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Biotransformation of ferulic acid by the 
phytopathogenic fungi Colletotrichum acutatum and 

Lasiodiplodia theobromae

Biotransformación del ácido ferúlico con los hongos fitopatógenos 
Colletotrichum acutatum y Lasiodiplodia theobromae

ABSTRACT

doi: 10.15446/rfna.v69n1.54751
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The microbial transformation of ferulic acid (FA) offers a cleaner, more economical alternative for 
the natural production of flavorings and fragrances. In the present study, the biotransformation of FA 
using the filamentous phytopathogenic fungi Colletotrichum acutatum and Lasiodiplodia theobromae 
was researched. Initially, the toxicity of FA against both fungi was evaluated; the FA displayed a 
moderate toxicity (total inhibition at concentrations ≥ 2000 mg L-1) and apparently a detoxification 
mechanism was present. Afterwards, the microorganisms were incubated with the substrate at room 
conditions using a Czapek-Dox culture medium. The results demonstrated that the FA was mainly 
converted to 4-vinylguaiacol, reaching the highest abundance within the first 48 hours. To a lesser 
extent, acetovanillone, ethylguaiacol, and vanillin, among others, were produced. Interestingly, the 
compounds generated in the biotransformation of FA with C. acutatum and L. theobromae have been 
used as flavorings. Based on the identified metabolites, a possible metabolic pathway was proposed. 

RESUMEN

Palabras claves: 
Transformación 
microbiana, 
Saborizantes 
4-vinilguayacol 
Ruta metabólica

La transformación microbiana de ácido ferúlico (AF) puede ofrecer una alternativa más limpia y 
económica para la producción natural de algunos saborizantes y aromas. En el presente estudio, se 
investigó la biotransformación de AF usando los hongos filamentosos fitopatógenos Colletotrichum 
acutatum y Lasiodiplodia theobromae. Inicialmente, se evaluó la toxicidad del AF contra ambos 
hongos; el sustrato exhibió una toxicidad moderada (inhibición total a concentraciones ≥ 2000 mg 
L-1) y aparentemente se presentó un mecanismo de desintoxicación. Luego, los microorganismos 
se incubaron con el sustrato a condiciones ambientales, usando el medio de cultivo Czapek-Dox. 
Los resultados muestran que el AF es convertido principalmente en 4-vinilguayacol, alcanzando 
su mayor abundancia dentro de las primeras 48 horas. En menor proporción se producen 
acetovainillona, etilguayacol, vainillina, entre otros. Interesantemente, los compuestos generados 
en la biotransformación de AF con C. acutatum y L. theobromae se han empleado como agentes 
saborizantes. Con base en los metabolitos identificados, se propone una posible ruta metabólica.
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F lavorings and fragrances are widely used in the 
food, drink, and cosmetic industries; however, 
the majority of flavorings in the global market 
are obtained through chemical synthesis and 

less than 5% have a natural origin, generally obtained 
through plant extraction (Bicas et al., 2010). Currently, 
chemical synthesis dominates the production of flavorings, 
using methods that often become incompatible with 
the environment; furthermore, the low selectivity of the 
reactions may cause the formation of undesirable product 
mixtures, which reduces the efficiency of the process 
and increases the costs of production. According to the 
European Union Legislature (Xu, et al., 2007), the use of 
synthetic flavorings is becoming increasingly restricted in 
food, drinks, and cosmetics; therefore, natural flavorings 
are appealing to the global market despite their high price. 
Nevertheless, the production of natural flavorings from 
direct extractions of botanical materials suffers several 
problems. Firstly, the concentration of compounds with 
flavoring or fragrant characteristics can be low in plants, 
making extraction a costly stage. In addition, agricultural 
production takes time and the quality of the harvest is 
influenced by climatic conditions, the availability of soils 
and plant diseases. 

According to the FDA and the European Union 
Legislature, the products obtained by biotechnological 
methods can be considered natural when the substrate 
that is used is natural (Serra et al., 2005). Therefore, 
biotransformation processes have been suggested as a 
new environmentally friendly alternative for the production 
of natural fragrances that are in demand. Ferulic acid 
(FA), a hydroxycinnamic acid found in the cellular wall of 
plants, is a natural precursor that plays an important role 
in the formation of fragrances such as vanillin and some 
vinylphenols (Hu et al., 2015). The industrial demand for 
4-vinylphenols such as 4-vinylcatechol, 4-vinylguaiacol 
and 2,6-dimethoxy-4-vinylphenol is not met by the 
availability provided by natural sources (Bernini et al., 
2007).This makes FA a highly interesting compound 
as a substrate for the production of natural flavorings 
with a commercial value through biotransformation 
processes. In the literature, there is a significant number 
of reports on the microorganisms and biotechnical 
process for the production of flavorings from FA. Some 
bacterium and yeast genera, such as Pseudomonas, 
Bacillus, Streptomyces, Lactobacillus, Enterobacter, 

Streptomyces, Cupriavidus, Candida, Debaryomyces, and 
Saccharomyces, among others, have developed multiple 
routes for the bioconversion of FA into vanillin, vanillic 
acid, protocatechuic acid, and vanillic alcohol (Mishra et 
al., 2014; Gallage and Møller, 2015). Nevertheless, the 
biotransformation of FA by fungi has been little-studied; in 
particular, the fungi Schizophyllum commune, Aspergillus 
niger, Rhizopus oryzae, Sporotrichum thermophile, 
and Pycnoporus cinnabarinus have been evaluated 
for the biotransformation of FA (Baqueiro-Peña et al., 
2010; Tsujiyama and Ueno, 2008; Shanker et al, 2007; 
Topakas et al., 2003: Bonnin et al., 1999). For their part, 
the phytopathogenic fungi Lasiodiplodia theobromae 
and Colletotrichum acutatum have demonstrated high 
metabolic versatility because they have transformed 
different phenylpropanoid substrates, resulting in 
compounds with an aggregate value (Velasco et al., 
2007; Velasco et al., 2009; Velasco et al., 2010; Velasco 
et al., 2012). However, the capacity of both fungi to 
produce flavoring compounds through biotransformation 
has been scarcely studied. This article reports for 
the first time the ability of the fungi C. acutatum and 
L. theobromae to transform FA into compounds with 
an aggregate value with flavoring attributes, such as 
4-vinylguaiacol, 4-ethylguaiacol, vanillin, vanillic acid 
and acetovanillone.

MATERIALS AND METHODS
Materials
Analytical grade solvents: ethyl acetate (EtOAc), methanol 
(MeOH), n-hexane and CHCl3were obtained from Merck. 
The FA standard was acquired from Sigma-Aldrich. In 
addition, silica gel 60 (0.040-0.063 mm) and Sephadex® 
LH-20 from Merck and Sigma-Aldrich, respectively, were 
used. For the culture media, this study employed casein 
peptone (Merck), alpha-D(+)-glucose anhydrous (Acros 
Organics), yeast extracts (Oxoid), K2HPO4 (Ma-llinckrodt 
Chemical), NaNO3 (Merck); MgSO4.7H2O (Protokimica), 
and FeSO4.7H2O (Carlos Erba). The extracts used for the 
liquid-liquid extractions were bidistilled before their use. 

Separation and analytical methods
Thin layer chromatography (TLC) was carried out using 
chromatoplates Merck Kiesegel 60 F254 0.25 mm thick and 
as the mobile phase a n-hexane:EtOAc (8:2) mixture. The 
compounds were visualized under UV radiation at 254 
and 365 nm, and spraying with the acetic acid:H2SO4:H2O 
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mixture (143:28:30) followed by heating (~100 °C, 1 min). 
Column chromatography (CC) was performed using silica 
gel 60 or Sephadex® LH-20 as stationary phase. The gas 
chromatography (GC) analysis used a Hewlett-Packard 
6890 chromatograph (Agilent Technologies) interfaced to 
Agilent HP 5973 Mass Selective Detector in the electronic 
ionization mode. A DB-35MS column (30 m x 0.25 mm 
i.d. x 0.25 µm coating thickness) was employed. The 
chromatographic conditions included the following: 
column temperature, 50-250 °C at 10 °C min-1; injector 
temperature, 230 °C; detector temperature, 280 °C; and 
carrier gas, N2 at 1 mL min-1. The relative composition 
of the individual components was determined from the 
peaks average area. Identification of some metabolites 
was based on interpretation of their mass spectra, 
comparison with authentic compounds, and by contrast 
with the NIST 02 Mass Spectral Library. The nuclear 
magnetic resonance (NMR) spectra were obtained using 
deuterated chloroform as a solvent with a Bruker AMX 
300 model. The multiplicities were established with the 
JMOD pulse sequence. The chemical displacements 
(δ) were expressed in values of ppm and the coupling 
constant (J) in hertz (Hz).

Toxicity of the ferulic acid (FA) substrate
The toxicity evaluations, referred to as FA’s antifungal 
activity against the filamentous fungi C. acutatum and L. 
theobromae (isolated and morphologically characterized 
by the Laboratorio de Sanidad Vegetal of the Universidad 
Nacional de Colombia, Medellín), were carried out with 
the methodology described by Bustillo et al. (2003), with 
some modifications. In Potato Dextrose Agar (PDA) 
medium at 50 °C, was added enough (FA) till achieve the 
desired concentrations (100, 500, 1000, 2000, 4000 mg 
L-1), and then the mixture was poured immediately into 
9-cm-diameter Petri dishes. Later, a mycelial plug (6 mm 
in diameter) cut from the growing edge of 2-day-old culture 
of each funguswas transferred to the center of Petri dish 
plates. The cultures were incubated at room temperature 
and the mycelial growth diameters of the fungi were 
measured every 12 h for 96 h for L. theobromae and every 
24 h for 168 h for C. acutatum. The measurements were 
taken in triplicate and each trial had the respective controls 
(absolute control: PDA medium devoid of FA,and solvent 
control: ethanol). The toxicity of the FA was expressed as 
the percentage of mycelial growth inhibition, which was 
calculated with equation (1): 

Curves were constructed for the FA toxicity against 
the microorganisms, which was used to determine an 
approximate concentration that would inhibit the mycelial 
growth of the fungi between 80 and 90% at the midpoint 
of the evaluation period; this value was used as the 
initial concentration of the substrate in the subsequent 
biotransformation processes.

Preparation of the pre-inoculums of C. acutatum and 
L. theobromae 
A Czapek-Dox medium was used (Solution A: glucose 
5%, yeast extract 0.1%; Solution B: K2HPO4 0.5%, NaNO3 
0.2%, MgSO4.7H2O 0.05%, FeSO4.7H2O 0.001%) in the 
biotransformations with an inoculum of each fungus of 
around 1 month of age, previously cultivated on PDA. For 
each liter of liquid culture medium, a Petri dish was used 
with the microorganism. The pathogen was inoculated in 
four 1.0 L Erlenmeyer flasks that contained 500 mL of the 
established medium. The flasks were agitated (shaker, 
120 rpm; Centricol, series 0239, with an incubation 
chamber) under environmental conditions for 96 h. The 
mycelia were recovered with filtration, washed with 
distilled water, and used in the biotransformation at the 
preparative scale and in the time course experiments. 

Biotransformation in the preparative scale and isolation 
of the metabolites
The mycelia of C. acutatum and L. theobromae, pre-
incubated in 2.0 L of the medium, were transferred under 
sterile conditions in four, 1.0 L Erlenmeyer flasks that 
contained 500 mL of the corresponding culture medium 
and the substrate (FA at 900 mg L-1 for L. theobromae and 
1400 mg L-1 for C. acutatum). The process was carried 
out at room temperature and under agitation (120 rpm) 
for 312 and 360 h for L. theobromae and C. acutatum, 
respectively. After the incubation period, the culture media 
and the mycelia were separated through filtration. The 
filtrate was used to isolate the major metabolic products. 
For the control, a biotransformation was carried out 
without the substrate. The resulting filtrate was saturated 
with NaCl and was extracted with EtOAc (3 x 400 mL). 
The organic phase was dried with anhydrous sodium 
sulfate, filtered and evaporated at a reduced pressure in a 
rotary evaporator. The resulting residue was fractionated 

 
 
 

Mean growth of the treatment(mm)Inhibition(%) = 1 - x100         (1)
Mean growth of the control(mm)
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with successive CC, using as stationary phase silica gel 
(mobile phase: systems of increasing polarity of n-hexane-
EtOAc) and Sephadex® LH-20 (elusion system: mixture 
of n-hexane-CH2Cl2-MeOH, 2:1:1 w/v). Three major 
metabolic products was isolated and denominated as 
(II), (V) and (VII). A GC-MS analysis of the resulting 
fractions of the samples also revealed the presence of 
the compounds designated as (I), (II), (III), (IV), (V) and 
(VI). The metabolites were identified with spectroscopic 
and spectrometric methods and through a comparison 
of spectrums with those obtained for standard samples 
and/or with the data reported in the database of the NIST 
Mass Spectral Library, NIST’02 (version 2.0).

Time-course experiments
The material resulting from the pre-inoculation was filtered 
and the biomass was distributed in 12, 150.0 mL Erlenmeyer 
flasks with 75 mL of the Czapek-Dox culture medium and 
the substrate (FA) at a concentration of 900 and 1400 mg 
L-1 for L. theobromae and C. acutatum, respectively. The 
conditions of temperature, agitation and time corresponded 
to those cited for the preparative biotransformation. Every 
24 hours, the content of one Erlenmeyer flask (culture 

medium containing the mycelia) was extracted with 
EtOAc (3 x 50 mL), following the procedure described for 
the isolation of metabolites. The resulting residue was re-
dissolved with 5.0 mL of CHCl3, filtered with a Whatman 
microfilter (0.45 µm) and analyzed by TLC and GC-MS. 
The relative abundance of the products was determined 
based on the area of the peaks in CG.

RESULTS AND DISCUSSION
FA toxicity for C. acutatum and L. theobromae
In order to determine the substrate concentration that 
was suitable for carrying out the biotransformation 
processes, the antifungal activity of the FA for both 
phytopathogenic fungi was evaluated. As can be seen 
in Figure 1, FA reduced the mycelial growth in a dose-
dependent manner. C. acutatum was almost completely 
inhibited at the FA concentrations of 2000 and 4000 mg 
L-1. In the meanwhile, for the interval of 24 to 169 h, at 
the 100, 500, and 1000 mg L-1 levels, the inhibition of the 
growth varied throughout a range of 100-21%, 100-45% 
and 95-75%, respectively. At these concentrations, mycelial 
growth inhibition was decreased gradually with increasing 
incubation time, which could be attributed to a detoxification 

Figure 1. In vitro antifungal activity of the FA against the fungus C. acutatum.

mechanism. In general, the results demonstrated a 
moderate radial growth inhibition of C. acutatum by the 
FA, in comparison with the values reported for other 
microorganisms. In particular, Sarma and Singh (2003) 
found that Sclerotium rolfsii was completely inhibited 
at a FA concentration of 1000 mg L-1, while Aspergillus 
niger (Baqueiro-Peña et al., 2010) and Rhizopus oryzae 
(Shanker et al., 2007) were inhibited at 800 and 500 mg 

L-1, respectively. Based on the obtained results, a FA 
concentration of 1400 mg L-1  was selected to carry out 
the biotransformation process; this value is intermediate 
between 2000 (fungal growth limited with inhibition over 
95%) and 1000 mg L-1 (inhibition of almost 85% at the 
midpoint of the evaluation). At this level, enzymatic 
activity that results in a suitable conversion process for 
FA by the microorganisms is expected. 
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Figure 2 shows that the mycelial growth of L. theobromae 
presented 100% inhibition at FA concentrations of 2000 and 
4000 mg L-1 during the evaluation time (96 h). In the time 
interval of 12 to 96 h at the 100, 500 and 1000 mg L-1 levels, 
the inhibition of the growth varied in ranges of 47-12%, 88-
58% and 100-80%, respectively. At these concentrations, 
there was a decrease in the mycelial inhibition with increase 

in time of incubation, which could be attributed to the 
decrease in the FA toxicity by the microorganism, similar to 
the findings with C. acutatum. The FA concentration selected 
for the biotransformation with L. theobromae was 900 mg L-1; 
a slightly higher value than the concentration that inhibited 
the fungus at 80% at the midpoint of the evaluation period. 
The moderate activity of FA agrees with different studies 

Figure 2. In vitro antifungal activity of the FA against the fungus L. theobromae.

that have demonstrated that this organic acid has little 
fungitoxicity (Baqueiro-Peña et al., 2010; Shanker et al., 
2007), which is why it has been suggested for possible use 
as material for biotransformations. 

Biotransformation products of FA: isolation and 
identification
In order to isolate the metabolic products of FA, a 
preparative biotransformation was carried out in the 
Czapek-Dox medium using each of the phytopathogenic 

fungi. The microorganism was incubated with FA for 
336 h; afterwards, the extraction of the metabolites was 
done with ethyl acetate and the resulting extract was 
fractionated with size-exclusion chromatography on 
Sephadex LH-20 (100 x 2 cm) with a mixture of n-hexane-
CH2Cl2-MeOH (50:25:25) as eluent. In total, three 
metabolic compounds were isolated: 4-vinylguaiacol (II); 
acetovanillone (V) and dihydroferulic acid (VII), which 
were elucidated using1H-NMR and MS-EI techniques 
(Table 1). 

Table 1. Products isolated from the biotransformation of the FA.

Metabolite 1H NMR (CDCl3, 300 MHz) and MS-EI Microorganism

4-vinylguaiacol (II)

1H NMR (CDCl3, 300 MHz):δ 3.88 (s, 3H, - OCH3), 5.15 (d, 1H, J = 10.8, =CH2), 
5.61 (d, 1H,J = 17.5, =CH2), 5.78 (s, 1H, -OH); 6.67(dd, 1H, J = 17.5, 10.8, =CH), 
6.88-6.96(m, 3H, H-Ar).MS-EI, m/z [int. rel.]: 150 [100](M+), 135[80](M+-CH3), 107[42]
(M+- C2H4-CH3), 77 [35](C6H5

+). Retention time: Rt = 13.71 min.

C. acutatum
L. theobromae

Acetovanillone (V)

1H NMR (CDCl3, 300 MHz):δ 2.47 (s, 3H, -CH3), 3.90 (s, 3H, -OCH3), 6.88 (d, 1H, 
J=8.7, H-Ar), 7.45-7.47 (m, 2H, H-Ar). MS-EI, m/z [int. rel.]: 166[54](M+), 151[100]
(M+-CH3), 123[25](M+-CO-CH3), 108[6], 93 [3].Rt = 17.93 min.

C. acutatum
L. theobromae

Dihydroferulic acid (VII)

1H NMR (CDCl3, 300 MHz):δ 2.60 (t, 2H, J = 7.7, -CH2), 2.84 (t, 2H, J = 7.5, -CH2), 
3.90 (s, 3H, -OCH3), 5.10 (s, 1H, -OH), 6.66 (dd, 1H, J = 8.0, 2.0, H-Ar), 6.69 (d, 1H, 
J = 2.0, H-Ar), 6.81 (d,1H, J = 8.0, H-Ar).

C. acutatum
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The spectroscopic data for the compounds (II), (V), and 
(VII) agree with the values reported in the literature. 
Compound (II) presented a molecular formula C9H10O2 
consistent with the molecular ion, M+ = 150 amu. The 
1H-NMR spectrum of compound (II) showed the singlet 
characteristic of the methoxy group (δ 3.88 ppm), a 
multiplete that corresponded to three aromatic protons 
(δ 6.88-6.96 ppm), and the two olefinic protons (δ 5.15, 
5.61 and 6.67 ppm) with their respective multiplicities, 
which agrees with the reported by Karmakar et al. (2000). 
In (V), 1H-NMR spectrum showed the presence of two 
singlets (δ 2.47 and 3.90 ppm) assigned respectively 
to the methyl and methoxy groups, and three aromatic 
protons (δ 6.88 and 7.45-7.47 ppm); these characteristics, 
together with the molecular ion (M+ = 166 amu) and 
fragmentation pattern in the mass spectrum agree with 
the reported by Luo et al., 2008. For the compound (VII), 
the coupling pattern described an ABX system of three 
aromatic protons; furthermore, there were two up field 
triplets that corresponded to the methylene groups of the 
lateral propionic chain and a singlet (3H, δ 3.90 ppm), 
that corresponded to the methoxy group, agreeing with 
the report by Saha et al.(2003).

Other biotransformation products were detected using 
TLC and GC-MS analyses and they were identified 
by comparison with the NIST 2002 mass spectral 
library. Both C. acutatum and L. theobromae produced 
the compounds 4-ethylguaiacol (I), vanillin (III), and 
vanillic acid(IV). Only the extract of L. theobromae had 
homovanillic alcohol (VI). The mass fragmentation data 
of the detected metabolic products corresponded to: 
4-ethylguaiacol (I) (Rt = 12.07 min; m/z [int. rel.]: 152[30](M+), 
137[100](M+-CH3), 122[10](M+-C2H6), 109[3], 91[3]); vanillin 
(III)(Rt = 15.97 min; m/z [int. rel.]: 152[90](M+), 151[100]
(M+-H), 137[7](M+-CH3), 123[15](M+-CO-H), 109[16](M+-
CH2CO-H),93[3]; vanillic acid(IV) (Rt = 17.19 min; m/z 
[int. rel.]:168[77](M+), 153[100](M+-CH3), 135[7], 125[43], 
110[11], 93[70](M+-CO2-H2CO-H)); and homovanillyl 
alcohol (VI) (Rt = 18.84 min; m/z [int. rel.]:168(M+)[32], 
137[100](M+-H2CO-H), 122 [11], 107[3], 94 [7]).

Among the isolated and identified compounds produced 
by both fungi, those that had flavoring properties were 
notable. The commercial value of the compounds (I) 
and (II) is almost 40 times higher than that of ferulic acid 
(Mishra et al., 2014). The compound 4-ethylguaiacol (I) 

possesses a spicy to bland odor; it is responsible for the 
aroma and flavor of Belgian wheat and German Rauch 
beers (Mathew and Abraham, 2004; Priefertet al., 2001), 
it has also been used in soy sauce and wine and as a 
fragrance in the perfume industry (Krings et al., 2001; 
Priefert et al., 2001). Vanillin (III) is a highly appreciated 
aromatic compound in the world and is used as flavoring 
for food and drinks and is used in pharmaceutical 
products. Additionally, it has antioxidant, preservative, 
antimicrobial and antimutagenic properties (Zhao and 
Moghadasian, 2008; Cerrutti and Alzamora 1996; 
Shaughnessyet al., 2001). The vanilla flavor, that is to 
say vanillin, is obtained from the plant Vanilla planifolia 
as gluco-vanillin (Daugsch and Pastore, 2005). A large 
number of microorganisms has been used for the 
bioconversion of FA in vanillin, including Gram-negative 
bacteria of the Pseudomonas genus (Civolani et al., 
2000; Plaggenborg et al., 2003), actinomycetes of the 
Amycolatopsis and Streptomyces genera (Achterholtet 
al., 2000), Gram-positive bacteria such as Bacillus 
subtilis (Plaggenborget al., 2001) and Rhodococcus sp. 
(Plaggenborg et al., 2006) and the basidiomycete fungus 
Pycnoporus cinnabarinus (Lesage-Meessen et al., 
1996). For its part, acetovanillone (V) has been reported 
as a minor metabolite of the degradation of ferulic acid 
by some microorganisms (Krings et al., 2001; Priefert 
et al., 2001). Furthermore, acetovanillone, or apocynin 
as it is commonly known, is a medicament isolated from 
the medicinal root of Picroria kurroa (Lapperre et al., 
1999); it has numerous therapeutic applications and 
is a potential inhibitor of the formation of NADPH and 
peroxynitrite, which have damaging effects on human 
tissue (Lafeber et al., 1999; Muijsers et al., 2000).

Time-course experiments for the biotransformation 
of FA with L. theobromae and C. acutatum
In order to evaluate the relative abundance of the 
substrate and the metabolic products over time, the FA 
was incubated with the microorganisms L. theobromae 
and C.acutatum for 312 and 360 h, respectively. Daily, 
the culture medium of each Erlenmeyer flask was 
removed and extracted with EtOAc. Subsequently, 
the extracts were analyzed with TLC and GC. Figure 
3 shows how the substrate was converted by L. 
theobromae mainly into the metabolite (II) and other 
minor products [(I), (III), (V), and (VI)]. The FA was 
essentially transformed into (II), reaching a relative 
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abundance of 95% in the first 24 h; afterwards, the 
concentration slowly decreased to 80% at 312 h. For 
their part, the compounds (I), (III) and (VI) increased 
in relative abundance after 24 h, reaching their highest 
concentration at 72 h. During the biotransformation 

(>72 h), the quantities of (III) and (VI) remained 
approximately constant, under 2 and 4%, respectively; 
while the compound (V) had a significant increase after 
168 h and its relative abundance increased to 13% (312 
h). 

Figure 3. Evolution over time of the products of the FA biotransformation with L. thebromae. The left axis correspond to relative abundance 
of 4-vinylguaiacol.

Figure 4 demonstrates how C. acutatum transformed 
the substrate into two major metabolites [(I) and (II)] 
and some minor products [(III), (IV), (V)]. Under the 
previously described conditions, the transformation of FA 
mainly produced the compound (II), reaching a relative 
concentration close to 90% (24 h), which subsequently 
decreased to 70% (360 h), while (I) reached its maximum 

abundance at 48 h (~20%). In addition, (III) appeared after 
48 h, reaching its highest concentration at 144 h; this fact 
coincides with the decrease in (I) and (II). The compound 
(IV) had an appreciable increase after 144 h and its 
relative abundance increased until reaching 10% at 360 
h. Meanwhile, (V) was produced at low concentrations 
and its concentration was always below 2%. 

Figure 4. Evolution over time of the products of the FA biotransformation with C. acutatum. The left axis correspond to relative abundance 
of 4-vinylguaiacol.
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When comparing the progress of the biotransformation, 
it appeared that both microorganisms transformed the 
FA mainly into the compound 4-vinylguaiacol (II), with 
the highest abundance obtained with L. theobromae; 
with this microorganism, the highest proportion of 
acetovanillone (V) was also reached in the final period 
of the transformation. The elevated conversion of FA 
into (II) demonstrated the high efficiency of both fungi 
for carrying out the non-oxidative decarboxylation 
process. In the fermentation with C. acutatum, the 
content of 4-ethylguaiacol (I) was higher than that 
obtained with L. theobromae; while homovanillyl 
alcohol (VI) and vanillic acid (IV) were only detected 
when using L. theobromae and C. acutatum as the 
biocatalyizer, respectively. 

Integrated metabolic pathway of FA in C. acutatum 
and L. theobromae
A possible metabolic pathway for the biotransformation 
of FA with the fungi C. acutatum and L. theobromae 

(Figure 5) was established with the structure of the 
obtained products and the experiments over time.

Both microorganisms have the ability to carry out non-
oxidative decarboxylation reactions on FA in order 
to produce the major compound (II), via ferulic acid 
decarboxylase (Donaghyet al., 1999). A mechanism for the 
decarboxylation catalyzed by ferulic acid decarboxylase 
comprises the enzymatic isomerization of FA to a quinoid 
intermediate which is then decarboxylated spontaneously 
(Huang et al., 1993). The decarboxylation of FA can 
form part of a detoxification system in order to maintain 
the level of fungitoxic compounds under a threshold 
concentration; a similar mechanism has been observed 
in the secondary metabolism of phenylpropenoic acid 
(Seshime et al., 2005). Enzymatic studies related to 
the decarboxylation of FA to produce (II) have mainly 
been carried out with bacteria and yeasts (Mishra et 
al., 2014; Priefert et al., 2001). High concentrations of 
4-vinylguaiacol were obtained by Karmakar et al. (2000) 

Figure 5. Possible metabolic pathway of FA with the fungi C. acutatum and L. theobromae.

and Mathewet al. (2007) in cultures of Bacillus coagulans 
BK07 (908 mg L-1) and Debaryomyces hansenii (1470 
mg L-1). The subsequent hydrogenation of (II) with the 
enzyme vinylphenol reductase (Godoy et al., 2008) resulted 
in 4-ethylguaiacol (I), which had its highest proportion 
when C. acutatum was used. On the other hand, minor 
compounds, such as vanillin (III) and vanillic acid (IV), are 

probably obtained through β-oxidation of FA that occurs 
by a mechanism analogous to the β-oxidation of fatty acids 
(Rosazza et al., 1995). Di Gioia et al. (2011) proposed that 
FA is activated by the enzyme feruloyl–CoA synthetase 
(EC 6.2.1.34) to produce feruloyl-CoA; subsequently, the 
thioester is hydrated and cleaved by the enzyme enoyl-CoA 
hydratase/aldolase (EC 4.2.1.101), resulting in vanillin and 
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acetyl-CoA.Alternatively, the elimination of one acetate 
unit from the lateral chain (a retro-aldol elimination) to 
afford vanillin is one of the more common routes for the 
metabolism of FA by bacteria, yeasts, and fungi (Rosazza 
et al., 1995). Afterwards, the enzymatic action of vanillin 
dehydrogenase on vanillin generates vanillic acid (IV). On 
the other hand, Priefertet al. (2001) indicated that (III) is 
originated from (II) through hydration,via the intermediate 
4-(1’-hydroxy) ethylguaiacol and the subsequent elimination 
of the methyl group. In this way, acetovanillone (V) can 
come from 4-(1’-hydroxy) ethylguaiacol through the 
oxidation. Meanwhile, dihydroferulic acid (VII) is originated 
from the reduction of the double bond C-C of FA. Finally, 
homovanillyl alcohol (VI) may result from the hydration of 
(II) or from reduction of (VII). 

CONCLUSIONS
The results suggest that the filamentous phytopathogenic 
fungi C. acutatum and L. theobromae have the ability 
to decarboxylize the lateral chain of ferulic acid as 
the principal metabolic pathway. In the process, 
4-vinylguaiacol is a principal product, which reaches its 
highest abundance in the first 48 h of the biotransformation. 
Other minor metabolites, such as acetovanillin, vanillin, 
and ethylguaiacol, were also detected. These compounds 
have great commercial importance in the industries of 
flavorings and fragrances. For this reason, C. acutatum 
and L. theobromae have considerable potential as 
biocatalyzers for the production of 4-vinylguaiacol. 
Nevertheless, further studies are needed to clarify the 
optimal conditions and the enzymes that are involved. 
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