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Abstract 

Purpose  Biovalorization of lignin-derived aromatic monomers such as ferulic acid (FA) has attracted considerable 
interest. The cold-adapted strain Paraburkholderia aromaticivorans AR20-38 converts FA to the value-added product 
vanillic acid (VA), without further VA degradation. The efficiency of the bioconversion of FA to VA was optimized by 
studying culture conditions.

Methods  Various cultivation parameters (agitation, temperature, FA concentration, nutrient supplementation) were 
assessed to increase biomass production and shorten the cultivation time, while obtaining high VA production yields. 
The fate of the intermediate vanillin was also studied. Lignin monomers and degradation products (FA, vanillin, VA) 
were quantified via UV/Vis-HPLC.

Result  Full bioconversion of 5 mM FA occurred over a broad temperature range of 5–30 °C. Concentrations up 
30 mM FA were utilized as the sole carbon source at 20 °C. Molar VA yields (> 90%) produced from 5 to 12.5 mM FA 
and from 15 to 17.5 mM FA (82–87%) were not significantly different at 10 °C and 20 °C. The supplementation of the 
mineral medium with monosaccharides (glucose, fructose, mannose) and/or N-rich complex compounds (yeast 
extract, casamino acids) resulted in high biomass production, accelerated FA bioconversion, and high molar yields 
(96–100%). The presence of the N-rich compounds alone or in combination with glucose reduced the incubation 
time necessary to convert FA to VA. Vanillin, formed as an intermediate during FA degradation, was consumed and 
converted to VA before FA metabolization, when added in combination with FA. Vanillin bioconversion was signifi-
cantly accelerated in the presence of glucose.

Conclusion  The variation of culture conditions improved the efficiency of the studied strain to convert FA via vanillin 
to VA and demonstrated remarkable FA bioconversion under varying environmental conditions, especially tempera-
ture, substrate concentration, and nutrient availability, which is of importance for potential future application.

Keywords  Lignin-derived aromatic monomers, Ferulic acid, Vanillin, Vanillic acid, Bioconversion, Cold-adapted 
Paraburkholderia

Background
Lignin, one of the most abundant polymers on earth 
(Ganewatta et al. 2019), is the largest renewable reservoir 
of organic material and could be used for the substitu-
tion of petroleum-based fuels and aromatic chemicals 
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(Chauhan 2020; Wang et al. 2019; Xu et al. 2019). The val-
orization of lignin is a great challenge due to its complex 
and heterogeneous structure. Several chemical and phys-
ical methods, such as pyrolysis, hydrogenation, selective 
oxidation, and treatment under hydrothermal and super-
critical conditions, have been developed for lignin depo-
lymerization. However, these technologies use expensive 
chemical catalysts and require extensive separation and 
purification procedures (Chauhan 2020; Xu et  al. 2019 
and refs. therein). The biological treatment of the recal-
citrant polymer lignin is an ecologically friendly alterna-
tive for lignin valorization (Chauhan 2020; Sharma et al. 
2018; Xu et  al. 2019). Microbial biotransformations are 
important tools for the renewal of natural resources by 
conversion into commercially valuable products (Brunati 
et al. 2004; Mishra et al. 2016). In nature, lignin depolym-
erization is initiated by fungi, especially wood-rotting 
basidiomycetes, the produced products (lignin mono-
mers, dimers, and other low molecular mass aromatic 
compounds) can be utilized efficiently by bacteria (Lub-
bers et  al. 2019; Xu et  al. 2019). Cellular constituents, 
such as bacterial enzymes, are a promising source for 
complete lignin depolymerization (Chauhan 2020).

Since lignin is a complex matrix of aromatic (phenolic) 
and aliphatic compounds, it is a rich resource of renew-
able aromatic compounds that could be of biotechnologi-
cal interest (Brink et al. 2019; Lubbers et al. 2019). In the 
context of the bio-valorization of lignin-derived aromatic 
compounds, ferulic acid (FA) has attracted considerable 
interest. FA is a very abundant and (almost) ubiquitous 
plant constituent that can be found in the cell wall of a 
wide range of vegetation (Rosazza et al. 1995) and thus in 
common agricultural residues, such as cereal brans and 
sugar-beet pulp (Oddou et  al. 1999). FA bioconversion 
represents a promising way for the production of com-
mercially valuable fine chemicals such as vanillin and 
vanillic acid (VA) (Kaur and Chakraborty 2013; Rosazza 
et  al. 1995; Xu et  al. 2019). Both compounds are inter-
mediates of microbial FA degradation (Brink et al. 2019; 
Bugg et al. 2011; Lubbers et al. 2019; Xu et al. 2019). Van-
illin is one of the most important components of natural 
flavors and widely used in the food, pharmaceutical, and 
medical industry (Kaur and Chakraborty 2013; Rosazza 
et al. 1995; Xu et al. 2019). VA has a wide range of appli-
cations and is used as a flavoring agent and food pre-
servative, in the synthesis of polyester and oxygenated 
aromatic chemicals, such as vanillin, and in biomedical 
treatments due to its analeptic and antibacterial activity 
(Baniahmad et  al. 2020; Rosazza et  al. 1995; Upadhyay 
et al. 2020).

For the biotechnological application of FA biocon-
version to vanillin and VA by robust cell factories, the 
stable production of these compounds, without their 

further degradation to metabolites that enter the TCA 
cycle, is requested. Their further metabolization can 
be prevented by genetic engineering (dos Santos et  al. 
2022; Luziatelli et  al. 2019). However, the accumula-
tion of VA from FA degradation by native bacterial (and 
fungal) strains has been described in a number of stud-
ies (e.g., Ashengroph et  al. 2012; Brunati et  al. 2004; 
Ghosh et  al. 2007; Lu et  al. 2020; Mishra et  al. 2016). 
In an earlier study, we described the stable accumula-
tion of high amounts of VA by the cold-adapted bacte-
rial strain Paraburkholderia aromaticivorans AR20-38 
isolated from Alpine forest soil (Margesin et al. 2021). 
The potential of representatives of the genus to degrade 
aromatic compounds has been reported recently (Lee 
et  al. 2019; Vanwijnsberghe et  al. 2021). To benefit 
from bioconversion, high yields from high substrate 
amounts, in particular under varying environmental 
conditions (such as fluctuating temperature), are desir-
able for biotechnological applications. Therefore, it was 
the aim of this study to optimize the bioconversion of 
FA to VA by strain P. aromaticivorans AR20-38. We 
assessed various cultivation parameters (agitation, tem-
perature, FA concentration, nutrient supplementation) 
to increase biomass production and shorten the culti-
vation time, while obtaining high VA production yields. 
We also studied the fate of the intermediate vanillin, 
which could not yet be demonstrated by cultivation.

Materials and methods
Strain
The bacterial strain P. aromaticivorans AR20-38 used in 
this study was isolated from soil from an Alpine conif-
erous forest site (Franca et  al. 2016) and identified as 
described (Berger et  al. 2021; GenBank accession no. 
MT281269). The whole genome was sequenced and 
the resulting draft genome sequence of the strain has 
been described (Poyntner et al. 2020; GenBank BioPro-
ject number PRJNA624061). The strain was deposited 
in the China General Microbiological Culture Collec-
tion Center (CGMCC 1.18749). The strain was stored 
at − 80 °C using ROTI©Store cryovials.

Chemicals
Trans-ferulic acid (FA; Sigma-Aldrich 128,708), vanillin 
(Merck 818,718), and vanillic acid (VA; Merck 841,025) 
were of chromatographic pure grade. Stock solutions 
(0.5–1 M) were prepared in DMSO and stored at 4 °C. 
Preliminary studies showed that the final amount of 
DMSO in the cultivation flasks did not affect bacterial 
growth.
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Effect of cultivation parameters (temperature, agitation, 
and FA concentration) on bioconversion of FA to VA
Biodegradation assays were carried out as previously 
described (Margesin et al. 2021) in 100-mL Erlenmeyer 
flasks with screw caps containing 20  mL of mineral 
salts medium (MM) supplemented with FA as the sole 
carbon source. To ensure sufficient aeration, the culture 
flasks were opened regularly under sterile conditions. 
The pH-neutral MM contained (compositions indi-
cated per liter) Na2HPO4 × 2H2O (3.5 g), KH2PO4 (2 g), 
(NH4)2SO4 (1 g), MgSO4 × 7 H2O (0.2 g), Ca(NO3)2 × 4 
H2O (0.05  g), ammonium iron(III) citrate (10  mg), a 
trace element and a vitamin solution (Margesin and 
Schinner 1997; Margesin et al. 2021).

For inoculation, a preculture of P. aromaticivorans 
AR20-38 grown in MM containing glucose (2  g/L) as a 
carbon source was prepared. The bacterial cells were sep-
arated by centrifugation (10,000 × g for 10 min), washed 
twice with sterile MM and suspended in MM. The initial 
(t0) optical density at 600 nm (OD600) in the inoculated 
flasks was adjusted to 0.05 by inoculation with an ade-
quate aliquot of the pre-culture. Two negative controls 
contained (1) sterile medium supplemented with FA and 
(2) inoculated medium without FA. Growth (OD600), pH 
of the cultures, and the concentrations of FA and VA were 
monitored in samples collected at regular time intervals. 
All experiments were performed in triplicate.

To evaluate the effect of agitation on bioconversion of 
5 mM FA, cultivation was done at 20 °C without shaking 
as well as on a rotary shaker at 150, 200, and 250  rpm. 
The effect of temperature on bioconversion of 5 mM FA 
to VA was studied at 150  rpm at temperatures ranging 
from 1 to 30 °C (5 °C intervals). To determine the effect 
of FA concentration on FA bioconversions, the strain was 
cultivated at 10 °C and 20 °C at 150 rpm in MM supple-
mented with 5, 10, 12.5, 15, 17.5, 20, 25, and 30 mM FA as 
sole carbon source. The pH of the medium was adjusted 
to 7.0 after the addition of the various FA concentrations.

Effect of medium composition (nutrient supplements) 
on bioconversion of FA to VA
The ability of strain P. aromaticivorans AR20-38 to utilize 
various sugars (monosaccharides: L-arabinose, D-fruc-
tose, galactose, D-glucose, D-mannose, D-xylose; disac-
charides: cellobiose, lactose, maltose, D-sucrose, starch; 
sugar alcohol: glycerol) and N-rich complex compounds 
(yeast extract (YE), casamino acids (CAS); thereafter 
named as N sources) for growth was tested by cultivation 
in MM supplemented with these compounds (0.2% w/v) 
at 20  °C and 150  rpm. Next, the strain was grown with 
various concentrations (0.05%, 0.1%, 0.2%, and 0.3% (w/v)) 
of D-glucose, D-fructose, D-mannose, YE, and CAS.

To test the effect of various nutrient supplements on 
bioconversion of 5 mM FA, the strain was grown at 20 °C 
and 150 rpm in MM containing 5 mM FA and 0.3% (w/v) 
of D-glucose, D-fructose, D-mannose, YE, or CAS. Each 
of the monosaccharides and the N sources was tested 
alone or in combination (Table 1). The control contained 
5  mM FA without nutrient supplementation. Sterile 
controls were prepared additionally. The preculture was 
obtained as described above. Growth (OD600), pH of 
the cultures, and the concentrations of FA and VA were 
monitored in samples collected at regular time intervals.

Effect of vanillin on bacterial growth
The growth-inhibiting effect of vanillin was studied in 
triplicate at 10 °C and 20 °C at 150 rpm in MM containing 

Table 1  Effect of supplementation of MM with nutrients (0.3% 
(w/v)), alone or in combination, on growth and VA production 
from 5 mM FA by P. aromaticivorans AR20-38 at 20 °C

Data represent mean values of three replicates. Different letters (a-f ) indicate 
statistically significant differences (p ≤ 0.05) between nutrients

Nutrient supplement Growth (OD600) Molar VA yield (%) 
from 5 mM FA

Without (control) 0.23 a 98.5 a

Glucose 2.75 c 101.9 a

Fructose 2.90 c 101.4 a

Mannose 2.76 c 100.8 a

Yeast extract 1.59 b 98.9 a

Casamino acids 1.30 b 96.2 a

Glucose + yeast extract 3.92 d 101.9 a

Glucose + casamino acids 4.39 e 95.0 a

Fructose + yeast extract 4.34 e 100.6 a

Fructose + casamino acids 4.44 e 98.1 a

Mannose + yeast extract 3.89 d 100.3 a

Mannose + casamino acids 3.90 d 96.4 a

Glucose 2.75 a 101.9 a

Glucose + yeast extract 3.92 b 101.9 a

Glucose + casamino acids 4.39 c 95.0 a

Fructose 2.90 a 101.4 a

Fructose + yeast extract 4.34 b 100.6 a

Fructose + casamino acids 4.44 b 98.1 a

Mannose 2.76 a 100.8 a

Mannose + yeast extract 3.89 b 100.3 a

Mannose + casamino acids 3.90 b 96.4 a

Yeast extract 1.59 a 98.9 a

Glucose + yeast extract 3.92 b 101.9 ab

Fructose + yeast extract 4.34 c 100.6 ab

Mannose + yeast extract 3.89 b 100.3 ab

Casamino acids 1.30 a 96.2 a

Glucose + casamino acids 4.39 c 95.0 a

Fructose + casamino acids 4.44 c 98.1 a

Mannose + casamino acids 3.90 b 96.4 a
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0.2% (w/v) glucose and vanillin at concentrations of 0 
(= control), 1, 2, 3, 4, and 5 mM.

Effect of medium composition (nutrient supplements) 
on bioconversion of vanillin to VA
To study vanillin bioconversion, P. aromaticivorans 
AR20-38 was grown in triplicate at 10 °C and 20 °C and 
150  rpm in MM containing 5  mM vanillin and supple-
mented with/without 5  mM FA. Additionally, medium 
variations were prepared by adding glucose or YE (0.3% 
w/v). The pH of the medium was adjusted to 7.0 after the 
addition of the various supplements. The preculture was 
obtained as described above. Growth (OD600), pH of 
the cultures, and the concentrations of vanillin, FA, and 
VA were monitored in samples collected at regular time 
intervals.

HPLC analysis
The samples for lignin monomer analysis were prepared 
as described previously (Margesin et al. 2022, 2021) and 
quantified via UV/Vis-HPLC (220 nm) using a RFQ Fast 
Acid column (50 × 7.8  mm, Phenomenex, Germany) as 
shown in Wagner et al. (Wagner et al. 2017). As external 
standards, FA, VA, and vanillin were used in concentra-
tions of 1, 5, and 10 mM.

Statistical data analysis
The statistical calculations were done using the soft-
ware Statistica 13. The normal distribution of data was 
confirmed by the Kolmogorov–Smirnov test. Data were 
analyzed by ANOVA (p ≤ 0.05), followed by the post 
hoc Fisher LSD test (p ≤ 0.05). Differences between cul-
tivation conditions, growth (OD600), and VA produc-
tion (molar yield) were considered significant when p 
was ≤ 0.05.

Results
In all biodegradation experiments, no abiotic losses could 
be detected over the whole incubation periods (data not 
shown). Thus, the differences between the initial and the 
residual FA, vanillin, and VA concentrations had to be 
attributed to bioconversion by strain P. aromaticivorans 
AR20-38. The initial pH of 7.0 in the culture media was 
not affected during growth and biodegradation.

Molar VA yields were calculated from the initial con-
centrations of FA and vanillin and the produced VA con-
centration. Bioconversion per cell dry mass could not 
be calculated because cells of strain P. aromaticivorans 
AR20-38 do not sediment sufficiently after centrifuga-
tion. However, biomass-related VA production was high-
est, when OD600 values were low (indicated in tables and 
figures) and thus followed tendentially the opposite trend 
of biomass production.

Effect of agitation on FA bioconversion
Shaking of the culture flasks had a significantly positive 
effect on growth, FA biodegradation and VA production 
by strain P. aromaticivorans AR20-38 compared to the 
performance under unshaken conditions (Fig.  1). There 
were no significant differences (p ≤ 0.05) between the dif-
ferent shaking speeds tested (150, 200, 250 rpm) (Table 2). 
The highest FA bioconversion was noted after 4  days at 
20 °C with shaking, regardless of the shaking speed, while 
7  days were needed for the same performance without 
shaking. However, the shaking speed had no significant 
effect (p ≤ 0.05) on the molar VA yield (97–98%) obtained 
in the stationary growth phase of the strain (Table 2).

Effect of temperature on FA bioconversion
During an incubation period of 18 days, strain P. aromati-
civorans AR20-38 was able to degrade 5 mM FA and fully 
convert it into VA over a temperature range of 5–30  °C 
(Fig. 2). Almost no growth and biodegradation could be 
observed at 1 °C. An increase in biomass production was 
accompanied by FA degradation and stable VA accumu-
lation due to FA bioconversion. The intermediate vanillin 
was not detected at any of the incubation temperatures 
tested and therefore not excreted from cells.

Biodegradation (bioconversion) was fastest at 
20–30  °C, where at least 95% degradation was noted 
within 3  days, closely followed by 15  °C (4  days), while 
7 days were needed at 10  °C. At 5  °C, growth, and thus 
also biodegradation, were considerably delayed; none-
theless, more than 90% of 5  mM FA were degraded 
after 16  days. When maximum biomass formation had 
occurred, there was no significant difference (p ≤ 0.05) 
between the molar (98–100%) VA yield produced from 
FA at temperatures ranging from 5 to 30 °C (Table 3). The 
highest biomass formation was noted at 5  °C, followed 
by that produced at 25–30  °C (not significantly differ-
ent, p ≤ 0.05) and at 10–20 °C (not significantly different, 
p ≤ 0.05). This was also observed in MM containing glu-
cose as the sole carbon source (data not shown).

Effect of FA concentration on bioconversion
Remarkably, strain P. aromaticivorans AR20-38 was 
able to grow well in the presence of 5–30  mM FA 
at 20  °C (within 20  days); growth was always paral-
leled by full FA degradation and stable VA produc-
tion (Fig.  3). Generally, increased FA concentrations 
resulted in increased biomass formation but delayed FA 
bioconversion. Full degradation of 5–17.5 mM FA was 
obtained within 3 days (5 mM), 5 days (10 mM),7 days 
(12.5  mM), 12  days (15  mM), or 14  days (17.5  mM). 
Of 20–25 mM and 30 mM FA, less than 5% of the ini-
tial concentration was left after 15–16 and 20  days of 
incubation, respectively. While molar VA yields > 90% 
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(91–100%) were obtained from bioconversion of initial 
FA concentrations of 5–12.5 mM and 15–17.5 mM FA, 
respectively, only 62% VA (the significantly (p ≤ 0.05) 

lowest molar yield compared to that from lower FA 
concentrations) were produced from 30 mM FA (Fig. 3, 
Table 4).

Fig. 1  Effect of agitation on growth (upper panel), degradation of 5 mM FA (middle panel), and VA production (lower pannel) by P. aromaticivorans 
AR20-38. Data represent mean values of three replicates (SDs < 10%)
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At 10  °C, however, growth and biodegradation were 
significantly delayed (by 2–3 days) in comparison with 
the performance at 20  °C: for example, 15 and 28 days 
were needed for full degradation of 10 and 17.5 mM FA, 
respectively. Of 20  mM FA, 21% remained untouched 
after 32  days; however, the stationary growth phase 
was not yet reached. Molar VA yields > 90% (92–99%) 
and > 80% (82–87%), respectively, were obtained 
from bioconversion of initial FA concentrations of 
5–12.5  mM and 15–17.5  mM FA, respectively; how-
ever, a significantly (p ≤ 0.05) lower yield of 68% was 
produced from 20 mM FA (Fig. 3, Table 4). Due to the 
delayed growth with 20 mM FA, higher concentrations 
(25 mM and 30 mM) were not tested at 10 °C.

Nonetheless, molar VA yields produced from 5 
to 12.5  mM FA (> 90%) and from 15 to 17.5  mM FA 
(82–87%) were comparable at 10 °C and 20 °C. In fact, 
there were no significant (p ≤ 0.05) differences between 
molar VA yields produced from 5 to 17.5 mM at 10 °C 
and 20  °C; only yields from 20  mM FA were signifi-
cantly higher at 20 °C (78%) than at 10 °C (68%) (Fig. 4).

Effect of medium composition (nutrient supplements) 
on bioconversion of FA to VA
Strain P. aromaticivorans AR20-38 was able to utilize all 
monosaccharides tested (growth was lowest with L-ara-
binose and D-xylose), glycerol as well as YE and CAS for 
growth. The tested disaccharides resulted in absent or 
very weak growth. The highest biomass formation was 
obtained with the monosaccharides D-fructose, D-glu-
cose, and D-mannose, and with the N sources CAS and 
YE extract (data not shown). Therefore, these compounds 
were used to test the effect of nutrient supplementation 
on FA bioconversion.

Next, the strain was grown with various concentra-
tions (0.05%, 0.1%, 0.2%, and 0.3% (w/v)) of D-glucose, 
D-fructose, D-mannose, YE, and CAS. P. aromaticivorans 
AR20-38 could utilize all tested compounds in all added 
concentrations; the higher the concentration, the higher 
biomass formation was (Fig. 5). Biomass formation from 

Table 2  Effect of aeration on growth and VA production from 
5 mM FA by P. aromaticivorans AR20-38 at 20 °C

Data represent mean values of three replicates. Different letters (a, b) indicate 
statistically significant differences (LSD, p ≤ 0.05) between shaking speeds

rpm Growth (OD600) Molar VA yield (%) 
from 5 mM FA

0 0.155 a 97.1 a

150 0.208 b 97.7 a

200 0.208 b 97.7 a

250 0.211 b 97.9 a

Fig. 2  Effect of temperature on growth (upper panel), degradation 
of 5 mM FA (middle panel), and VA production (lower pannel) by 
P. aromaticivorans AR20-38. Data represent mean values of three 
replicates (SDs < 10%)
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the three sugars was always comparable and significantly 
higher than that produced from CAS and YE.

Finally, it was evaluated whether the supplementa-
tion of MM with the C or/and N sources, alone or in 
combination, would stimulate or accelerate 5  mM FA 
biodegradation at 20 °C. Indeed, the MM supplementa-
tion with nutrients influenced growth (incubation time 
and biomass production) and FA bioconversion signifi-
cantly (Table 1, Fig. 6). There was no FA release or VA 
production from any of the tested nutrient supplements 
as observed in control samples. Biomass production in 
the stationary growth phases with 5 mM FA as the sole 
carbon source was almost sixfold higher in the presence 
of an additional N source, about 12-fold higher in the 
presence of an additional carbon source (without sig-
nificant differences between glucose, fructose, and man-
nose) and even 17–19-fold higher if monosaccharides 
and N sources were combined. Among additionally 
added C sources (sugars), the lag phase was shortest in 
the presence of glucose. The stationary growth phases 
were obtained after 2  days with glucose and fructose 
and after 3 days with mannose, which were also needed 
in case of FA as the sole C source and in case of sup-
plementation with YE and CAS. In case of YE and CAS, 
growth after 1  day was already close to the stationary 
phase (Fig. 6).

VA yield produced from 5  mM FA correlated with 
growth. But in contrast to biomass formation, molar VA 
yield in the stationary growth phase was not significantly 
influenced by MM supplementation with nutrients, nei-
ther alone nor in combination, and was always in the 
range of 96–100% (Table 1).

Importantly, nutrient supplements influenced the incu-
bation time required for full FA biodegradation (and 
thus VA production). With 5 mM FA as the sole carbon 
source, full FA bioconversion was obtained after 3 days, 
as it was the case when MM was supplemented with one 
of the three monosaccharides tested alone or with combi-
nations of mannose with YE or CAS or with fructose and 
YE. The presence of YE, CAS as well as the combination 
of glucose with YE or CAS reduced the incubation time 
from 3 to 2 days. In contrast, the supplementation with 
fructose and CAS delayed the incubation time to 4 days 
(Fig. 7).

When 5 mM FA was the sole carbon source, still 65% of 
the initial concentration was detected after 2 days, while 
nutrient supplementation had already resulted in more 
than 90% or even full FA degradation (Fig. 6). After 1 day 
of incubation, FA degradation was fastest in the presence 
of YE. Interestingly, the presence of YE or CAS resulted 
in a comparable bioconversion speed like the presence 
of monosaccharides despite significantly lower biomass 
production.

Growth‑inhibiting effect of vanillin
The effect of vanillin on the growth of strain P. aromati-
civorans AR20-38 in MM supplemented with glucose 
(0.2% w/v) as carbon source was determined at 10  °C 
and 20 °C, since good growth and FA bioconversion were 
observed at these two temperatures (Fig. 2).

A decrease in temperature resulted in an increased 
growth-inhibiting effect of vanillin (Table  5). At 20  °C, 
1–4 mM vanillin had no growth-inhibiting effect and did 
not delay growth; the stationary phase in the presence of 
0–4 mM vanillin was reached after 2 days. Only a concen-
tration of 5 mM vanillin resulted in significant (p ≤ 0.05) 
growth inhibition of 11% (which was significantly lower 
than growth inhibition at 10  °C) and an increased lag 
phase (stationary growth phase after 4  days). At 10  °C, 
already a concentration of 1  mM vanillin inhibited 
growth significantly, however only by 8%; 2–5 mM vanil-
lin had a significantly (p ≤ 0.05) higher negative effect and 
inhibited growth by 30% on average (Table 5). The higher 
the vanillin concentration, the longer was the time to 
reach the stationary growth phase.

Effect of medium composition (nutrient supplements) 
on bioconversion of vanillin to VA
Figure 8 (A-C) shows the time course of growth as well as 
VA production from 5 mM vanillin and 5 mM FA at 10 
°C and 20 °C. All parameters were delayed at 10 °C com-
pared to 20 °C, however, with the same final result.

Independent of the cultivation temperature, the strain 
showed almost no growth in the presence of 5 mM van-
illin as the sole carbon source or in combination with 
5 mM FA, while considerable growth was obtained when 
the medium was supplemented with 0.3% (w/v) YE. Bio-
mass formation even was approx. threefold (and thus 
significantly) higher in the presence of 0.3% (w/v) glu-
cose compared to YE. Biomass formation in the presence 
of FA was higher than in its absence. These results were 
obtained at both cultivation temperatures. With nutri-
ent supplementation, growth at 10 °C (stationary growth 
phase after 7–8 days) was delayed compared to growth at 
20 °C (stationary growth phase after 3 days of incubation) 
(Fig. 8A, B).

The medium supplementation with glucose or YE 
resulted in full vanillin degradation after 2 days at 20 °C 
and after 7 days at 10 °C, independently of the presence 
or absence of FA (Fig. 8A, B). The additional presence of 
5  mM FA demonstrated clearly that vanillin was always 
degraded first. FA consumption was completed after 
3–4 days at 20 °C and after 8 days at 10 °C. Both, 5 mM 
vanillin and 5 mM FA, were fully converted to VA, inde-
pendent of the temperature, with the exception of YE 
supplementation at 10 °C which resulted in a 90% molar 
VA yield. Notably, full bioconversion of vanillin, both, 



Page 8 of 17Ludwikowski et al. Annals of Microbiology           (2023) 73:11 

in the absence and in the presence of FA, was already 
obtained after 3  days at 20  °C if the medium was sup-
plemented with glucose. In contrast, 8 days were needed 
with YE supplementation (Table 6).

VA was even produced from 5  mM vanillin in the 
absence or presence of FA without nutrient supple-
mentation (Fig.  8C). The degradation of 5  mM vanil-
lin as the sole carbon source was accompanied by VA 
production with molar VA yields of 23% and 31% after 
11 days at 10 °C and after 8 days at 20 °C, respectively. 
In the presence of 5  mM FA, molar VA yields of 15% 
and 20% were obtained after 11 days at 10 °C and after 
8  days at 20  °C, respectively. After 32  days of incuba-
tion at 20 °C, the molar VA yield increased to 68 ± 7.3% 
(Table  6). Full biodegradation could not be obtained, 
since the incubation time used in this experiment was 
too short for the strain to reach the stationary growth 
phase.

No vanillin or FA degradation occurred in sterile con-
trols, nor was there any release of FA, vanillin, or VA 
from nutrient supplements, which demonstrates that VA 
production in all experiments had to be attributed to the 
activity of the studied strain.

Discussion
In a previous study (Margesin et al. 2021), we demon-
strated the ability of the cold-adapted strain P. aromati-
civorans AR20-38 to convert 5  mM and 10  mM FA to 
high amounts of VA (85–89% molar yield) over a tem-
perature range of 10–30  °C. The proposed pathway, 
based on the strongly differentially expressed genes 
in the transcriptome of the strain during bioconver-
sion of FA to VA, has been recently described (Poynt-
ner et  al. 2022). FA is metabolized by the activity of 
4-coumarate-CoA ligase to feruloyl-CoA. Subsequently, 
hydroxycinnamoyl-CoA hydratase lyase converts feru-
loyl CoA to vanillin, and finally, vanillin dehydrogenase 
converts vanillin to VA.

Here, we report the optimization of the bioconver-
sion of FA and the intermediate product vanillin by 
increasing biomass production and shortening culti-
vation time, thereby maintaining high VA production 
yields. For this, various cultivation parameters (agita-
tion, temperature, FA concentration, nutrient supple-
mentation) were assessed in detail.

The evaluation of the effect of agitation demonstrated 
clearly the positive effect of shaking. Better oxygen sup-
ply under shaking culture conditions resulted in accel-
erated performance (growth and FA bioconversion) 
compared to unshaken conditions. However, there was 
no significant effect between the shaking speeds tested 
(150–250  rpm); therefore, all further biodegradation 
experiments were carried out at a shaking frequency 
of 150 rpm. The cultivation of aerobic microorganisms 
requires sufficient oxygen supply. Due to its low solu-
bility, dissolved oxygen can become limiting for micro-
bial growth under unfavorable conditions (Schiefelbein 
et  al. 2013). Agitation (shaking) increases the surface 
area and subsequently the oxygen concentration in the 
medium.

Temperature is an important factor in biotechno-
logical applications. In this study, we demonstrated 
the capability of strain P. aromaticivorans AR20-38 
to degrade and fully convert 5  mM FA into VA over a 
broad temperature range of 5–30 °C. Despite the signifi-
cantly highest biomass formation at 5  °C, temperature 
(5–30 °C, 5 °C intervals) had no significant effect on the 
molar VA yield (98–100%) obtained from FA bioconver-
sion. Mass transfer rates were dramatically increased 
with increasing temperatures with no significant dif-
ference between incubation temperatures of 20–30  °C. 
Under those conditions, maximum FA degradation and 
bioconversion were achieved after 3  days. However, at 
the time of maximum biomass production (which was 
delayed at lower temperatures), molar VA yields were 
not significantly different over the entire temperature 
range tested. Unfortunately, we cannot compare our 
data with those obtained by others since the degrada-
tion of lignin-derived aromatic monomers has been 
generally determined under mesophilic or higher tem-
perature conditions, i.e., at temperatures ranging from 
28 to 37 °C (Abdelkafi et al. 2006; Ghosh et al. 2007; Lu 
et  al. 2020; Mishra et  al. 2016; Ravi et  al. 2017; Upad-
hyay et  al. 2020) or even higher (up to 50  °C, Khan 
et  al. 2022). The assessment of the genomic degrada-
tion potential of 67 Paraburkholderia strains was stud-
ied with strains grown at 20  °C (Vanwijnsberghe et  al. 
2021). There are no data available on low-temperature 
degradation of lignin-derived compounds by bacteria 
and yeasts, except for our studies (Berger et  al. 2021; 
Margesin et  al. 2022, 2021; Poyntner et  al. 2021). As 

Table 3  Effect of temperature on growth and VA production 
from 5 mM FA by P. aromaticivorans AR20-38

Data represent mean values of three replicates. Different letters (a-c) indicate 
statistically significant differences (LSD, p ≤ 0.05) between temperatures

Temperature (°C) Growth (OD600) Molar VA yield (%) 
from 5 mM FA

5 0.314 c 97.7 a

10 0.218 a 99.1 a

15 0.218 a 98.3 a

20 0.232 a 99.5 a

25 0.272 b 99.5 a

30 0.275 b 99.2 a
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previously indicated, the ability of the studied strain 
for low-temperature growth and degradation of lignin-
derived aromatic compounds can be attributed to its 
isolation source, an Alpine coniferous forest site (Franca 
et al. 2016). The presence of natural aromatic polymers 
in forest soils, such as lignin, humic substances, and 
tannins, favors the presence of microbial degraders 
(Vanwijnsberghe et al. 2021). Knowledge on the micro-
bial contribution to the biodegradation of naturally 
occurring substances in low-temperature environments 
is of great ecological importance.

In bioconversion studies, the efficient consump-
tion of high amounts of substrates with a high yield of 
the desired product is desirable. In our study, we could 
demonstrate the remarkable tolerance of strain P. aro-
maticivorans AR20-38 towards high concentrations of 
FA. Remarkably, the VA production yields obtained at 
10 °C and 20 °C (82–100%) from FA concentrations up to 
17.5 mM were not significantly (p ≤ 0.05) different. Yields 
from 20 mM FA were only lower by 10% at 10 °C (68%) 
than at 20 °C (78%). The yield produced from 30 mM FA 
at 20 °C was still high (62%). Thus, both FA concentration 

Fig. 3  Effect of FA concentration on growth (upper panels), FA degradation (middle panels), and VA production (lower pannels) at 10 °C (left panels) 
and 20 °C (right panels) by P. aromaticivorans AR20-38. Data represent mean values of three replicates (SDs < 10%)
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and temperature had a significant effect on FA biocon-
version. Biomass production increased with increased 
FA concentrations, which demonstrated the ability of the 
strain to metabolize high amounts of FA. An increase in 
FA concentration and a decrease in temperature resulted 
in a decreased bioconversion yield, which, however, could 
not be attributed to growth inhibition, since an increase 
in FA concentrations was accompanied at both tempera-
tures by an increase in biomass production; however, 
with longer lag phases. Increased lag phase elongation 
with increasing concentrations of phenolic compounds 
has also been observed in cultures of Saccharomyces cer-
evisiae (Adeboye et  al. 2014). Prolonged lag phases are 
an indication of stressed cells and might be a defense 
mechanism that allows bacteria to tolerate stress (Ber-
trand 2019). Long lag phases could also be an indication 
of the time required by the strain to repair cell damage 
and overcome inhibiting effects (Rolfe et al. 2012). In our 
study, long lag phases before growth on high amounts of 
FA indicated that the strain adapted successfully to sub-
optimal conditions. However, once maximum biomass 
formation was obtained, high VA yields were achieved. 
Nonetheless, the significantly lower VA yields found with 
high amounts of FA point to an inhibitory effect on FA 
metabolization that could not be overcome by time. Fur-
ther studies on the metabolites produced during FA bio-
conversion could elucidate the underlying biochemical 
mechanisms.

To the best of our knowledge, this is the first study to 
describe the efficient bioconversion of FA to VA from 

such high FA concentrations. In comparison, Ravi et  al. 
(2017) studied biodegradation and bioconversion of 
5  mM FA by Pseudomonas putida at 28  °C; the engi-
neered P. putida strain degraded 10 mM FA at 30 °C with 
a molar VA yield of 95% (Upadhyay et al. 2020). Biocon-
version of 5  mM FA by Streptomyces halstedii at 28  °C 
(Brunati et al. 2004) and by Bacillus licheniformis at 37 °C 
(Ashengroph et al. 2012) resulted in molar yields of 80% 
and 60%, respectively. Halomonas elongata converted 
5 mM FA at 37  °C to VA with a molar yield of 86%; FA 
concentrations higher than 5  mM inhibited growth by 
12%; 30 mM FA reduced growth by 27% (Abdelkafi et al. 
2006). The highest molar VA production yield (56%) by 
Streptomyces sannanensis was obtained from 5  mM FA 
at 28 °C; an increase in temperature (37 °C) and FA con-
centration (7.5–10  mM) resulted in considerably lower 
VA yields (Ghosh et  al. 2007). The conversion yield of 
Paenibacillus lactis at 37 °C was very low in the presence 
of 5 mM or 7.5 mM FA compared to 2.5 mM FA (33%) 
in the presence of FA as the sole carbon source (Mishra 
et  al. 2016). The comparison of these data with those 
from our study demonstrates impressively that the bio-
conversion efficiency of P. aromaticivorans AR20-38 (tol-
erance to high amounts of FA and high VA production 
yields at 10 °C and at 20 °C) is especially remarkable and 
points to its biotechnological relevance for the produc-
tion of the value-added product VA from FA.

Media composition is known to affect biodegradation. 
Since the biomass produced by P. aromaticivorans AR20-
38 in MM with FA as the sole carbon source was quite 
low, we assessed the effect of medium supplementation 
with three C sources (glucose, fructose, mannose) and 
two N-rich complex compounds (named as N sources; 
YE, CAS) on growth and FA conversion by the stud-
ied strain. MM supplementation with C and N sources 
alone resulted in an about sixfold and 12-fold higher 
biomass production, respectively. The combination of 
C and N sources even enhanced growth by a factor of 
17–19. These data demonstrate the significantly positive 
effect of nutrient supplementation on biomass produc-
tion. However, this was not the case for FA bioconver-
sion. The molar VA yield was not significantly different 
in the absence or presence of nutrient supplements and 
was always in the range of 96–100%. Nonetheless, due 
to accelerated growth, the incubation time necessary to 
achieve full bioconversion could be reduced from 3 to 
2 days at 20 °C in the presence of YE, CAS, or the com-
bination of glucose with YE or CAS. However, supple-
mentation with YE or CAS might also have provided the 
strain with additional micronutrients, vitamins, and trace 
elements.

Medium supplementation with nutrients to increase 
bacterial biomass formation and FA bioconversion has 

Table 4  Effect of FA concentration on growth and VA 
production from FA by P. aromaticivorans AR20-38 at 10  °C and 
20 °C

Data represent mean values of three replicates. Different letters (a-f ) indicate 
statistically significant differences (LSD, p ≤ 0.05) between FA concentrations

Concentration  
(mM FA)

Temperature 
(°C)

Growth 
(OD600)

Molar VA 
yield (%)

5.0 10 0.218 a 99.1 d

10.0 10 0.365 b 93.4 c

12.5 10 0.390 b 92.0 c

15.0 10 0.375 b 86.5 b

17.5 10 0.371 b 82.3 b

20.0 10 0.452 c 67.5 a

5.0 20 0.232 a 99.5 g

10.0 20 0.333 b 95.4 f

12.5 20 0.317 b 90.9 ef

15.0 20 0.307 b 86.2 de

17.5 20 0.361 b 82.3 cd

20.0 20 0.438 c 77.5 c

25.0 20 0.499 c 67.7 b

30.0 20 0.792 d 62.0 a
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been reported before. Mishra et  al. (Mishra et  al. 2016) 
observed that the addition of YE (0.05% w/v) increased 
the molar yield (57.3 vs. 33%) from 2.5  mM FA and 
reduced the time required for VA production by Paeni-
bacillus lactis, whereas the addition of an additional C 
source (glucose 0.1% w/v) did not increase VA concentra-
tion. Low amounts of YE (0.001% w/v) also increased the 
yield of VA production and acceleration production time 
by the transposon mutant Pseudomonas fluorescens (Civ-
olani et  al. 2000). Glucose supplementation (0.1% w/v) 
resulted in an increased production of VA by a factor of 
2 (however, still only 11.6% molar yield from 10 mM FA) 
by the fungus Paecilomyces variotii, while a decrease in 
VA accumulation was observed in the presence of the 
cheaper substrate starch (Ghosh et al. 2006).

During FA biodegradation to VA, bacteria produce 
the intermediate vanillin (Lu et al. 2020; Lubbers et al. 

2019; Ravi et al. 2018; Upadhyay et al. 2020). The anal-
ysis of the genome of strain P. aromaticivorans AR20-
38 demonstrated the presence of two genes encoding 
for the enzyme involved in the vanillin production 
from FA (ferulolyl-CoA synthase) and the degrada-
tion of vanillin to VA was evidenced by the presence 
of a gene encoding for vanillin dehydrogenase (vanil-
lin I funneling pathway) (eLignin Microbial Database, 
www.​elign​indat​abase.​com; Margesin et al. 2021). How-
ever, in all our biodegradation experiments the accu-
mulation of the intermediate vanillin could never be 
detected. Also, Muheim and Lerch (1999) could not 
detect vanillin accumulation during FA conversion to 
VA by Pseudomonas putida. This might be attributed 
to the toxic effect of the phenolic aldehyde vanillin on 
microorganisms and its rapid degradation or conver-
sion to non- or less toxic compounds like VA (Banerjee 

Fig. 4  Effect of temperature (10 °C and 20 °C) on VA production from various FA concentrations (10–20 mM) by P. aromaticivorans AR20-38. Data 
represent mean values of three replicates. Different letters (a, b) indicate statistically significant differences (LSD, P ≤ 0.05) between temperatures

Fig. 5  Effect of various concentrations (0.05–0.3% (w/v)) of monosaccharides (glucose, GLU; fructose, FRU; mannose, MAN), casamino acids (CAS), 
and yeast extract (YE) on biomass production by P. aromaticivorans AR20-38 at 20 °C. Data represent mean values of three replicates (SDs < 10%)

http://www.elignindatabase.com
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and Chattopadhyay 2019; Kaur et al. 2013; Lubbers et al. 
2019; Luziatelli et al. 2019; Ravi et al. 2017).

Therefore, we studied the effect of vanillin on the 
growth of strain P. aromaticivorans AR20-38 at two 
temperatures (10  °C and 20  °C). The growth-inhibiting 
effect of vanillin was significantly influenced by tempera-
ture and vanillin concentration. While concentrations 
of 2–5 mM vanillin inhibited growth at 10 °C by 30% on 

average, only a concentration of 5  mM vanillin resulted 
in comparatively slight growth inhibition (11%) at 20 °C. 
Thus, a decrease in temperature and an increase in vanil-
lin concentration resulted in reduced performance, par-
alleled by longer lag phases (the same effect was noted 
with increased FA concentrations, see above). Longer 
exposure times with the membrane-active compound 
vanillin (due to longer lag phases) might have resulted in 

Fig. 6  Effect of supplementation of MM with (0.3% w/v) glucose (GLU), fructose (FRU), mannose (MAN), yeast extract (YE), and casamino acids (CAS) 
(right panels); YE in combination with monosaccharides (middle panels), or CAS in combination with monosaccharides (right panels) on growth 
(top panels), 5 mM FA degradation (middle panels), and VA production (bottom panels) by P. aromaticivorans AR20-38 at 20 °C. Data represent mean 
values of three replicates (SDs < 10%)

Fig. 7  Effect of incubation time on molar VA yield (%) produced from 5 mM FA by P. aromaticivorans AR20-38 at 20 °C in MM supplemented with 
various nutrients
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negative interactions of vanillin with the cell membrane 
of the studied strain. The antibacterial activity of vanillin 
was found to be dependent on the exposure time, con-
centration, and the target microorganisms (Fitzgerald 
et al. 2004).

Since the ability of strain P. aromaticivorans AR20-38 
to produce the intermediate vanillin during FA biodeg-
radation was evident from genomic data (Margesin et al. 
2021), we assessed vanillin biodegradation in the absence 
and presence of FA as well as in the absence and presence 
of the nutrient supplements glucose and YE. Indeed, VA 
production from vanillin and from FA occurred at both 
temperatures tested (10  °C and 20  °C). Full bioconver-
sion of vanillin, independent of the presence of FA, was 
obtained in the presence of an additional nutrient sup-
plement (glucose or YE). Significantly accelerated vanil-
lin consumption occurred, however, only in the presence 
of glucose at 20  °C. VA was even produced from 5 mM 
vanillin in the absence or presence of FA without nutrient 
supplementation; however, no full bioconversion could 
be obtained since, in contrast to nutrient-supplemented 
assays, the stationary growth phase was not reached 
during the studied incubation period. Our data show 
clearly (1) that strain P. aromaticivorans AR20-38 con-
verted both FA and vanillin to VA, which confirmed our 
genomic data (Margesin et  al. 2021), and (2) that vanil-
lin was always consumed first (i.e., before FA). This dem-
onstrates the bacterial response to the toxic compound 
vanillin by its quick elimination, as described before 
(Muheim and Lerch 1999; Ravi et al. 2017). The elimina-
tion by degradation and conversion to VA was favored by 

a short lag phase and high amounts of biomass produced 
in the presence of nutrients.

Conclusion
The data reported in this study demonstrate a number of 
remarkable degradation properties of the cold-adapted 
strain Paraburkholderia aromaticivorans AR20-38. Its 
ability to accumulate VA by FA bioconversion has been 
described before (Margesin et al. 2021). In this study, the 
variation of culture conditions led to the following find-
ings and production improvements:

–	 Agitation favors growth and FA bioconversion; how-
ever, the studied strain is not sensitive to the agita-
tion speed (150–250 rpm), which facilitates its han-
dling.

–	 The strain has an excellent performance to com-
pletely convert 5  mM FA over a broad temperature 
range of 5–30 °C, with the fastest activity at 15–30 °C 
(3–4  days), followed by 10  °C (7  days) and 5  °C 
(16  days). This allows application in environments 
with fluctuating temperature conditions.

–	 The strain is able to handle very high concentrations 
(up to 30 mM) of FA. Despite delayed growth and bio-
degradation at 10 °C compared to 20 °C, there were no 
significant (p ≤ 0.05) differences between molar VA 
yields produced from 5 to 17.5 mM FA at 10  °C and 
20 °C. This demonstrates the excellent performance of 
the strain at low and moderate temperatures.

–	 The presence of additional nutrient supplements in 
the MM resulted in accelerated and full bioconver-
sion of 5  mM FA. Interestingly, the strain does not 
require a specific nutrient, which also facilitates VA 
production by saving time. Nonetheless, nutrient 
supplementation did not influence the molar yield, 
which points to the robustness of the strain.

–	 Biomass production could be significantly increased 
with higher FA concentrations and with nutrient 
supplementation. However, biomass increase did 
not influence VA yield. This is of advantage when 
VA production should be obtained (from natural 
sources) under varying nutrient or environmental 
conditions.

–	 Our studies proved the ability of the strain to utilize 
and convert vanillin, the intermediate produced dur-
ing bacterial FA degradation, both at 10 °C and 20 °C. 
Vanillin was always consumed first.

Our study adds knowledge on the utilization of lignin-
derived aromatic compounds by the bacterial genus 
Paraburkholderia under varying environmental condi-
tions, especially temperature, substrate concentration, 
and nutrient availability, which is of importance for 

Table 5  Effect of vanillin concentration (0–5  mM) on relative 
growth inhibition of P. aromaticivorans AR20-38 in MM with 
glucose (0.2% w/v) at 10  °C (100%: OD600 = 2.74 ± 0.02) and 
20 °C (100%: OD600 = 2.03 ± 0.04)

Data represent mean values of three replicates. Different letters (a-c) 
indicate statistically significant differences (LSD, p ≤ 0.05) between vanillin 
concentrations

Vanillin conc. (mM) Temperature (°C) Relative growth (%)

0 10 100.0 c

1 10 91.8 b

2 10 69.3 a

3 10 69.2 a

4 10 70.1 a 

5 10 70.0 a

0 20 100.0 b

1 20 103.3 b

2 20 102.0 b

3 20 98.5 b

4 20 100.0 b

5 20 89.4 a
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Fig. 8  A Effect of glucose (0.3% w/v) and YE (0.3% w/v) on growth and bioconversion of 5 mM vanillin to VA in the absence (top panels) or 
presence (bottom panels) of 5 mM FA by P. aromaticivorans AR20-38 at 10 °C. Data represent mean values of three replicates (SDs < 10%). B Effect 
of glucose (0.3% w/v) and YE (0.3% w/v) on bioconversion of 5 mM vanillin to VA in the absence (top panels) or presence (bottom panels) of 5 mM 
FA by P. aromaticivorans AR20-38 at 20 °C. Data represent mean values of three replicates (SDs < 10%). C Bioconversion of 5 mM vanillin to VA after 
32 days of incubation in the absence or presence of 5 mM FA (in the absence of nutrient supplements) by P. aromaticivorans AR20-38 at 10 °C (left 
panel) and 20 °C (right panel). Data represent mean values of three replicates (SDs < 10%)
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potential future application. Our study adds also knowl-
edge on the capability and potential of cold-adapted 
microorganisms (Collins and Margesin 2019) for the for-
mation of value-added products from natural resources 
like lignin. It has to be emphasized that the remark-
able biodegradation capacity described in this study was 
obtained with a native and not with an engineered strain. 
Further transcriptomic and in  vitro studies with resting 
cells and cell-free enzyme extracts should elucidate the 
expression and activity of enzymes involved in vanillin 
and FA bioconversion. FA bioconversion in agricultural 
residues will also be examined.
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