoxic)
or oxygen-free (anaerobic) environments and, accordingly, pos-
sess alternative pathways leading to ATP production. Recent
advances have shown that the pathways of oxygen-independent
ATP synthesis in eukaryotes either directly or indirectly involve
mitochondria (Embley and Martin 2006). Adenosine triphosphate
can be synthesized directly within the organelle, as in the case of
anaerobic mitochondria (Lantsman et al. 2008; Tielens et al.
2002) or hydrogenosomes, H,-producing forms of mitochondria
(Miiller 1997; van der Giezen 2009). Relict mitochondrion-de-
rived organelles, mitosomes, do not themselves synthesize ATP
but instead play a crucial role in providing functions, such as
FeS cluster assembly for proteins involved in cytosolic ATP
synthesis (Goldberg et al. 2008; Tovar et al. 2003; van der Giezen
2009). The occurrence across all major eukaryotic lineages of
oxygen-independent ATP synthesis pathways associated with
mitochondria (van der Giezen 2009) is not surprising given the
comparatively recent, in terms of geological time, oxygenation of
the oceans only some 580 million years ago (Canfield, Poulton,
and Narbonne 2007; Dietrich, Tice, and Newmann 2006), almost
a billion years after eukaryotes arose, such that the origin and
early diversification of eukaryotes took place at a time when the
oceans were anoxic and sulfidic (Mentel and Martin 2008).

Whereas many eukaryotes are specialized to aerobic or anaerobic
habitats, some are facultatively anaerobic, able to survive, and
generate ATP with the participation of mitochondrial pathways with
or without the presence of oxygen. One such example is the alga
Chlamydomonas reinhardtii, the mitochondria of which respire
normally in the presence of oxygen, but which after 30 min of
anaerobic, heterotrophic, dark conditions express a suite of enzymes
and produce a spectrum of metabolic end products, including Ho,
acetate, and formate (Dubini et al. 2009; Mus et al. 2007), otherwise
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typical of hydrogenosomes (Atteia et al. 2006). Anaerobic energy
metabolism in Euglena differs from that in Chlamydomonas in that
it employs some enzymes shared with hydrogenosomes, but gen-
erates very different end products. Several Euglena species can
grow at very low oxygen concentrations (Buetow 1989a): Euglena
gracilis can survive up to 6 mo of hypoxia when grown in the dark
with culturing on lactate (Carre, Bomsel, and Calvayrac 1988). In
the presence of oxygen, the pyruvate stemming from glycolysis is
transported into the mitochondrion and undergoes oxidative phos-
phorylation. The synthesized acetyl-CoA enters a modified Krebs
cycle with a succinate-semialdehyde shunt. Oxygen is the final
acceptor for the electrons resulting from the glucose breakdown
and most of the ATP, produced via oxidative phosphorylation
gracilis, is able to perform a unique wax ester fermentation, in
which the fatty acid synthesis serves as electron sink when the wax
esters are synthesized from its polysaccharide paramylon (p-1-3-
glucan) (Inui et al. 1984).

In the absence of oxygen, the pyruvate stemming from glyco-
lysis in Euglena is reduced to acetyl-CoA by pyruvate:NADP™
oxidoreductase (PNO), an oxygen-sensitive enzyme (Inui et al.
1987; Rotte et al. 2001) that also was recently found in the
anaerobic protist Blastocystis (Lantsman et al. 2008). The result-
ing acetyl-CoA is used as both primer and C2 donor, with NADH
as electron donor for the mitochondrial malonyl-CoA-indepen-
dent fatty acid biosynthesis. A portion of the synthesized fatty
acids is reduced to alcohol, esterified with the fatty acids, and
stored in the cytosol as waxes. On return to aerobiosis the wax
esters are rapidly degraded and paramylon granules are resynthe-
sized (Inui et al. 1982). However, most of the studies on wax ester
fermentation and on their composition were carried out to date
only with a streptomycin (Sm)-bleached mutant of E. gracilis
strain Z or with the green E. gracilis strain T (Inui et al. 1982;
Schneider and Betz 1985). In order to study the variability with
respect to anaerobic metabolism in E. gracilis species, we ana-
lyzed the wax ester fraction of eight E. gracilis strains isolated
between 1932 and 1958 from different localities in Europe and
two bleached substrains of E. gracilis 1224-5/25 obtained by
treatment with Sm and ofloxacin (Of). In this work we report
the influence of very low oxygen concentrations on the anaerobic
metabolism and wax ester fermentation of these different strains.
In additional experiments with the elongase inhibitor flufenacet
(Trenkamp, Martin, and Tietjen 2004) we also show its effect on


i:/BWUS/JEU/3933-452/sara.tucci@uni-duesseldorf.de
i:/BWUS/JEU/3933-452/sara.tucci@uni-duesseldorf.de

64 J. EUKARYOT. MICROBIOL., 57, NO. 1, JANUARY-FEBRUARY 2010

the synthesis and composition of the wax ester fraction, under-
scoring physiological and biochemical differences between E.
gracilis strains.

MATERIALS AND METHODS

Chemicals. All chemicals used in this work were purchased
from J. T. Backer (Griesheim, Germany), Biozym (Oldendorf,
Germany), Merck (Darmstadt, Germany), Riedel de Haén (Seelze,
Germany), Roche (Penzberg, Germany), and Roth (Karlsruhe,
Germany). Flufenacet pestanal, Sm, and Of were purchased from
Sigma-Aldrich (Schnelldorf, Germany).

Medium and growth conditions. Euglena gracilis strains
1224-5/3, -/4, -/10, -/13, -/19, -/23, -/27, -/25 strain Z, were
obtained from Sammlung von Algenkulturen (Gottingen, Ger-
many). The cells were cultivated with a BIOSTAT B 10L
fermenter (Braun Biothech, Gottingen, Germany) in a plant
growth chamber (Sanyo MLR-350, Loughborough, UK) as de-
scribed in Hoffmeister et al. (2004). The cultivation was per-
formed on a defined medium described in Ogbonna, Tomiyama,
and Tanaka (1998) and Yamane et al. (2001) modified as follows:
for 1L medium we used 12g glucose, 0.8g KH,PO,, 1.5¢g
(NH4)2$O4, 0.5 g MgSO4 . 7H20, 02g CaCO3, 00144g H3BO3,
2.5mg vitamin B;, 20 ug vitamin B;,, 1 ml trace elements solu-
tion, and 1 ml Fe solution. The trace elements solution contained
4.4 ¢ ZnSO, - 7TH,0, 1.16 g MnSO, - H,0, 0.3 g Na,MoO, - 2H,0,
0.32g CuSO,4-5H,0, 0.38g CoSO,4-5H,O in 100ml distilled
water. The iron solution contained 1.14g (NH4),SO4Fe
(SOy4), -6H,O and 1g EDTA/100ml distilled water. Cultures
were grown at constant temperature of 28 °C and pH 2.8 in a
plant growth chamber (Sanyo MLR-350). Vitamins and glucose
were added by sterile technique to the medium after sterilization.

Aerobic cultures were gassed with 21/min air while anaerobic
cultures were gassed with 2 1/min nitrogen and grown in the dark.
Cultures were harvested 6 d after the inoculation and centrifuged
at 2,800 g for 5 min. The harvested cells were frozen at — 20 °C or
immediately used for lipid extraction. Flufenacet was added to the
anaerobic cultures in a final concentration of 100 puM.

Bleaching of FEuglena gracilis. Two E. gracilis bleached
mutants (W1ZOfL and W1ZSmL) were induced by an Of and
Sm treatment, respectively. Briefly, three Erlenmeyer flasks with
20 ml defined Koren—Hutner medium (Koren and Hutner 1967)
were inoculated with 50,000 cells/ml (final concentration) of E.
gracilis 1224-5/25 strain Z cultures. One flask was used as a
control while the other two flasks were supplemented with 200 pg/ml
Of and 500 pg/ml Sm, respectively. The cultures were incubated
overnight at 28 °C. The next day between 150 and 300 cells were
plated on defined Koren—Hutner medium plates with 7.5% (w/v)
agar and incubated at 28°C over 10d. White colonies of
Of and Sm mutants were picked and grown in modified Hutner’s
medium [19.8g glucose; 0.04mM FeSO,-7H,0; 0.01 mM
ZnSO, - 7TH,O; 0.009 mM MnSO,-5H,0; 0.1 mM Ca(NO3), -
4H,0; 0.6mM MgSO,-7H,0, 2mM KCI; 2mM D,-malic
acid; 0.1% (w/v) (NH4),HPO,] at constant temperature of 28 °C
and pH 3.5.

Lipid extraction from Euglena gracilis cells. Extraction of
the total lipid fraction from E. gracilis cells was performed with a
method from Folch, Lees, and Sloane-Stanley (1957) modified as
follows. At the end of the growth period, the cells were collected
by centrifugation at 4,500 g for 5Smin. The collected cells were
boiled in hot methanol and sonicated twice for 5 min. The cell
residue was covered with CHCI3/MeOH 2:1 (v/v; 25 ml/g cells)
and removed by filtration in a separatory funnel. The organic
phase was extracted with one-fourth volume of a 0.88% (w/v) KCl
solution. After phase separation the organic phase was extracted
with MeOH/H,O 1:1 (v/v). The total lipid extract was then

evaporated under reduced pressure (Heidolph, Schwabach, Ger-
many) at 40 °C.

Purification of the wax ester fraction. The lipid extract was
fractionated on a silica gel column (F,s4 Kieselgel 60, Merck),
eluting the different lipid classes with solvents of increasing
polarity as described in Nevenzel, Rodgker, and Mead (1965).
The lipid composition of the collected fractions was analyzed on
thin layer chromatography (Kieselgel 60, Merck, 0.25 mm) and
the resulting bands compared with commercially available stan-
dards.

Gas chromatographic (GC) analysis of fatty acid methyl
esters (FAMEs) and fatty alcohols (FAlcs). The wax ester
fraction was transesterified overnight with 2ml of 3% (v/v)
concentrated H,SO, in dry methanol and the reaction carried
out at 80 °C. After cooling, the reaction mixture was diluted with
6 ml of double-distilled water and the FAMEs and FAlcs mixture
was extracted 3 times with n-hexane by centrifugation at 2,800 g
for 2min. The FAMEs and FAlcs were then separated by thin-
layer chromatography on Silica gel plates (20 x 20 cm, 0.25 mm,
Kieselgel 60 F,s4, Merck) with petroleum ether/diethyl ether (PE/
DE) 8:2 (v/v) according to Kattner and Fricke (1986). Bands
corresponding to FAMEs and FAlcs were identified with com-
mercially available standards, scraped off after visualizing with
0.2% (v/v) 2',7’-dichlorofluorescein in ethanol and submitted to
GC analysis. The analysis was performed with an Agilent 6850
series GC coated with a HP-5% (v/v) phenyl-methyl siloxane
capillary column (30.0m x 250 pm x 0.25 mm, Supelco, Vienna,
Austria). Temperature programming from 120 °C for 8 min then
4 °C/min to 220 °C and a final hold for 8 min at 220 °C was used.
Nitrogen was used as carrier gas.

Northern blot analysis. Total RNA from E. gracilis cells was
purified with the TRIzol reagent (Invitrogen, Karlsruhe, Ger-
many) as recommended by the manufacturer. RNA was trans-
ferred to HybondN nylon membrane (GE Healthcare, Miinchen,
Germany) and hybridized with the radioactively labeled coding
sequences of PNO, trans-2-enoyl-CoA reductase (TER) or actin.
Signals were detected on imaging plates (barium-fluor halogen
crystal) with a FLA3000 Fluorescence scanner version 1.8E and
quantified with the Image Gauge software (version 3.0) (Fuji
Photo film Co., Diisseldorf, Germany).

RESULTS

Wax ester content of the different Fuglena gracilis species.
All Euglena strains tested accumulated wax esters in different
amounts and proportion of fresh weight when cultivated at
ambient oxygen levels (Table 1). The highest concentration was
detected in the bleached mutants 1224-5/25 W1ZOfL and
WI1ZSmfL. whose wax ester fraction represented 55.2% and
59.6% of the total lipid amount and 8.9% and 7.8% of the dry
weight, respectively. All other strains accumulated wax esters in
concentration between 0.3% and 3.5% of the dry weight.

As already reported for E. gracilis 1224-5/25 strain Z (Tucci,
Proksch, and Martin 2006), the absence of oxygen induced a
striking effect on the cultures and on their wax ester content.
Under strictly anaerobic conditions, several of the tested cultures
died, including both bleached mutants, but those strains that
survived anaerobiosis accumulated about 10-fold more wax esters
than in the presence of oxygen (Table 1). In contrast to the
corresponding aerobically grown cells, E. gracilis strain -/13
showed a 20-fold enrichment of wax esters in the absence of
oxygen, which represented >31% of the dry weight of the cells.

The effect of oxygen and flufenacet on the fatty acid and
alcohol composition. Flufenacet belongs to the class of K3
herbicides and inhibits higher plant elongases but not FAS
complexes in either Arabidopsis (in the chloroplast) or yeast
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Table 1. Wax ester content in different strains of Euglena gracilis.

Aerobic Anaerobic Anaerobic flufenacet
SAG strain FW (mg/g) WE/DW WE/lip FW (mg/g) WE/DW WE/lip FW (mg/g) WE/DW WE/lip
E. gracilis 1224-5/3 1.1 0.5 4.3 14.3 5.7 33.3 59.4 26.1 70.1
E. gracilis 1224-5/4 0.6 0.3 3.2 10.5 4.2 28.8 — — —
E. gracilis 1224-5/10 5.5 2.7 3.2 — — — — — —
E. gracilis 1224-5/13 3.5 1.6 124 78.4 314 62.1 114.0 57.0 77.4
E. gracilis 1224-5/15 7.1 3.5 27.6 — — — — — —
E. gracilis 1224-5/19 1.0 1.3 2.9 8.4 34 20.8 15.1 6.3 44.0
E. gracilis 1224-5/23 4.1 1.9 3.8 20.8 8.3 34.4 31.3 14.0 53.8
E. gracilis 1224-5/27 2.6 1.3 4.0 — — — — — —
E. gracilis 1224-5/25 W1ZOfL 17.8 8.9 55.2 — — — — — —
E. gracilis 1224-5/25 W1ZSmL 15.7 7.8 59.6 — — — — — —
E. gracilis 1224-5/25% 2.3 0.9 6 254 10.2 48.5 42.9 19.7 59.6

The cultures were grown under aerobic and anaerobic conditions. The wax ester content is expressed in mg/g fresh weight (FW), in percent of the total
lipid fraction (WE/lip), and in percent of dry weight (DW). ‘‘—" indicate that the strain did not grow anaerobically. Cultures were gassed with 2 I/min air
(aerobic) or with 21/min N, (anaerobic). Flufenacet was added to anaerobically grown cultures to a final concentration of 100 pM.

“The data about the wax ester content in E. gracilis 1224-5/25 are obtained from Tucci et al. (2006).

(Trenkamp et al. 2004). The mitochondrial fatty acid synthesis of
E. gracilis -/25 strain Z occurs, as well as the elongation system,
via CoA esters instead of ACP proteins (Hoffmeister et al. 2005).
Addition of 100 uM of the elongase inhibitor flufenacet to anae-
robic cultures enhanced the synthesis of wax esters, which accu-
mulated in all the strains at higher concentrations (Table 1).
However, strain -/4 did not survive the treatment with the herbi-
cide. On the other hand, the proportion of waxes in strain -/13
increased up to 57% of the dry weight, comparable to the highest
values previously reported in the literature for this species (Bue-
tow 1989b).

The specific composition of the fatty acid and FAlc constituents
of the wax ester fraction was determined for all examined strains.
The basic fatty acid and FAlc profiles of aerobically grown strains
-/10, -/15, and -/27 showed a very similar distribution (Fig. 1). The
FAMEs consisted mostly of the even number chains myristic
(C14:0) and palmitic acid (C16:0), whereas in strain -/15 a
discrete amount of C13:0 was detected. Unsaturated fatty acids
were present in the wax esters fraction at very low concentration.
Strains 1224-5/25 W1ZOfL and WI1ZSmfL bleached mutants
showed nearly identical FAMEs and FAlcs profiles. In both
substrains the synthesis of fatty acids and alcohols was clearly
shifted toward shorter, saturated chain. The FAMEs consisted
mostly of C12:0, C13:0, and C14:0, while in the FAlcs fraction
C15:0 was also accumulated as one the major compounds.

The FAMESs and FAlcs profiles in the presence of oxygen of the
facultatively anaerobic strains -/3, -/4, -13, -19, and -23 were
comparable with those of the aerobically grown strains (cf. Fig.
2A, B). In contrast, the absence of oxygen had a great influence on
the fatty acids and FAlcs compositions of the different strains.
Whereas with substantial differences among the strains, growth at
strictly anaerobic conditions led to an accumulation of odd-
number chain C13:0 acids and alcohols (cf. Fig. 2B, C), while
the proportion of C16 and C18 fatty acids and alcohols in dark-
synthesized wax esters decreased.

The combination of the two factors, anaerobiosis and the
treatment with the herbicide flufenacet, resulted in a reduction
of the odd-numbered constituents, although the total wax ester
synthesis was not inhibited (Table 1). The concentration of all
fatty acids and alcohols > C18 was dramatically reduced (cf. Fig.
2D, E) as was the proportion of odd-chain constituents (C13:0 and
C15:0) in the wax esters.

Northern blot analysis of different Euglena strains. North-
ern hybridization revealed differences in the expression at RNA
level of the TER and PNO involved in the anaerobic wax ester
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Fig. 1. Fatty acid methyl esters (FAMEs) (A) and fatty alcohols
(FAlcs) (B) composition of the wax ester fraction in the different Euglena
gracilis strains. The bars represent the amount of the fatty acids and
alcohols in the wax ester fraction of E. gracilis strains -/10, -/15, -/27, -/25
WI1ZOSL and -/25 W1ZSmfL grown under aerobic conditions. In the
FAME:s graph the bar for others includes all unsaturated fatty acids present
in the wax ester fraction.
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Fig. 2. Fatty acid methyl esters (FAME:s) (A, C, and E) and FAlcs (B, D, and F) composition of the wax ester fraction in Euglena gracilis strains. The
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Fig. 3. Northern blot analysis of RNA isolated from different strains
of Euglena gracilis. Total RNA was extracted from Euglena gracilis
strains 1224-5/3, -/4, -/13, -/19, and -/27 grown under aerobic conditions.
The extracted RNA was probed with radioactively labeled hybridization
probes for the pyruvate:NADP+ oxidoreductase (PNO) and trans-2-
enoyl-CoA reductase (TER) sequences. Five micrograms RNA of each
Euglena strain were loaded onto the gel.

fermentation of E. gracilis strain Z (Hoffmeister et al. 2005; Rotte
et al. 2001) (Fig. 3). Both PNO and TER were expressed and
detectable at mRNA level in all four analyzed strains. In contrast
to the other strains, only strains -/3 and -/13 showed higher
expression for both PNO with 2.4- and 2-fold induction, and
TER with 3.6- and 2.4-fold induction, respectively (Fig. 3).

DISCUSSION

The shift of Euglena cells from aerobic to anaerobic conditions
induces the malonyl-CoA independent synthesis of wax esters
using the reserve polysaccharide paramylon (Inui et al. 1982).
Mitochondrial fatty acid synthesis uses acetyl-CoA and propio-
nyl-CoA as C2- and C3-donors, for de novo synthesis of even- and
odd-numbered fatty acids, respectively. This ability to survive
lower oxygen tension has been reported for at least several E.
gracilis species (Buetow 1989a). To compare the resistance to
anoxia and the ability to perform wax ester fermentation in some
of them, nine different Euglena strains were cultivated under
different conditions and their wax ester fractions were analyzed.
As already reported for E. gracilis 1224-5/25 Z (Tucci et al.
2006), all strains accumulated wax esters by aerobic cultivation
but in different amounts and proportions, as the wax ester con-
centrations ranged between 0.3% and 8.9% of the dry weight.

The ability of E. gracilis -/25 strain Z to survive anaerobiosis
up to 6mo at 5°C on a non-fermentable carbon source was
described by Carre et al. (1988). During these conditions ca
70% of E. gracilis dry weight was represented by wax esters
(Buetow 1989b). However, in this work we demonstrated that

only the Euglena strain -/13 reached ~ 60% of the dry weight. Of
particular note were the wax ester concentration and composition
of the bleached E. gracilis W1ZOfL and W1ZSmfL. In agreement
with earlier work (Inui et al. 1984), a Sm bleached mutant of E.
gracilis -/25 accumulated more shorter and saturated chains with a
clear prevalence of C13:0 and C14:0 acids and alcohols. The
paucity of unsaturated acids in the wax ester fraction of the
bleached mutants during our work confirms the chloroplasts
damage and the loss in enzymatic activity including that of the
FAS type II. Very surprisingly, we observed that in contrast to all
data reported to date (Inui et al. 1982, 1983, 1984), bleached
strains E. gracilis W1ZOfL and W1ZSmfL were unable to survive
when they were brought to anaerobiosis. The very high wax ester
content in bleached Euglena in ambient oxygen together with the
finding that they are incapable of performing wax ester fermenta-
tion under anaerobic conditions also suggests mitochondrial da-
mage due to the bleaching treatment and a consequent redirection
of reducing equivalents to maintain redox balance.

Comparison of the wax ester composition in anaerobically
grown strains revealed distinct differences in the fatty acid and
alcohol profiles. The proportion of even-numbered constituents
was reduced and the fatty acid and alcohol patterns were shifted
toward shorter and odd-numbered chains. The presence of these
components suggests the involvement of the [FRD(RQ)]-propio-
nyl-CoA route in Euglena (Fig. 4). The synthesis of propionyl-
CoA, which occurs via the methyl-malonyl-CoA pathway (Nagai,
Otha, and Saito 1971; Schneider and Betz 1985), requires the
reduction of fumarate to succinate with the participation of
rhodoquinone (RQ) (Hoffmeister et al. 2004; Takamiya et al.
1993; Tielens et al. 2002; Van Hellemond and Tielens 1994). The
reduction of fumarate is a NADH-consuming reaction, essential to
maintain the redox balance in anaerobically functioning mito-
chondria (Tielens et al. 2002; Tielens and Van Hellemond 1998;
Van Hellemond and Tielens 1994; Van Hellemond et al. 2003).
The increase of odd-numbered fatty acids and alcohols in the wax
ester fraction of anaerobically grown cultures indicates the parti-
cipation of the PNO-dependent mitochondrial fatty acid biosynth-
esis system, because the formation of odd-chains by a-oxidation
can be excluded in fermenting Euglena cells (Schneider, Bor-
kowski, and Betz 1984).

Anaerobic growth and treatment with flufenacet showed that
odd chain fatty acids and alcohols were reduced in the wax ester
fraction compared with growth without flufenacet, probably due
to the inhibition of the condensing step in the mitochondrial fatty
acid synthesis. However, the total wax ester production was not
inhibited and the accumulation of even-numbered chain fatty
acids and alcohols with C14:0 and C16:0 as the major compounds
became particularly prominent. This suggests an inhibition of the
mitochondrial fatty acid synthesis in Euglena, which occurs, as
well as elongation system, via CoA esters instead of ACP-proteins
(Hoffmeister et al. 2005), consistent with the finding that flufe-
nacet does not inhibit FAS complexes in either Arabidopsis (in the
chloroplast) or yeast (Trenkamp et al. 2004) but higher plant
elongases instead. The simplest interpretation for the lack of odd-
numbered carbon constituents in response to flufenacet without
loss of wax ester accumulation is that the mitochondrial fatty acid
synthesis was inhibited and that electron flux was shunted to the
cytosolic or chloroplast fatty acid synthesis pathway to maintain
redox balance. Alternatively, it is possible, but unlikely in our
view, that propionyl-CoA-dependent fatty acid synthesis was
specifically inhibited in mitochondria. This is unlikely because
of the mode of action of flufenacet, which is thought to involve
covalent binding of the elongase active site (Trenkamp et al.
2004). Euglena gracilis -/4 did not grow at all in the presence of
flufenacet. Additionally, Northern blot analysis showed that the
mRNA expression of either PNO or TER did not correlate with the
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Fig. 4. Working model for the energy metabolism in the facultatively anaerobic mitochondrion of Euglena gracilis. o-KGDC, o-ketoglutarate
decarboxylase (Buetow 1989a); SSDH, succinatesemialdehyde dehydrogenase (Buetow 1989a); FRD, fumarate reductase; RQ, rodoquinone (Hoffme-
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ketoreductase; DH, B-hydroxyacyl-dehydrogenase; TER, frans-2-enoyl-CoA reductase (Hoffmeister et al. 2005). This metabolic model was modified

accordingly to Schneider and Betz (1985) and Tielens et al. (2002).

ability of different Euglena strains to grow at lower oxygen
tension.

Euglena gracilis -5/25 strain Z possesses a single reticulate
mitochondrion biochemically prepared for a prompt switch to
anaerobic conditions. Other E. gracilis strains have been reported
to survive lower oxygen tension (Buetow 1989b), but whether
they also possess such a facultatively anaerobic organelle and
perform wax ester fermentation had not been tested. Euglena
gracilis belongs to the class of euglenids that show very interest-
ing biodiversity (Breglia, Slamovits, and Leander 2007; Leander,
Esson, and Breglia 2007). In this study we demonstrate that there
is also more variability and diversity with respect to anaerobic
energy metabolism among E. gracilis strains held in culture
collections than previously suspected. There is currently great
interest in algal biofuel production (Beer et al. 2009), but Euglena
is currently not amenable to genetic manipulation, although it
might be a rich source of relevant genes. Although we do not
currently suggest Euglena wax esters as a general alternative to
biofuel production involving, for example, H,-synthesis in the
Chlamydomonas system (Dubini et al. 2009; Mus et al. 2007), we
do note that the dark-green dried cell mass of anaerobically grown

strains consisting of >10% dry weight of wax esters burned
vigorously when ignited with a match.
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