\
\

HAL

open science

Fungal bioconversion of agricultural by-products to

vanillin
J.F. Thibault, M. Asther, B. Colonna-Ceccaldi, D. Couteau, M. Delattre, J.C.
Duarte, Craig Faulds, H.P. Heldt-Hansen, P. Kroon, Laurence Lesage

Meessen, et al.

» To cite this version:

J.F. Thibault, M. Asther, B. Colonna-Ceccaldi, D. Couteau, M. Delattre, et al.. Fungal bioconversion

of agricultural by-products to vanillin. LWT - Food Science and Technology, Elsevier, 1998, pp.530-

536. hal-02696410

HAL Id: hal-02696410
https://hal.inrae.fr /hal-02696410

Submitted on 1 Jun 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.inrae.fr/hal-02696410
https://hal.archives-ouvertes.fr

Article No. £5980411

Lebensm.-Wiss. u.-Technol., 31, 530-536 (1998)

NO

| Inventaire l

|

Fungal Bioconversion of Agricultural By-Products
to Vanillinf

Jean-Frangois Thibault*, Marcel Asther, Benoit Colonna Ceccaldi, Delphine Couteau,
Michel Delattre, José Cardoso Duarte, Craig Faulds, Hans-Peter Heldt-Hansen, Paul Kroon,
Laurence Lesage-Meessen, Valérie Micard, Catherine M. G. C. Renard, Maria Tuohy, Sophie Van Hulle
and Gary Williamson

J.-F. Thibault, V. Micard, C. M. G. C. Renard: Unité de Recherches sur les Polysaccharides,
leurs Organisations ct leurs Interactions, INRA, Rue de la Géraudidre, BP 71627, 44316
Nantes Cedex 3 (France)
M. Asther, M. Delattre, L. Lesage-Meessen: Laboratoire de Biotechnologie des Champignons Filamenteux,
INRA, Faculté des Sciences de Luminy, Centre d’Enseignement Supérieur en Biotechnologie, ESIL,
163 Avenue de Luminy, CP 925, 13288 Marseille Cedex 09 (France)
C. Faulds, P. Kroon, G. Williamson: Department of Biochemistry, Institute of Food Research,
Norwich Research Park, Colney, Norwich NR4 7UA (United Kingdon)
J. C. Duarte: Instituto Nacional de Engenharia e Technologia Industrial, Departemento de Technologia ¢
Industrias Quimicas, Grupo de Biotechnologia, Estrada das Palmeiras, 2745 Queluz De Baixo (Portugal)
B. Colonna Ceccaldi: Pernod-Ricard, Centre de Recherche, 120 Avenue du Maréchal Foch,
94015 Créteil Cedex (France)
M. Tuohy: Department of Biochemistry, University College, Galway (Ireland)
P. Couteau: Agro-Industrie Recherches et Développements, Route de Bazancourt, 51110 Pomacle (France)
S. Van Hulle: Laboratoire de Mycologie Systématique et Appliquée, Université Catholique de Louvain-La-Neuve,
Place Croix du Sud 3, B-1348 Louvain-la-Neuve (Belgique)
H.-P. Heldt-Hansen: Novo-Nordisk A /S, Novo Allé DK-2880 Bagsvaerd (Denmark)
(Received March 11, 1998; accepted May 25, 1998)

The ester-linked ferulic acid of wheat bran and sugar-beet pulp can be converted to vanillin using biological transformation. Free
ferulic acid from sugar-beet pulp and from wheat bran was almost quantitatively obtained by extensive degradation of the cell-walls
using enzyme mixtures complemented with specific ferulic acid esterases. The Basidiomycete Pycnoporus cinnabarinus then
converted the released ferulic acid to vanillin. The selection of stable and highly productive strains was achieved using formal
genetics. The use of cellobiose as an activator of the vanillin pathway, and the sequential addition of a precursor (ferulic acid) in
cultures of selected P. cinnabarinus strains, allowed 90 and 300 mg / L of vanillin to be obtained from ferulic acid enzymically
released from wheat bran and sugar-beet pulp, respectively. This process was adapted into a two-step process involving two

filamentous fungi, Aspergillus niger and P. cinnabarinus, with complementary capabilities of transformation.
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Introduction

Vanillin is one of the most universally used aromatic
molecules in the food, pharmaceutical and cosmetic
industries. Two commercial types exist, (i) pure vanillin
obtained by chemical synthesis from guaiacol or black
liquors from the paper industry, with an annual world
market of 12,000 tons and a price of approximately 12
ECU/kg and (ii) a vanilla extract obtained by the
ageing and alcoholic extraction of vanilla pods. The

T This paper is dedicated to the memory of Mike Coughlan,
*To whom correspondence should be addressed.

world market consists of around 1800 tons of pods,
of which the vanillin content is 2-3 g/100 g, that
is, 40-50 tons of pure natural vanillin. The extract
also contains other aromatic compounds such as
p-hydroxy-benzaldehyde and anisaldehyde.

Natural vanilla extract is 250 times more expensive
than synthetic vanillin, because of the complexity of the
culture and tedious ageing process, but the consumer
demand is higher for natural products. European and
American legislations agree that flavour obtained by a
biological process (enzymic or microbiological) from
natural products can be considered as natural (cf. Offi-
cial Journal no. L 184 15/7/88 and 91 /71, Official
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Fig. 1 Chemical structure of ferulic acid and vanillin

Journal no. L 42 15/2 /91). Thus pure vanillin obtained
by a biotechnological process can be considered as
natural, and has a much lower production cost. At
present, there is no process for the production of
natural pure vanillin, since all of the vanilla currently
sold consists of a complex extracted mixture.

Ferulic acid is a potential precursor for the fungal
production of vanillin (1) (Fig. 1). Certain monocots
and dicots contain this phenolic acid (2, 3). In mono-
cotyledonous plants, the most important sources of
ferulic acid are Poaceae, especially wheat, which accu-
mulates ferulic acid in the cell-wall polysaccharides
(heteroxylans) of the grain. Brans (by products of the
milling industry) are therefore suitable raw materials
for production of ferulic acid (4). In dicotyledonous
plants, ferulic acid is found in the Chenopodiaceae
(spinach, glasswort, beet, etc.) where it is a constituent
of pectic polysaccharides and is therefore concentrated
in cell wall-rich materials. Thus sugar-beet pulp, the
residue of sugar refinery, is another potential raw
material as a source of ferulic acid (5).

Several reports have demonstrated the bioconversion
of ferulic acid. Nazareth and Marvinkurve (6) reported
the nonoxidative decarboxylation of ferulic acid by
Fusarium solani to 4-vinylguaicol which was then oxi-
dized to vanillin and vanillic acid. Similar results were
obtained (7) for Paecilomyces variotii and Pestalotia
palmarum. A new route involving a demethylation of
ferulic acid to caffeic acid, followed by side-chain
shortening to yield protocatechuic acid, was described
by Tillet and Walker (8) for Penicillium rubrum. Pycno-
porus cinnabarinus 1-937 was selected in our studies for
its ability to efficiently transform synthetic ferulic acid
to vanillin [1]. Preliminary studies showed that a vanillin
concentration of up to 64 mg/L, corresponding to a
molar yield of 27.5%, could be obtained by this
microorganism.

In this review, we describe the release of ferulic acid
from raw materials with the subsequent bioconversion
of the released ferulic acid to vanillin. This could lead
to a biotechnological production of natural vanillin in
two steps, the first using enzymes (from GRAS (gener-
ally regarded as safe) microorganisms) to liberate fer-
ulic acid from the cell wall matrix, and the second using

GRAS microorganisms for the biotransformation of
this precursor to vanillin.

Materials and Methods

Chemicals

Sugar-beet pulp and wheat bran were obtained
from Agro-Industriec Recherches et Développement
(Bazancourt, France). Ferulic acid, vanillin and the
other phenolic compounds used were obtained as
described previously (9). Oat spelt xylan was obtained
from Fluka Chemical Co.

Sugar and linkage analysis

The composition of both wheat bran and sugar-beet
pulp was determined as described previously (4, 10).
Feruloylated oligosaccharides were fractionated by
liquid chromatography (11) and their structures con-
firmed by total sugar analysis and 'H and “C nuclear
magnetic resonance (NMR) (12).

Enzymes

Aspergillus niger ferulic acid esterases (FAE)-T and -II
were purified from a commercial pectinase preparation
(13). A. niger FAE-NI was purified from strain
CBS120.49 grown on oat spelt xylan for 4 d (14). A.
niger CinnAE was purified from strain CS180 grown on
sugar-beet pulp for 4.5 d (15). Commercial enzyme
preparations were obtained from Novo-Nordisk A /S
(10). Trichoderma viride xylanase was cither obtained
from Novo-Nordisk A/S as Novozyme 431 or pur-
chased from Megazyme (Bray, Ireland). A. niger
xylanase 1 (16), Talaromyces emersonii xylanases (VII,
IX and X (17)), and Ps. fluorescens xylanase (XYLA,
(18)) were purified as described previously.

Enzyme assays

Feruloyl esterase activity against methyl ferulate (MFA)
and xylanase activity were determined as described
previously (19). Protein was determined using
Coomassic-Plus reagent, with bovine serum albumin
used as a protein standard.

Fungal strains

Pycnoporus cinnabarinus. MUCL-39532 and 1-937, and
A. niger 1-1472 were maintained on malt agar slants.
Culture conditions and growth measurements have
been described previously (9, 20).

HPLC analysis

Phenolics were determined by C,4 reverse phase HPLC
(enzymic release from cell walls (10, 19) and biotrans-
formation (9). Oligomeric sugars were determined by
high performance anion-exchange chromatography
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(HPAEC) using a Carbopak PA1 column (Dionex,
Sunnyvale, U.S.A) (10, 19).

Isolation of ferulic acid

The preparation of adsorbents (activated charcoal, Am-
berlite XAD), and the binding and elution of ferulic
acid from the adsorbents were performed as previously
described (21).

Results and Discussion

Release of ferulic acid from raw materials

Sugar-beet pulp and wheat bran were chosen as raw
materials because they are especially rich sources of
ferulic acid. The chemical composition of cereal brans
and sugar-beet pulp are shown in Table 1. The ferulic
acid content was ~ 0.5-1 g/100 g for wheat bran and
sugar-beet pulp. Some diferulic acids were also de-
tected (data not shown). The main sugars were galac-
turonic acid (sugar-beet pulp), xylose (brans), arabinose
(sugar-beet pulp, brans) and glucose (brans and sugar-
beet pulp). These sugars are monomeric constituents of
cellulose, pectins (in sugar-beet pulp) and heteroxylans
(in cereal brans). The presence of methanol and acetic

Table 1 Chemical composition of the raw materi-
als(as g/100 g of dry weight)

Component Wheat bran® Sugar-beet pulp®
Uronic acid 6.6° 21.1¢
Rhamnose 0.0 24
Arabinose 9.6 20.9
Xylose 16.5 1.7
Mannose 1.3 1.1
Galactose 1.2 5.1
Glucose 11.0 21.1
Proteins 15.8 11.3
Starch 18.6 0.0
Methanol — 1.8
Acetic acid — 3.9
Ferulic acid 0.5 0.8
Lignin 2.6 —

2 Ralet et al. (4).

® Micard ef al. (10).

¢ Glucuronic acid.
Galacturonic acid.

acid is typical for beet pectins since galacturonic
residues may be methyl- and acetyl-esterified. Wheat
bran and sugar-beet pulp contain significant amounts
of ferulic acid, covalently-linked to sugar (arabinose
and galactose) residues. These residues are in turn

0
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i |
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‘ o0 0
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i \ r | _
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Fig. 2 Structure of some feruloylated oligosaccharides from sugar-beet pulp and wheat bran, F = ferulic acid; Ara = arabinose;

Gal = galactose; W = wheat
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(a)

(b)

Fig. 3 Schematic structure of (a) wheat bran heteroxylans,
(A) = xylose; (o) = arabinose; (=) = ferulic acid, and (b)
sugar beet pectins, (o) = galacturonic acid; (#) = rhamnose;
(n) = arabinose; (¢) = galactose; () = ferulic acid

covalently attached to heteroxylan and pectin compo-
nents of the cell wall. The exact location of the feruloyl
groups has been extensively studied through enzymic
and acid hydrolysis followed by NMR analysis of the
highly purified feruloylated oligosaccharides (11, 12).
The main conclusions (Fig. 2) are that, in sugar-beet
pulp, approximately 50% of the ferulic acid is linked to
O-2 of arabinose residues and 50% to O-6 of galactose
residues, and that in wheat brans, ferulic acid is linked
to O-5 of arabinose residues. Schematic structures of
the cell-wall polysaccharides bearing this substituent
are indicated in Fig. 3. Sugar-beet pulp contains pectic
substances in which ‘hairy’ regions and ‘smooth’
regions are present (22). Rhamnose, which is part of
the (rhamnogalacturonic) backbone of pectin, bears
side-chains mainly composed of arabinose and galac-
tose residues. Wheat bran contains large amounts of
heteroxylans in which xylose forms the backbone
(xylans) on which arabinose residues are attached; feru-
loyl groups are found linked to these arabinose residues.
Some microorganisms secrete a range of ferulic acid
esterases (FAE), each with different specificities (13,
15, 23). The activities depend on the nature of the
sugar and the linkage with ferulic acid, as well as on
the length of the oligosaccharide moicty (Table 2).
Four inducible enzymes from Aspergillus niger strains
have been identified (15, 24, 25). FAE I acts preferen-
tially on O-2 feruloylated arabinose, and also on O-6
feruloylated galactose (26). FAE II and FAE III have
highest activity on O-5 feruloylated arabinose. Another
enzyme, active on sugar-beet pulp, has been isolated

and termed cinnamoyl esterase (CinnAE); it shows
highest activity on O-2 feruloylated arabinose (15).
From these studies, it is clear that different enzymes
are needed depending on the origin of the substrate
(cereal or sugar-beet pulp), since the nature of the
linkages between ferulic acid and the sugar moiety
depends on the source (27). The direct action of pure
ferulic acid esterases on the raw materials is much less
than on the soluble substrates, implying that an exten-
sive degradation of the cell wall polysaccharide is first
required. A thorough screening of commercial enzyme
preparations was conducted (see below) and some con-
taining adequate ‘pectinase’ and ‘xylanase’ activities
were found. However, the amount of ferulic acid ester-
ases in the complexes was always limiting and it was
necessary to complement the preparations with these
csterases. Wheat bran and sugar-beet pulp showed
different degradabilities and yields of ferulic acid.
Commercial preparations and ‘monocomponent’ en-
zymes, both from Novo Nordisk A /S, have been tested
(10, 27, 28) for their abilities to release ferulic acid and
sugars. The best preparation was ‘SP 584’, a pecti-
nolytic preparation devoid of cellulolytic activities;
however the ferulic acid esterases activities were found
to be limiting in this preparation. With low amounts of
enzymes, very little free ferulic acid was obtained;
about 60% of the total amount of ferulic acid of the
sugar-beet pulp could be released by using much more
SP 584. The addition of CinnAE increased this yield to
95% (Table 3). The degradation of the sugar-beet pulp
by SP 584 leaves a residue particularly rich in cellulose
which can be further degraded into cellobiose and
glucose by selected cellulolytic preparations (29).

On a laboratory scale, 95% of the total ferulic acid was
released from wheat bran with FAE IIT and endoxyl-
anase from Trichoderma viride (24). The yield of ferulic
acid was highly dependent on the source of the xyla-
nase (19), as shown in Fig. 4. The reaction proceeded
via feruloylated oligosaccharides, which are very effi-
cient substrates for the esterase. However, the overall
solubilization and the yield of monomeric sugars was
rather low.

Separation of ferulic acid

After enzymic degradation of the raw materials, free
ferulic acid is released in a complex mixture of neutral
and acidic sugars, methanol, acetic acid, efc. It there-
fore has to be isolated from compounds, which could
inhibit the bioconversion. It has been demonstrated on
a laboratory scale, that some adsorbents (such as resins
and activated carbon) have a very high specificity for

Table 2 Characteristics of the different ferulic acid esterases

Enzyme Origin Molar mass (kDa)
FAE 1 Aspergillus niger 132.0
FAE 1T Aspergillus niger 29.0
FAE III Aspergillus niger 36.0
Aspergillus niger 150.0

Preferred substrate Reference
O-2 feruloylated arabinose
O-6 feruloylated galactose 27
O-5 feruloylated arabinose 13
O-5 feruloylated arabinose 27
0O-2 feruloylated arabinose 25

CinnAE
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Table 3 Release of ferulic
extract by different enzymes

acid from sugar-beet

Enzyme dosage
SP-584 CinnAE? Ferulic acid released
(g/1extract) (U/lextract)® (% of alkali-extractable)
0.1 — 60.0
1.0 — 93.8
— 20 255
0.1 20 94.0

® Kroon ef al. (15).
® One unit of activity is the amount of enzyme releasing 1

nmole of caffeic acid from methyl caffeate (1mM) per min at
37°C and pH 6.0.

ferulic acid and can be used very efficiently in order to
purify ferulic acid after desorption with ethanol or
another natural agent. The best results have been
obtained using a chemically-activated carbon (21, 30);
the binding was relatively selective for ferulic acid

Vanillin formation
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of FAE-III from Aspergillus niger and of different sources of
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Fig. 5 Metabolic pathways showing conversion of ferulic acid to vanillin by Pycnoporus cinnabarinus
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which could be recovered by elution with organic sol-
vent. Using ethanol as eluant, ferulic acid was obtained
from sugar-beet pulp with a purity of approximately
50%.

Conversion of ferulic acid into vanillin

The pathways of the transformation of ferulic acid by
Pycnoporus cinnabarinus 1-937 have been identified (20).
Three major divergent routes lower the yield of vanillin
(Fig. 5). The first yielded ferulic acid oligo /polymers
via a laccase activity, by-passing the route to vanillin.
The two other routes occurred via the ferulic acid
propenoic chain degradation to yield vanillic acid. In
the former, vanillic acid was subsequently reduced to
vanillyl alcohol via vanillin. In the latter case, vanillic
acid was decarboxylated to methoxyhydroquinone. A
means to favour the production of vanillin from ferulic
acid was therefore investigated.

Pycnoporus cinnabarinus 1-937 was shown to express
laccase activity leading to polymerization and insolubi-
lization of ferulic acid (31). This fungus is heterothallic
and is fertile only by the pairing of two compatible
haploid mycelia given a secondary dikaryotic mycelium
(i.e. 1-937 strain) characterized by the presence of
clamp connections. To overcome these difficulties, the
selection by formal genetics of laccase-deficient strains
from various P. cinnabarinus (Mycothéque de I’Uni-
versité de Louvain-la-Neuve, Belgium) allowed us to
obtain new monokaryotic cell lines which were more
productive and genetically stable. The monokaryotiza-
tion has been carried out by collecting and isolating
single haploid sexual spores (basidiospores). The isola-
tion of more than 500 monokaryons derived from seven
different P. cinnabarinus parent strains yielded four
stable laccase-negative strains (Table 4).

The selected laccase deficient strains were tested for
vanillin production in the presence of ferulic acid.
Ferulic acid metabolism by P. cinnabarinus laccase-
deficient strains essentially occurred via a propenoic
chain degradation to vanillic acid which was subse-
quently either reduced to vanillin (75 mg/L) and vanil-

Table 4 Selection of monokaryotic laccase-defi-
cient lines of P. cinnabarinus from laccase-positive
dikaryotic parents

Isolation Nuclear Laccase
Strain Number type type assays

MUCL 30555 MS? DK® (+)-)
MUCL 38467 S§ 20 MK? (=)
MUCL 38466 SS5 MK (-)
MUCL 39532 SS 23 MK (=)
MUCL 38620 MS DK (+)
MUCL 38625 SS 4 MK ()

:MS = mass spore came from vegetative mycelium.

SS = single haploid sexual spore came from fruiting bodies.
:DK = dikaryon.

MK = monokaryon.
(—) = laccase-deficient character; (+) = low laccase-
positive character.

Table 5 Vanillin production

One step
process? Two step process®
Compounds Pycnoporus  Aspergillus Pycnoporus
(mg/mL) cinnabarinus niger cinnabarinus
Vanillic acid 290 920
Vanillin 459 0 560
Vanillyl alcohol 210 0 41
Methoxyhydro-
quinone 10 95 275

* From ferulic acid in a process involving laccase-deficient-
strains of Pycnoporus cinnabarinus.

Combining ferulic acid transformation to vanillic acid by
Aspergillus niger and vanillic acid transformation to vanillin by
Pycnoporus cinnabarinus strains.

lyl alcohol (3 mg/L) or oxidatively decarboxylated to
methoxyhydroquinone (130 mg/L. Cellobiose, which
could be derived from the cellulosic fraction of sugar-
beet pulp and wheat bran after enzymic degradation,
was used as a fermentation feedstock to channel the
flow of vanillic acid through the reductive pathway
leading to vanillin. When cellobiose was used as carbon
source and supplemented after 3 d of growth, a rela-
tively high accumulation of vanillin (459 mg/L) with a
small amount of methoxyhydroquinone (10 mg /L) was
obtained (Table 5).

In the biotransformation of ferulic acid to vanillin,
another limiting step is the degradation of the ferulic
acid propenoic chain into vanillic acid. To improve
vanillin production, a new two step strategy was devel-
oped, with two filamentous fungi exhibiting comple-
mentary ability of transformation (9, 31). The first step
involved Aspergillus niger 1-1472; ferulic acid
metabolism by this fungus (Table 5) essentially oc-
curred via the propenoic chain degradation to yield a
high concentration of vanillic acid (920 mg/L) which
was subsequently decarboxylated to a lesser extent to
methoxyhydroquinone (95 mg/L). In the second step,
vanillic acid could be transformed to vanillin (560
mg/L) by laccase-deficient P. cinnabarinus (Table 5).
The use of a two step process increased vanillin pro-
duction 9-fold when compared to the initial single step
process (1). In all these investigations, sequential addi-
tions of precursors were performed because of the
relatively high toxicity of phenolic compounds. The
aromas of the fermentation broth have been evaluated
for their organoleptic properties. Although the pre-
dominant sensation is vanilla, in the presence of ferulic
acid from sugar-beet pulp and wheat bran, a slight
odour of fruity/phenolic and flower/orange was
detected, respectively. In contrast, in presence of
synthetic ferulic acid a pear/phenolic odour was
present.

These results show that agricultural by products can be
converted to vanillin, together with minor related com-
pounds to give a more complex flavour, using enzymes
and microorganisms. The release of ferulic acid from
cereal brans and from sugar-beet pulp is achieved using
ferulic acid esterases and polysaccharide-degrading en-
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