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SUMMARY

A survey was conducted with seventeen enteric bacterial strains (including the genera Klebsiella, Enterobacter, Escherichia, Citrobacter, Edwardsiella and
Proteus) 1o examine their ability to transform furfural and 5-hydroxymethyl furfural (5-MHF). The enteric bacteria were able to convert furfural to furfuryl
alcohol under both aerobic and anaerobic conditions in a relatively short incubation time of 8 h. 5-HMF was transformed by all the enteric bacteria stud-
ied to an unidentified compound postulated to be 5-hydroxymethyl furfuryl alcohol, which had an absorbance maximum of 222 nm. These bacteria did not
transform furfuryl alcohol or 2-furoic acid. The enteric bacteria did not use furfural, S-HMF, furfuryl alcohol or 2-furoic acid as sole source of carbon and
energy. Biotransformation of furfural and 5-HMF was accomplished by co-metabolism in the presence of glucose and peptone as main substrates. The rate
of transformation was similar under both aerobic and anaerobic conditions. These transformations are likely to be of value in the detoxification of furfurals,

and in their uitimate conversion to methane and CO, by anacrobic digestion.

INTRODUCTION

Naturally produced furan derivatives are frequently
found in plants [18]. There are about 350 naturally oc-
curring furanoid and benzofuran compounds present in
the environment [8]. Furfurals are the most widely dis-
tributed simple furan in nature, and can be produced
readily from lignocellulosic plant material such as oat
husks or maize cobs by treatment with mineral acids, such
as hot sulfuric acid [19]. Under this condition, the hemi-
celluloses are hydrolyzed and the pentoses are dehydrated
to furfural and the hexoses are dehydrated to 5-hydroxy-
methyl furfural (5-HMF). Furfural is also formed by the
Maillard reaction [15]. Many furans in cooked food arise
from the pyrolytic breakdown of sugars. Furfural and its
5-substituted derivatives are strong flavor components of
foods [8] and have been reported to occur in bread, pop-
corn, sterilized apple juice, cooked meat, and distilled al-
coholic drinks [18].
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Only a few microbial transformations of furfural are
known. The 2e~ reduction of furfural to furfuryl alcohol
by Saccharomyces has been reported [12]. Under aerobic
conditions, Acetobacter ascendens dismutes the aldehyde
to alcohol and acid [12]. Abdulrashid and Clark [1] have
demonstrated that a mutant strain of Escherichia coli can
grow with 2-fuoric acid as the sole carbon and energy
source. Hong et al. [11] described Pseudomonas strain
FS-1, which degraded 2-furoic acid. Koenig and Andree-
sen [13] reported aerobic degradation of 2-furoic acid by
Pseudomonas putida Fu-1. Degradation of furfural under
anaerobic conditions by sulfate-reducing bacteria has been
reported earlier by several workers [6,7,9]. There was no
report in the literature on the transformation of 5-HMF by
bacteria.

Furfural is inhibitory to microorganisms at low con-
centrations, 1-12 mM [16], yet many wastes that contain
furans are otherwise appropriate for biological treatment,
especially anaerobic digestion. Furfural is present at a
concentration of approx. 30 mM in wastewater from the
pulp and paper industry [5], and is also formed during the
heat treatment of municipal wastes [14]. Apart from fur-
fural, these wastewaters also contain other furan deriva-
tives such as 5-HMF, 2-furoic acid and furfuryl alcohol in
significant quantities. Even though some bacteria are
known to degrade furfural, the presence of furfural at high
concentration (>10mM) in wastewater inhibits these
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bacteria [7]. Due to the report that a mufant strain of
E. coli could grow on 2-furoic acid as the sole carbon and
energy source [1], and since enteric bacteria are present
in all sewage wastes, and in most other anaerobic diges-
tion systems, we investigated the ability of a variety of
enteric bacteria to transform or degrade furans. This paper
describes their inhibition by some furans, their ability to
transform furfural and 5-HMF, and their inability to grow
on any furans as the sole carbon and energy source.

MATERIALS AND METHODS

Bacteria

Seventeen strains of enteric bacteria, Klebsiella pneu-
monige H strain, K. pneumoniae Ul 495, Enterobacter aero-
genes ATCC 13048, Enterobacter cloacae ATCC 13047,
Enterobacter cloacae H strain, Escherichia coli ATCC 1175,
E. coli Snyder strain, E. coli phage host, E. coli B-06
Walker, E. coli 055 B3, E. coli B5 Cas, Citrobacter freundii,
C. freundii Quinn strain, Edwardsiella sp., Proteus vulgaris,
P. mirabilis and P. mirabilis H strain, were obtained from
the Department of Microbiology culture collection of the
University of Iowa, Iowa City, IA, USA.

Media and growth conditions

The medium contained the following components in
grams per liter of distilled water: K,HPO, (7.0), KH,PO,
(3.0), MgSO,(0.1), NaCl(0.1), (NH,),SO, (0.25), sodium
succinate (0.2), peptone (0.5), yeast extract (0.1) and glu-
cose (0.5); pH was adjusted to 7.0 by the addition of
Na,CO;. An anaerobic culture tube (No. 2048-00150,
Belco glass, Vineland, NJ) was used for both aerobic and
anacrobic growth. Each tube contained 10 ml of medium.
The tube was made anaerobic (in the case of anaerobic
experiments) by air evacuation with a water vacuum and
using N,/CO, (80:20, v/v) to replace the air, similar to
methods described by Balch and Wolfe [3]. The stock
solution (100-1000 mM) of furfural, 5-hydroxymethyl fur-
fural, furoic acid and furfuryl alcohol as prepared in a
culture bottle, filter sterilized and made anaerobic using
argon gas as described above. The desired concentration
of furan was injected into the experimental tube. A 10%,
moculum was added to each tube. The tubes were covered
with aluminum foil to prevent photoreaction and were
incubated at 37 °C with the tubes horizontal in a gyratory
shaker at 150 rpm with a stroke length of 1.5 cm. All data
are the averages of duplicate fubes.

Analytical methods

Culture turbidity was measured by absorbance at
600 nm with a Spectronic 20 spectrophotometer (Bausch
and Lomb). Concentrations of furans in the samples were
determined with a Perkin Elmer UV/Vis Lamda 3A spec-

trophotometer. The absorbance maxima of furans were
282, 276, 244 and 215 nm for 5-hydroxymethyl furfural,
furfural, 2-furoic acid and furfuryl alcohol, respectively.
The concentration of furans in the sample was calculated
using standards of known concentration. HPLC was used
to confirm furfural and 5-HMF transformation. A Waters
Model 510 HPLC with a Waters 49D multi-wavelength
detector was used. The column was a reverse phase C-18 u
Bondpack. Injection volumes, via an autosampler, were 5
and 10 ul for the standards and sample solutions, respec-
tively. Flution was with a gradient of solvent A (0.9 ml of
H,PO, per liter of water) vs. solvent B (acetonitrile/water,
80:20, v/v, containing 0.9 ml H,PO, per liter). Flow rate
was 1 ml/min, at room temperature.

Chemicals

All furans were purchased from Aldrich Chemical
Company (Milwaukee, WI). All other chemicals were of
reagent grade.

RESULTS

Initial experiments with 10 mM concentrations of fur-
fural, 5-HMF, furfuryl alcohol and furoic acid in the
glucose-peptone medium demonstrated that all 17 strains
of enteric bacteria studied were able to grow in the pres-
ence of these furans under both aerobic and anaerobic
conditions. When glucose and peptone were omitted, there
was no growth under either condition. The furans could
not be used as the sole source of carbon and energy for
growth. However, all strains growing on glucose-peptone
medium transformed approx. 95% of the furfural and
5-HMPF within 24 h, as monitored by the decrease in ab-
sorbance at 276 and 282 nm, respectively; none of the
strains transformed furfuryl alcohol or 2-furoic acid, even
after 14 days of incubation (data not shown).

In Table 1, growth by selected enteric bacteria, and
their percentage transformation of furans are presented.
Bacterial growth was significant, and after 8 h of incuba-
tion all but Proteus mirabilis transformed >67%, of the
furfural and > 579, of the 5-HMF; several strains trans-
formed >89% of the furans. Using growth curves with
various concentrations of furans, we constructed plots of
percent maximal growth (growth after 12 h of incubation)
vs. the furan concentration. From these plots, we esti-
mated the concentration of furfural and 5-hydroxymethyl
furfural that lead to 50% inhibition (ICsy). The IC, val-
wes of furans for the various enteric bacteria are given in
Table 1, Most of the bacteria had an IC, for furfural
above 25 mM and for 5-hydroxymethyl furfural around
20 mM. Presence of high concentrations of 2-furoic acid
and furfuryl alcohol (100 mM) did not inhibit the growth
of the enteric bacteria (data not shown).
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Percent transformation of furans and ICs, values for furans under anaerobic conditions**

Bacteria Growth* % Transformation IC44 (mM)

(4600)

Fur Fur® 5-HMF Fur 5-HMF
Escherchia coli ATCC 1175 0.70 91.5 85.0 35 21
Enterobacter aerogenes 0.52 90.6 89.7 39 20
Citrobacter freundii 0.58 89.9 82.6 32 21
Klebsiella pneumoniae H strain 0.90 88.5 86.9 36 18
Edwardsiella sp. 0.44 57.8 94.4 25 26
Proteus vulgaris 0.79 68.4 57.9 17 15
Proteus mirabilis 0.60 51.1 16.5 15 10

? Initial furan concentration was 10 mM. Glucose served as main substrate. All strains were incubated for 8 h.

Fur = furfural; 5-HMF = 5-hydroxymethyl furfural.
1Cs, refer to the text for details.

* Similar growth was seen for 5-HMF.

** Data represent mean of two values.

An example of the spectral change of furfural by a
culture of Klebsiella pneumoniae is shown in Fig. 1. The
furfural-supplemented 0-h culture showed an absorbance
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Fig. 1. UV/Vis spectrum of the 0- and 24-h samples of Kiebsiella
preumoniage grown with 10 mM of furfural or 5-hydroxymethyl
furfural under anaerobic conditions.

maximum at 276 nm, identical to the standard furfural.
The 24-h processed culture [9] showed a maximum ab-
sorbance at 215 nm, identical to the standard furfuryl al-
cohol. HPLC analysis (data not shown) showed a furfural
peak at 3.1 min and the 24-h product had an identical
retention time (2.5 min) compared to furfuryl alcohol, con-
firming this was the product of furfural reduction.

An example of the spectral change of 5-HMF is also
given in Fig. 1. The S-HMF-supplemented culture showed
the expected absorbance maximum at 282 nm, and after
24 h virtually all 5-HMF had been converted to a species
with an absorbance maximum at 222 nm. This represents
a 60 nm decrease, compared to the 61 nm decrease when
furfural is reduced to its alcohol form, and thus suggests
that 5-hydroxymethyl furfuryl alcohol is the transforma-
tion product. HPLC analysis of this transformation re-
vealed a retention time of 2.7 min for 5-HMF and 2.3 min
for the transformation product. This reduction in retention
time of 159 is similar to the 19% reduction in retention
time above of furfuryl alcohol compared to furfural (chro-
matogram not shown). The spectral and chromatographic
information is consistent with the reduction of 5-HMF to
3-hydroxymethyl furfuryl alcohol.

DISCUSSION

This study shows that furfural and also most likely
S-hydroxymethyl furfural are reduced to their correspond-
ing alcohols by enteric bacteria. This metabolic transfor-
mation appears to make use of the aldehyde as an electron
acceptor rather than functioning as the first step in a deg-
radative sequence by enteric bacteria. Oxidation of the
aldehyde to 2-furoic acid would be a more logical initial
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step in degradation, especially under aerobic conditions.
Attempts to isolate heterotrophic bacteria capable of
anaerobic growth with furforal as the main carbon source
have been unsuccessful, except when sulfate is included as
an electron acceptor [7]. However, the practical implica-
tion of this observation in the biological treatment of
wastewater is significant. Wastewater from the paper and
pulp mill industry [4], and oat and corn processing in-
dustries can contain high concentrations of furfural and
5-HMF. Furfural wastes can be successfully treated by
anaerobic digestion by the mixed bacterial consortium
[4,10,14] but one problem with the treatment of furfural-
containing waste is the toxicity of furfural to bacteria that
degrade furans. Furfural can be used as a germicide [19]
and its inhibits the growth and fermentation of microor-
ganisms at relatively low concentrations of 1 to 12 mM
[2,16,17]. When present at a sufficiently low concentra-
tions (5-10 mM) furfural can be completely converted to
acetate by sulfate-reducing bacteria, Desulfovibrio sp. and
can be used by these bacteria as the sole carbon source for
growth [6,7,9]. Furfural at concentrations of above 10 mM
inhibits the activity of Desulfovibrio sp. but it tolerates a
higher concentration of furfuryl alcohol (50 mM) in the
culture media [7]. Thus, our study suggests this toxicity
problem is at least partly overcome in wastewater treat-
ment plants because of the presence of enteric bacteria
which detoxify the furans.

Similarly, 5-hydroxymethyl furfural was detoxified by
the enteric bacteria and converted to an intermediate com-
pound which is less toxic. The sulfate-reducing bacteria
present in the wastewater treatment plant convert furfuryl
alcohol to acetate and CO, [5], and ultimately the major
products are methane and CO,, as the result of methano-
genic bacteria. It is not yet known which organisms can
mineralize 5-HMF or 5-hydroxymethyl furfuryl alcohol.
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