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F usarium oxysporum has been reported
as being able to both produce the
enzymes necessary to degrade lignocellu-
losic biomass to sugars and also ferment
the monosaccharides to ethanol under
anaerobic or microaerobic conditions.
However, in order to become an econom-
ically feasible alternative to other etha-
nol-producing microorganisms, a better
understanding of its physiology, meta-
bolic pathways, and bottlenecks is
required, together with an improvement
in its efficiency and robustness. In this
report, we describe the challenges for the
future and give additional justification
for our recent publication.

Fusarium oxysporum is probably more
commonly known as a plant pathogen, as
the pathogenic strains are responsible for
vascular wilt disease in more than 120 dif-
ferent species.” Even so, F. oxysporum is a
ubiquitous microorganism, whose global
distribution reveals a wider ecological
influence and a recognized ability to sur-
vive even without any pathogenic activ-
ity.? This can be partly attributed to the
fact that this microorganism has the abil-
ity to produce a wide range of biomass-
degrading enzymes and can generally use
both hexozes and pentoses.®”

The ability of F. oxysporum to ferment
ethanol was discovered almost a century
ago, with the first, still traceable, report—
that of White and Willman.” In the early
reports, the fermentation performance of
the fungus was compared with that of Sac-
charomyces cerevisiae, leading to the first
conclusions that both microorganisms
were alike regarding the ratio of CO, to
ethanol produced, when hexoses were
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used. But S. cerevisiae does not ferment
pentoses and F. oxysporum consumes the
ethanol it produces, and its rate of fermen-
tation is so low that it takes days to com-
plete—as opposed to hours by the yeast.
Since the first discovery, our understand-
ing of metabolism has improved and F.
oxysporum has been studied thoroughly,
but the fundamental challenges in using
such a filamentous fungus in consolidated
bioprocessing for ethanol production still
remain.

Considering that S. cerevisiae has been
selected through thousands of years of
selective evolution for its ability to grow
on different types of glucose-rich hydroly-
sates for the production of different types
of alcoholic beverages, the probability of
success in finding a new organism that can
compete with yeast in the fermentation
efficiency is quite low. Even so, in order
for filamentous fungi, such as F. oxyspo-
rum, to become advantageous in a realistic
sense, a number of improvements would
have to be made, either through genetic
modification or evolutionary engineering,
in combination with process development
and optimization.

Christakopoulos et al.”> screened three
(then) newly isolated strains for their abil-
ity to ferment cellulose to ethanol and
they selected one based on the cellulolytic
released:  F. oxysporum  F3.
A number of studies on this strain have
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been published. This has improved our
knowledge of its biomass-degrading tool-
box® and our understanding of its meta-
bolic processes during growth and during
fermentation of glucose to ethanol.”®
Improvement in its efficiency of ethanol

production has even been shown, upon
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overexpression of a native xylanase.”
F. oxysporum F3 was also the parental
strain used in our study.

One major disadvantage of using F.
oxysporum as an ethanol-producing organ-
ism is its slow growth and consequent
requirement for long cultivation. This
might be the most difficult problem to
tackle, as growth depends not only on the
supply of monosaccharides from the poly-
meric substrate, but also on the inherent
metabolic rate of the microorganism. A
few efforts have been made in this aspect.
For example, in two very similar studies,
Fan et al. showed that heterologous over-
expression of a transaldolase resulted in
lower biomass yields than when using the
parental strain.’®'" On the other hand,
our homologous overexpression of both
phosphoglucomutase and transaldolase
resulted in an increase in the maximum
specific growth rate and a biomass yield
similar to that of the parental strain, when
using glucose as the sole carbon source.
With xylose, the same strain had much
higher biomass yields and a slightly higher
maximum specific growth rate.'* Despite
the differences in the experimental layout
(e.g., our culture was performed in bio-
reactors where aeration can be more effi-
cient than in flasks), these differences
could also be the result of heterogeneity
between different strains, in the same way
that different F. oxysporum strains have
varying efficiency in fermenting glucose or
171> What is perhaps
more important is that we showed that
the maximum specific growth rate of F.

cellulose to ethano

oxysporum could be improved, and there
might still be room for further improve-
ment, considering that even higher maxi-
mum specific growth rates using glucose
have been reported in other filamentous
fungi.

The growth rate will affect how quickly
the microorganism can reach the critical
mass required before being transferred to
anaerobic conditions for the fermentation.
The biomass yield, i.e., the amount of
fungal biomass per mass of carbon source,
should be as high as possible. Lower values
have also been reported in the past, and
they have been attributed to extensive for-
mation of by—plroduct.14 The increase in
biomass yield in our work during growth
in xylose may be associated with the lower
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relative amounts of most intracellular
metabolites detected in the transformed
strain.

Ethanol production and ethanol yield
are other important considerations for
the feasibility of the filamentous fungus-
driven bioethanol production. These val-
ues vary significantly depending on the
strain, the nature of the substrate used,
and the experimental set-up. For exam-
ple, Christakopoulos reported
a maximum ethanol concentration of

82¢g L', or 80% of the theoretical,

with glucose as sole carbon source and

et al.

using the same (parental) strain that we
used in our study. When cellulose was
used as substrate, 89.2% of the theoreti-
cal yield was achieved.” For wheat straw,
the ethanol concentration and yield
varied between 3 g L™' and 60% and
8 g L' and 30%, respectively, depend-
ing on the concentration of straw in the
medium."” For untreated wheat bran, an
ethanol yield of 34% of the theoretical
was achieved, which was increased to
56% with the constitutive expression of
a xylanase in F. oxysporum F3.” In
another study with brewer’s spent grain,
E. oxysporum never produced more than
9 g L™ ethanol. In terms of yield based
on the total glucose and xylose content
of the substrate, it gave 109 g ethanol
per kg of dry substrate or 60% of the
theoretical.’® In general, the ethanol con-
centrations achieved have been low com-
pared with S. cerevisiae, which in wine
fermentation can surpass 100 g L™". Tt
is, however, evident that the fungus can
be more efficient in the fermentation of
lignocellulosic material, where hydrolysis
and fermentation of both hexoses and
pentoses can be achieved in the same ves-
sel. It seems that with genetic modifica-
tions and process engineering, the
efficiency of filamentous fungi such as
F. oxysporum could be improved. Our
preliminary data, from the anaerobic
fermentation of glucose have shown
almost a doubling of ethanol concentra-
tion from the overexpression of phospho-
glucomutase and transaldolase, up to
20 g L ™" ethanol from glucose under the
experimental conditions used.

Although acetate can be consumed by
F. oxysporum, it is also the main by-prod-
uct of the sugar fermentation and of
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course, from a bioprocessing point of
view, it is not a desirable product when
ethanol is the compound of interest. Our
preliminary results have shown that over-
expression of phosphoglucomutase and
transaldolase reduces the amount of ace-
tate produced in glucose fermentation.
No effect was observed on acetate yield,
when xylose was fermented. The efficiency
of F. oxysporum in growing on and fer-
menting lignocellulosic material is also
related to the inhibitors present in this
material. In contrast to acid hydrolysis
where even more inhibitory compounds
are formed, consolidated bioprocessing
should provide a more efficient and
natural process for ethanol production,
especially when coupled with mild pre-
treatment methods. In this respect, it
looks promising that the fungus is capable
of degrading and fermenting a wide vari-
ety of different substrates under anaerobic
or limited oxygen conditions in the pres-
ence of inhibitory compounds such as
furan derivatives, phenolic compounds,
and weak acids.!”

Lastly, we should also discuss the
effects of ethanol as an inhibitor of the
growth and survival of F. oxysporum. The
fungus is generally considered to be toler-
ant to ethanol,? although the effects of
ethanol and the level of ethanol tolerance
are unclear. We have shown that under
aerobic conditions, both the maximum
mycelium production and the specific
growth rate are affected by the presence of
ethanol, although to different extents. The
maximum allowable ethanol concentra-
tion above which cells would not grow
was predicted to be 72 g L™'. Under lim-
ited aeration conditions, the ethanol-pro-
ducing ability of the cells was completely
inhibited at 45 g L' ethanol. Finally,
when the ethanol produced was partially
removed from the fermentation system of
F. oxysporum in a stepwise manner, the
final ethanol production was found to be
384 ¢ L™" (Paschos et al., submitted),
which is very close to the crucial ethanol
concentration of 4—5% (w/v) in the broth
that is considered to be a minimum pre-
requisite for a feasible large-scale distilla-
tion process.'®
Interestingly,  the

secretome of F. oxysporum, combined

lignocellulolytic

with its ability to ferment xylose, has
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significantly improved ethanol production
from lignocellulosic substrates when it is

I . S|
present in co-culture with S. cerevisiae. ?

Although the background knowledge
that we have acquired about this microor-
ganism cannot compete with the huge
amount of information available on §. cer-
evisiae, it is evident that, despite its poten-
tial, F. oxysporum must be improved—
both in terms of ethanol production and
ethanol tolerance. This is likely to open a
new round of studies on this multifaceted
issue, with screening for strains of F. oxy-
sporum that tolerate and produce high
concentrations of ethanol, with improved
tolerance and production from genetic
modifications and evolutionary engineer-
ing, and with the development of novel
bioprocessing set-ups that would enable
the production of ethanol above the limit
of 4-5% (w/v) from lignocellulose.
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