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Abstract 

Background Lignin is a highly abundant but strongly underutilized natural resource that could serve as a sustainable 
feedstock for producing chemicals by microbial cell factories. Because of the heterogeneous nature of the lignin feed-
stocks, the biological upgrading of lignin relying on the metabolic routes of aerobic bacteria is currently considered 
as the most promising approach. However, the limited substrate range and the inefficient catabolism of the produc-
tion hosts hinder the upgrading of lignin-related aromatics. Particularly, the aerobic O-demethylation of the methoxyl 
groups in aromatic substrates is energy-limited, inhibits growth, and results in carbon loss in the form of  CO2.

Results In this study, we present a novel approach for carbon-wise utilization of lignin-related aromatics by the inte-
gration of anaerobic and aerobic metabolisms. In practice, we employed an acetogenic bacterium Acetobacte-
rium woodii for anaerobic O-demethylation of aromatic compounds, which distinctively differs from the aerobic 
O-demethylation; in the process, the carbon from the methoxyl groups is fixed together with  CO2 to form acetate, 
while the aromatic ring remains unchanged. These accessible end-metabolites were then utilized by an aerobic bac-
terium Acinetobacter baylyi ADP1. By utilizing this cocultivation approach, we demonstrated an upgrading of guaiacol, 
an abundant but inaccessible substrate to most microbes, into a plastic precursor muconate, with a nearly equimo-
lar yields (0.9 mol/mol in a small-scale cultivation and 1.0 mol/mol in a one-pot bioreactor cultivation). The process 
required only a minor genetic engineering, namely a single gene knock-out. Noticeably, by employing a metabolic 
integration of the two bacteria, it was possible to produce biomass and muconate by utilizing only  CO2 and guaiacol 
as carbon sources.

Conclusions By the novel approach, we were able to overcome the issues related to aerobic O-demethylation 
of methoxylated aromatic substrates and demonstrated carbon-wise conversion of lignin-related aromatics to prod-
ucts with yields unattainable by aerobic processes. This study highlights the power of synergistic integration 
of distinctive metabolic features of bacteria, thus unlocking new opportunities for harnessing microbial cocultures 
in upgrading challenging feedstocks.

Keywords Biological lignin upgrading, O-demethylation, Metabolic integration, Synergistic cocultures, Guaiacol, 
Cis,cis-muconate, Acinetobacter baylyi ADP1, Acetobacterium woodii

Introduction
Lignin is the second most abundant polymer in nature, 
mainly consisting of three aromatic units compris-
ing H- (p-coumaryl alcohol), G- (coniferyl alcohol), and 
S- (sinapyl alcohol) lignin types [1]. Large quantities of 
lignin, often considered as a waste material, are generated 
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through pulping and biorefinery industries, agriculture, 
and wood processing [2]. Due to lignin’s complexity and 
heterogeneity, it is currently a strongly underutilized 
resource. However, it could serve as a renewable replace-
ment for fossil-based resources in the production of 
chemicals and materials, for which biological lignin val-
orization is considered as the most promising approach. 
To access the monomers of the complex lignin polymer, 
the covalent C–C and C–O bonds connecting the units 
must be broken down via depolymerization or pyrolysis 
reactions [3]. The chemical structures of the obtained 
monomers are derivatives of the lignin units, varying 
with the number of their methoxyl and hydroxyl groups 
and the structure of the possible acrylate chain linked to 
the aromatic ring [4].

Biological lignin valorization often relies on the specific 
catabolic pathways of microbes, such as β-ketoadipate 
pathway [5], to funnel heterogeneous mixtures of aro-
matic compounds into central carbon metabolites [6, 7]. 
Previously several bacteria, including species of Pseu-
domonas and Rhodococcus, have been engineered to 
produce industrially relevant compounds, such as plastic 
precursor cis,cis-muconate (ccMA) [8–11], β-ketoadipate 
and muconolactone [12], as well as native products 
including polyhydroxyalkanoates (PHAs) and triacylg-
lycerides (TAGs) [6], from lignin-derived aromatic com-
pounds. We have previously engineered Acinetobacter 
baylyi ADP1 (hereafter referred to as ADP1) to produce 
1-alkenes or alkanes [13–15] and wax esters [14] from 
lignin-related substrates or technical lignin. In addition, 
ADP1 has also been utilized to produce mevalonate from 
lignin-related aromatics [16].

However, the biological lignin valorization by microbes 
has its own hardships, including limited aromatic sub-
strate range and the toxicity of the aromatic compounds 
causing growth inhibition at industrially relevant concen-
trations [6, 17]. For example, the valorization of guaiacol 
(2-methoxyphenol), one of the main monomeric prod-
ucts obtained from alkaline-pretreated softwood lignin, 
has been set as an important goal [6], but only few bacte-
ria, like Rhodococcus rhodochrous [18] and Amycolatopsis 
sp. ATCC 39116 [19], can naturally catabolize the com-
pound. The ability to utilize guaiacol has previously been 
engineered in non-native hosts including Pseudomonas 
putida EM42 [20] and ADP1 [21]. However, to achieve 
sufficient utilization of guaiacol, co-expression of redox 
partners [20], or evolution-based approaches [21] are 
often required.

In addition to the restricted substrate range, also the 
natural pathways exhibit inherent challenges: the G- and 
S-lignin-derived compounds that contain one and two 
methoxyl groups, respectively, need to be demethylated 
prior to further catabolic steps. Aerobic O-demethylation 

is recognized as one of the major hurdles in the utiliza-
tion of lignin-related aromatic compounds [22–24]. 
In aerobic conditions, O-demethylase reactions are 
catalyzed by enzymes belonging into either Rieske oxy-
genases (ROs), cytochrome P450 or tetrahydrofolate 
(THF)-dependent demethylases classes [25]. For exam-
ple, VanAB enzyme  pair in P. putida is RO-type, which 
demethylates G-lignin-derivate vanillate [26] and 
S-lignin-based syringate [27] into protocatechuate (PCA) 
and gallate, respectively. Also ADP1 harbors similar 
VanAB system and it is known to convert  vanillate into 
PCA [28]. However, the O-demethylation reactions cata-
lyzed by ROs or P450s produce highly cytotoxic formal-
dehyde [29] as their by-product [22, 26], hence further 
contributing to the toxicity of  the aromatic compounds. 
To eliminate formaldehyde, cells harbor detoxification 
routes [29] which eventually degrade the compound into 
 CO2 with a price of losing the carbon [23]. In addition, 
the aerobic O-demethylation causes intracellular cofactor 
imbalance and reduced primary metabolic activity [24]. 
Thus, to ensure efficient O-demethylation, a support-
ing carbon source maintaining the primary metabolism 
is often provided [24, 30]. Because of these issues, novel 
approaches to circumvent the problems related to aero-
bic O-demethylation are required.

Acetogens are anaerobic bacteria that can grow auto-
trophically on  H2-CO2 mixtures using Wood–Ljungdahl 
pathway for synthesizing acetyl-CoA from  CO2 [31, 32]. 
Because of their ability to fix gaseous  CO2, acetogens 
could play a vital role in biotechnology for the sustain-
able production of biochemicals. The usage of acetogens 
to provide organic carbon compounds from  CO2 in two-
stage processes was recently reviewed by Ricci et al. [33]: 
in this approach, the fermentation products of acetogens, 
such as acetate or ethanol, are subsequently utilized and 
upgraded by aerobic bacteria. Both acetate and ethanol 
enter the central metabolism as acetyl-CoA, making the 
number of possible end products nearly limitless [33, 34]. 
We have previously utilized two-stage processes where 
we first cultivated Acetobacterium woodii on  CO2 to 
produce acetate, which was then used as a substrate by 
ADP1 for wax ester [35] or alkane [36] syntheses.

In addition to  H2-CO2 mixtures, acetogens utilize a 
variety of organic C1-compounds [37] as additional car-
bon sources and electron donors for the  CO2 fixation. 
Interestingly, some acetogens can also utilize the meth-
oxyl groups of aromatic compounds, including those 
derived from G-lignin, such as guaiacol, vanillate, and 
ferulate, by removing the methyl group by anaerobic 
O-demethylation [38]. Demethylating reactions have 
been observed in several types of acetogens includ-
ing A. woodii, Moorella thermoacetica, and Sporomusa 
ovata [39]. In A. woodii, the O-demethylation involves a 
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methyltransferase system that binds the cleaved methyl 
group to THF [40]. The methyl-THF can then be utilized 
to fix  CO2 by Wood–Ljungdahl pathway, and eventually 
the carbons from methyl group and  CO2 are used to form 
two-carbon compound acetate [40, 41]. Thus, by binding 
the methyl group to THF, the formation of cytotoxic for-
maldehyde can be avoided, while the process fixes  CO2 
and produces acetate [40]. The biomass production and 
the molar yield of the produced acetate are positively cor-
related with the number of the methoxyl groups in the 
aromatic compound [42]. In addition to the methoxyl 
group demethylation, A. woodii is also able to reduce any 
double bonds located in the acrylate side chain of the 
aromatic compounds, and to use the bonds as electron 
acceptor instead of  CO2 [43], which results in increased 
biomass but lower acetate production yields [42]. During 
these processes, the aromatic ring stays unchanged [42].

In this study, we present a novel concept for upgrad-
ing lignin-related aromatic compounds into industrially 
interesting products while simultaneously overcoming 
the issues of aerobic O-demethylation and carbon loss. 
To achieve this, we integrated the best features of aceto-
gens and aerobic bacteria. First, we investigated the suit-
ability of the O-demethylation end products of A. woodii 
for A. baylyi ADP1 growth. Following this, we established 
a two-stage culture showing the compatibility of A. woo-
dii and ADP1 for synergistic utilization of lignin-related 
aromatic compounds. Finally, as a proof-of-concept, we 
demonstrated an equimolar conversion of guaiacol, a 
model compound of G-lignin and an inaccessible sub-
strate for ADP1, into muconate (MA) by a one-pot cocul-
ture approach. In the process, A. woodii demethylates 
guaiacol into catechol, which is subsequently converted 
into MA by ADP1. Importantly, employing the anaerobic 
O-demethylation step ensured that the methoxyl group 
of guaiacol was not lost to  CO2, but instead fixed into 
acetate, thus providing a carbon source for the growth 
of ADP1. Simultaneously, we were able to bypass the key 
bottleneck, aerobic O-demethylation, in the utilization 
of lignin-related aromatic compounds. This study high-
lights the potential of harnessing and integrating distinc-
tive metabolic features of bacteria for improved carbon 
recovery and overcoming metabolic bottlenecks in the 
valorization of recalcitrant feedstock.

Results and discussion
Set‑up for the utilization of aromatic compounds 
by integrating the metabolisms of anaerobic and aerobic 
bacteria
To investigate the utilization of lignin-related aromatic 
compounds by the collaboration of anaerobic and aero-
bic bacteria, we employed the acetogen A. woodii and the 
strictly aerobic ADP1 for this study. ADP1 was chosen 

as the aerobic production chassis because of its versa-
tile metabolism and the previously demonstrated good 
performance in coculture and two-stage cultivations 
[44]. In the designed co-utilization scheme, A. woodii 
would utilize the methoxylated aromatic compounds via 
O-demethylation, yielding acetate and the hydroxylated 
counterparts of the original aromatics [42] (Fig.  1A). In 
addition, A. woodii would also reduce any double bonds 
located in the possible acrylate side chains of the aro-
matic substrates, if suitable electron donors are present 
[42, 45].

We hypothesized that the metabolites produced by A. 
woodii when cultivated on aromatic compounds could be 
used as substrates by ADP1 for biomass and product for-
mation (Fig. 1C). By utilizing anaerobic O-demethylation, 
ADP1 would get an access to previously unavailable car-
bon: if ADP1 performed the O-demethylation reaction by 
itself, the carbon from the methoxyl group would form 
cytotoxic formaldehyde, eventually converted into  CO2 
(Fig. 1B).

The utilization of compounds modeling the anaerobic 
O‑demethylation metabolites of A. woodii by ADP1
We first studied if ADP1 could grow on the substrates 
modeling the O-demethylation metabolites of A. woo-
dii. In addition, we were interested to see if the growth 
metrics obtained on the metabolites would differ from 
the situation where ADP1 is cultivated solely on the 
unmodified methoxylated aromatics. According to the 
literature, when A. woodii is cultivated on 10 mM vanil-
late, 10 mM PCA and 7.5 mM acetate are produced [42] 
(Table  S1, Fig.  2A). In our experiments, molar yields of 
similar range were obtained (Table  S2). The effects of 
the different carbon sources on biomass yields were first 
examined by performing a flux balance analysis (FBA). 
According to the ADP1 model, 10 mM vanillate provides 
0.77  g of cell dry weight (gCDW), whereas the biomass 
production from the mixture of 10 mM PCA and 7.5 mM 
acetate is 0.96 gCDW in a steady state environment. The 
results of the FBA were supported by the experimental 
data: when we cultivated ADP1 on 10 mM vanillate or on 
10 mM PCA and 7.5 mM acetate mixture (modeling the 
metabolites produced by A. woodii during during growth 
on vanillate and  CO2), faster cell growth and higher opti-
cal density measured at 600nm (hereafter OD600) were 
achieved in the latter culture (Fig.  2B). The cells grown 
on vanillate reached maximum OD600 of 0.85, whereas 
the cells grown on mixture reached OD600 of 0.99, cor-
responding to 0.32 gCDW and 0.38 gCDW, respectively 
(Supplementary Fig. S1). Thus, the ratio of the CDWs 
calculated from obtained OD600 values was similar, 0.84, 
to the ratio of the CDW values calculated by the FBA 
model, 0.80. Despite acetate (especially in combination 
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with succinate) is known to repress the multiple operons 
related to the utilization of aromatic compounds, such as 
vanillate and benzoate, in ADP1 [46, 47], we observed no 
negative effects or diauxic growth pattern on the culture 
with a mixture of PCA and acetate.

Thus, the anaerobic conversion of the methoxylated 
aromatic substrates into a more accessible form, accom-
panied by  CO2 fixation into acetate, has clear advantages, 
seen as both higher biomass and improved growth rate of 
ADP1.

The utilization of ferulate and coumarate by A. woodii 
and ADP1
Ferulate and coumarate are model compounds of G- and 
H-lignin, respectively, that both contain acrylate side 
chains. According to the literature, A. woodii produces 
1.0  mol dihydrocaffeate ((3-(3,4-dihydroxyphenyl)pro-
panoate) and 0.5 mol acetate from 1.0 mol ferulate [42]. 
Coumarate does not contain any methoxyl groups, so 
the only possible modification is the reduction of the 
double bond in the acrylate tail, theoretically resulting 

Fig. 1 The valorization of lignin-related compounds to products by A. woodii and/or ADP1. Ferulate and guaiacol are used as example model 
compounds. A A. woodii utilizes the methyl groups of the compounds as carbon and electron donors and double bond of the ferulate as electron 
acceptor in a process that fixes  CO2 and the cleaved methyl group into acetate. However, the modified aromatic compounds cannot be 
further utilized by A. woodii. B ADP1 cannot use guaiacol for its growth, so it is left unutilized. Ferulate is utilized as a substrate via β-ketoadipate 
pathway and can be directed to biomass or products of interest, but the O-demethylation produces toxic formaldehyde which is degraded 
into  CO2 (presented with dashed circle). C By modifying ferulate and guaiacol first anaerobically with A. woodii, ADP1 can utilize all the obtained 
products for its substrate. Theoretically, higher yields can be obtained compared to the process including only ADP1. In addition, by executing 
the O-demethylation of the aromatic compounds anaerobically, the formation of the toxic by-product formaldehyde can be avoided



Page 5 of 14Meriläinen et al. Biotechnology for Biofuels and Bioproducts           (2024) 17:78  

in the formation of stoichiometric amounts of phlore-
tate (3-(4-hydroxyphenyl)propionate) in the presence of 
electron donors [48]. We studied the growth of A. woodii 
on 13 mM ferulate or 14 mM coumarate under  N2-CO2. 
When ferulate was used as a substrate, we detected 
notable amounts of caffeate (3-(3,4-dihydroxyphenyl)-
2-propenoate) in addition to dihydrocaffeate and ace-
tate (Fig. S2A), indicating that the O-demethylation of 
the methoxyl group of ferulate along with  CO2 fixation 
occurs preferentially over double bond reduction in the 
studied conditions. The molar yields of dihydrocaffeate 
and acetate from ferulate were 0.70 ± 0.24  mol/mol and 
0.66 ± 0.14 mol/mol, respectively (Table S3). Unlike meth-
oxyl groups that act as electron donors, double bonds 
in acrylate side chains are electron acceptors, similar to 
 CO2 [48]. When A. woodii was cultivated on coumarate, 
minor formation of phloretate (3-(4-hydroxyphenyl)pro-
pionate) and acetate was detected, despite the absence of 
added electron donor, indicating that energy for the dou-
ble bond reduction and  CO2 fixation was potentially pro-
vided by carry-over fructose from the preculture (Fig. 
S2B) (Table S4).

We then investigated the growth metrics of ADP1 on 
ferulate and coumarate in comparison to the growth on 
the metabolites provided by A. woodii cultivated on feru-
late and coumarate, namely, caffeate, dihydrocaffeate, and 
phloretate (Fig. 3A). In this experiment, we concentrated 
solely on the aromatic metabolites and thus neglected 
the positive effect of acetate on growth (Fig. 2B). A clear 

difference in the growth of ADP1 was observed between 
the different substrates: in all cases, the obtained bio-
mass and growth rate on demethylated and/or reduced 
aromatics were higher compared to those on ferulate 
and coumarate (Fig.  3B, C), and the effect was even 
more pronounced with higher concentrations (Fig. S3, 
S4); when ADP1 was cultivated on 15  mM ferulate, the 
lag-phase lasted approximately 1  day and the obtained 
biomass was modest, whereas with caffeate, the expo-
nential growth phase was reached earlier, and the bio-
mass growth resulted in OD600 1.2. The final OD600 of 
the cells grown on dihydrocaffeate was the same than 
with caffeate-grown cells, but the growth occurred more 
slowly. The difference in the cell growth on coumarate 
and phloretate was less drastic, although phloretate-
grown cells had shorter lag-phase with final OD600 of 
1.2, whereas with coumarate-grown cell, the final OD600 
remained under 1.

These results affirm that the modifications carried out 
by A. woodii for the aromatic compounds are beneficial 
for ADP1 growth: the growth metrics were enhanced, 
indicating that caffeate, dihydrocaffeate, and phloretate 
are more readily consumed and potentially less toxic car-
bon sources compared to ferulate and coumarate, respec-
tively. However, interestingly, the ADP1 growth was 
faster on double bond-containing caffeate than on dihy-
drocaffeate lacking the double bond. We hypothesize the 
phenomenon to be related to the catabolic route of dihy-
drocaffeate in ADP1; unlike with caffeate, the catabolism 

Fig. 2 A Anaerobic vanillate O-demethylation in A. woodii in the presence of  CO2. 10 mM vanillate is converted into 10 mM PCA and 7.5 mM 
acetate. B The difference of ADP1 growth on 10 mM vanillate and on mixture containing 10 mM PCA and 7.5 mM acetate in aerobic conditions. 
The mixture represents the end products of vanillate O-demethylation and subsequent processing of the methyl group in the Wood–Ljungdahl 
pathway by A. woodii. The error bars indicate the standard deviations from the average values of the biologically independent triplicates. In some 
cases, the error bars are smaller than the size of the marker
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of dihydrocaffeate requires an additional enzymatic step, 
where 3,4-dehydroxyphenolpropionyl-CoA is converted 
to caffeoyl-CoA, which is a direct degradation interme-
diate of caffeate catabolism [49]. This finding creates an 
interesting opportunity: when A. woodii was cultivated 
on ferulate, complete conversion of ferulate into dihy-
drocaffeate was not observed, but notable amounts of 
caffeate were still present in the medium after 164 h (Fig. 
S2A). Thus, much shorter cultivation time of A. woodii 
would be sufficient, making the overall cultivation pro-
cess faster and simultaneously providing the most suit-
able carbon source and maximal amount of acetate for 
ADP1 growth.

The negative effect of the methoxyl group on ADP1 
growth is evident when ferulate and caffeate are com-
pared, because the only difference between the two 
compounds is the lack of the methoxyl group in caffeate 
[49]. Most likely the lack of methoxyl group on both cou-
marate and phloretate molecules explain why the growth 

metrics of ADP1 on these compounds did not differ that 
dramatically. To the best of our knowledge, there are no 
previous studies reporting the growth of ADP1 on phlo-
retate. Therefore, the exact metabolic pathway for phlo-
retate catabolism is not yet known and the reason why 
ADP1 grew better on phloretate than coumarate remains 
unclear.

Complete utilization of guaiacol by A. woodii and ADP1 
coculture
After confirming the suitability of A. woodii metabo-
lites on ADP1 growth, we next established a two-stage 
culture for the complete utilization of a lignin-related 
model compound, guaiacol. Unlike vanillate, ferulate, 
or coumarate, ADP1 cannot naturally utilize guai-
acol. We further confirmed this by cultivating ADP1 in 
MSM with guaiacol as a sole carbon source (data not 
shown). It has been previously reported that A. woodii 
can grow on guaiacol, producing catechol and acetate 

Fig. 3 A A simplified scheme of the modification carried out by A. woodii for ferulate and coumarate. B. The growth of ADP1 on 15 mM of ferulate, 
caffeate, and dihydrocaffeate. C The growth of ADP1 on 15 mM coumarate and phloretate. The error bars in graph B and C indicate the standard 
deviations from the average values of the biologically independent triplicates. In some cases, the error bars are smaller than the size of the marker
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as  end-products [50, 51]. To obtain quantitative infor-
mation about the process, we cultivated A. woodii on 6, 
11, and 18 mM guaiacol as a sole organic carbon source 
(Table  S5). The obtained OD600 values and the molar 
yields of catechol and acetate from guaiacol were in line 
with previous literature, being approximately 0.85  mol/
mol for catechol and 0.7 mol/mol for acetate.

While ADP1 cannot grow on guaiacol, both catechol 
and acetate serve as suitable carbon sources for its 
growth. However, we were concerned about the toxicity 
of catechol to ADP1. For example, Kohlstedt et  al. [52] 
have reported that catechol concentrations above 2 mM 
caused reduced growth rates, while 8 mM catechol com-
pletely inhibited the cell growth of P. putida. Thus, the 
tolerance of ADP1 toward catechol was first tested by cul-
tivations in MSM supplemented with 0.5, 1, 2, 5, 7.5, and 
10 mM of catechol as a sole carbon source (Supplemen-
tary Fig. S5). ADP1 showed unexpectedly high tolerance 
toward catechol, as the highest OD600s were achieved 
with 5 mM and 7.5 mM catechol concentrations, which 
were 0.7 and 0.8, respectively. However, 7.5  mM cat-
echol caused a notable lag-phase, and the exponential cell 
growth started only after 30 h of cultivation.

As no drastic differences in the obtained biomass 
between 5 mM and 7.5 mM catechol concentrations were 
detected, we decided to test the two-stage coculture of A. 
woodii and ADP1 using 6 mM guaiacol as a sole organic 
carbon source (Fig.  4). A. woodii consumed all guaiacol 
within 48  h of cultivation and converted it to catechol 
and acetate. After the anaerobic phase, the cultivation 
tubes were opened and ADP1 cells were added to the cul-
ture. At the end of the aerobic cultivation with ADP1, no 
acetate or catechol were detected in the medium.

It was confirmed that ADP1 was able to grow on the 
authentic metabolites produced by A. woodii in the ace-
tobacterium medium (ABM). By utilizing the cocul-
ture approach, a complete degradation of guaiacol was 
achieved using wild-type cells, without the need for 
genetic engineering, although ADP1 is not able to utilize 
guaiacol naturally. Thus, this cocultivation approach can 
be utilized to widen the aromatic substrate range of aero-
bic bacteria by modifying the compounds in more acces-
sible form by employing bacteria capable of anaerobic 
O-demethylation.

Production of muconate from guaiacol with A. woodii 
and ADP1 coculture
To demonstrate that lignin-related aromatic compounds 
could be converted into products by utilizing the inte-
grated metabolisms of A. woodii and ADP1, we estab-
lished the production of MA from guaiacol. Muconate 
is a natural intermediate compound of the β-ketoadipate 
pathway, located in the catechol branch. To allow the 

accumulation of MA, we constructed a knock-out 
mutant strain with catBC deletion, thus preventing fur-
ther catabolism of MA. The resulting knock-out strain 
was designated as ADP1ΔcatBC.

We tested the production of MA in a two-stage pro-
cess, where we first cultivated A. woodii on 11 mM guai-
acol as a sole organic carbon source. After the conversion 
of guaiacol to 10.9 ± 0.3 mM of catechol and 8.4 ± 1.8 mM 
of acetate, the anaerobic cultivation was stopped and 
A. woodii cells were removed from the cultivation by 
centrifugation. The cultivation medium was diluted to 
lower the catechol concentration to 5.4 ± 0.2  mM and 
ADP1ΔcatBC cells were added to the culture.

ADP1ΔcatBC was able to grow and produce MA solely 
from A. woodii metabolites. Because of the knock-out 
mutation, only acetate was used to produce biomass 
reaching the OD600 1.0 ± 0.0. The strain converted all 
catechol into ccMA, but because of the spontaneous 
isomerization of the compound, also small amounts 
of cis–trans-muconate (ctMA) were detected from 
the medium. We further confirmed the product to be 
MA with liquid chromatography mass spectrometry 
(LC–MS) analysis. In the diluted cultivation, the total 
concentration of produced MA was 4.9 ± 0.1 mM. There-
fore, the total molar yield of MA from catechol was 

Fig. 4 Two-stage cocultivation of A. woodii and ADP1 
on acetobacterium medium supplemented with 6 mM guaiacol 
as the sole organic carbon source. The increase of acetate 
concentration at the beginning of the cultivation is a result 
of the carry-over acetate from A. woodii inoculation. ADP1 
was inoculated later, at 141 h, marked in the graph with dashed 
vertical line. The error bars indicate the standard deviations 
from the average values of the biologically independent duplicates. 
In some cases, the error bars are smaller than the size of the marker
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0.91 ± 0.05  mol/mol, while the total molar yield of MA 
from guaiacol was 0.87 ± 0.04 mol/mol.

Previously, production of MA from guaiacol has been 
achieved by engineered Amycolatopsis sp. ATCC 39116 
[53] with near equimolar and P. putida [30] with equi-
molar yields. However, in addition to guaiacol, the cul-
tivations with growing cells  were supplemented with 
glucose to support primary metabolism and cell growth; 
Almqvist et  al. [30] reported that guaiacol O-demethyl-
ation caused a severe redox equivalent imbalance to the 
cells, and by adding glucose to the cultivations, 10-fold 
higher MA production rates were achieved. They tested 
whether vanillin, present in their depolymerized lignin 
feedstock, could replace glucose as an additional carbon 
source, but too low ratio of vanillin to guaiacol in the 
feedstock as well as inhibitory effect caused by higher 
vanillin concentrations was found to be problematic. In 
contrast, by utilizing our coculture approach, guaiacol 
can serve as the sole organic carbon source, as the anaer-
obic O-demethylation of guaiacol along with  CO2 fixa-
tion provides acetate for ADP1 growth and circumvents 
the redox imbalance issue.

A one‑pot cocultivation of A. woodii and ADP1 
for muconate production
While A. woodii and ADP1 represent strictly anaerobic 
and aerobic bacteria, respectively, our previous work 
indicates that it might be possible to carry out a one-
pot cocultivation of A. woodii and ADP1 with alternat-
ing anaerobic and aerobic phases [54, 55]. The one-pot 
approach allows for more straight-forward culture 
operation and potentially reduces the conversion time 
of substrates to products. To that end, we established a 
three-step batch process in a bioreactor for the produc-
tion of MA from guaiacol.

We started the cultivation by adding ADP1ΔcatBC in 
ABM medium prepared without using any anaerobic 
techniques. In addition to 5  mM guaiacol, the medium 
was supplemented with 10 mM glucose to ensure the oxi-
dation activity of ADP1 during the first phase of the cul-
tivation, referred to as ‘deoxygenation phase.’ However, 
the addition of glucose turned out to be unnecessary as 
ADP1 did not utilize glucose during the first phase (Fig. 
S6). After the cell inoculation, the reactor was closed, 
and ADP1ΔcatBC was able to rapidly deoxygenize the 
medium. Thereafter, A. woodii cells were anaerobically 
inoculated into the reactor, which started the anaerobic 
phase. After 3 days, A. woodii had completely demethyl-
ated guaiacol into catechol. Minor amounts of glucose 
(1.3  mM) were consumed during the anaerobic phase 
(Fig. S6). The final aerobic phase was initiated by start-
ing the airflow, enabling the growth of ADP1ΔcatBC 
cells. ADP1ΔcatBC was able to convert all the available 

catechol into ccMA. During the aerobic phase, all acetate 
produced by A. woodii was completely consumed. The 
rate of glucose consumption by ADP1 was notably slow 
when other carbon sources were present, and it was not 
consumed during the deoxygenation phase (Fig. S6), 
indicating that glucose supplementation is not needed in 
the process.

In the one-pot approach, the metabolic integration 
between the two bacteria is even more stringent com-
pared to two-stage cultivations as both bacteria are 
dependent on the metabolic activities of the other: by 
the deoxygenation of the medium, ADP1 modified the 
growth environment to be suitable for A. woodii growth. 
The growth of ADP1 also produces  CO2, required for 
the O-demethylation reactions of the acetogen, while 
ADP1 is dependent on the end-metabolites of A. woo-
dii (Fig.  5A). Encouragingly, our results suggest that 
both bacteria were able to stay active in the bioreac-
tor conditions: the consumption of acetate (Fig. S6) and 
catechol (Fig. 5C) that occurred already during the anaer-
obic phase indicates that ADP1ΔcatBC was metabolically 
active by consuming the minor amounts of oxygen that 
potentially leaked into the bioreactor, while keeping the 
medium anaerobic and suitable for A. woodii to grow. 
These exciting results suggest that indeed, it is possible 
to cultivate the strictly anaerobic acetogen A. woodii 
together with a strictly aerobic bacteria, opening novel 
and intriguing possibilities for the utilization of A. woo-
dii. To the best of our knowledge, our study represents 
the first example of utilizing A. woodii in a one-pot coc-
ultivation containing both aerobic and anaerobic cultiva-
tion steps.

Equimolar conversion of guaiacol into MA (1.00 mol/
mol) in the one-pot cultivation was achieved. Nota-
bly, ADP1ΔcatBC converted catechol very fast, within 
few hours, into MA. The conversion of catechol to MA 
occurred before all the acetate was consumed (Fig.  5), 
indicating that the conversion is not under carbon cat-
abolite repression (CCR) caused by acetate, unlike we 
would have anticipated based on a previous study on 
other aromatic compounds [47]. CCR effect was not 
encountered either when ADP1 WT was cultivated in 
acetate–catechol mixture: in contrast, both substrates 
were co-utilized, and catechol was consumed even faster 
than acetate (Supplementary Fig. S7). In addition, ADP1 
exhibited good tolerance and metabolic activity toward 
catechol, as no inhibition of growth or MA production 
was detected. These observations well justify the selec-
tion of ADP1 as the optimal strain for the coculture 
set-up, as catechol has been identified as the most toxic 
lignin-related compound to for example P. putida, which 
has been previously broadly employed for MA produc-
tion [11].
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Nowadays, many of the state-of-the-art approaches to 
MA production rely on the heterogeneous expression of 
PCA decarboxylases converting PCA to catechol [56–
58]. Using PCA decarboxylases such as AroY [59] can 
broaden the range of suitable substrates for MA accumu-
lation, including vanillate, ferulate, and coumarate. How-
ever, producing PCA from lignin-related methoxylated 
aromatics still requires the problematic step of aerobic 
O-demethylation. Thus, expressing AroY in ADP1 could 
be a potential approach, allowing for the production 
of MA also from methoxyl-free and readily accessible 
caffeate, dihydrocaffeate, and phloretate produced by A. 
woodii.

Conclusions
Aerobic O-demethylation is a crucial step in the catabo-
lism of the methoxyl group-rich G- and S-lignin-derived 
compounds, but the process produces cytotoxic formal-
dehyde causing cofactor imbalance and results in wast-
ing the carbons from the methoxyl groups into  CO2. 
Here, we presented a novel approach based on the opti-
mal integration of anaerobic and aerobic metabolisms 
to circumvent these problems while achieving more 
efficient utilization of lignin-related compounds: by 
employing anaerobic O-demethylation of the acetogen A. 
woodii, the carbons from the methoxyl groups and  CO2 
are reduced to acetate, which together with the demeth-
ylated aromatic compounds can be utilized and upgraded 
to products by the aerobic bacterium A. baylyi ADP1. 
Thus, our approach converts the methoxyl group of the 

Fig. 5 Production of MA by ADP1ΔcatBC and A. woodii one-pot cocultivation. A Hypothetical schematics of the cultivation phases 
and the substrates and products in each phase. ED, Entner–Doudoroff pathway, TCA, Tricarboxylic acid cycle, WL, Wood–Ljungdahl pathway, 
DM, O-demethylation, BKA, β-ketoadipate pathway. B Experimental data of the three-phase one-pot coculture of A. woodii and ADP1ΔcatBC. 
The carry-over acetate resulted from the inoculation of A. woodii is subtracted from the acetate concentration, which therefore describes solely 
the acetate produced by A. woodii during the coculture.DO, deoxygenation phase. C. Close-up of the experimental data from 65.5 h to 85.5 h. 
Because of the spontaneous isomerization of ccMA to ctMA, the concentration of ccMA decreases during the aerobic phase in the graphs B and C 
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aromatic compound from a noxious vice into a valuable 
asset and makes the previously unavailable carbon acces-
sible for much wider range of microbes while substan-
tially enhancing the carbon recovery. Importantly, not 
only does the acetate contribute to the growth of aerobic 
ADP1, but the aromatic compounds modified by A. woo-
dii are also more accessible and better tolerated by ADP1.

By employing the coculture approach, we were able to 
achieve utilization of guaiacol for production of industri-
ally interesting chemicals, which has traditionally been 
considered as a difficult task. We demonstrated a nearly 
equimolar production of MA from guaiacol by metabolic 
integration of A. woodii and APD1ΔcatBC. By the strin-
gent integration of the metabolisms, the consortium was 
able to accomplish tasks neither bacterium could perform 
alone: guaiacol cannot be utilized by ADP1, and A. woo-
dii cannot perform ring fission reaction required for MA 
production. The process required only minimal genetic 
engineering of ADP1ΔcatBC, namely, a single knock-
out to accumulate MA, thus allowing for robust and 
stable production system. ADP1 also showed good tol-
erance and high catabolic activity toward catechol, a key 
intermediate in the system. In addition, the acetogenic 
O-demethylation of guaiacol coupled with  CO2 fixation 
did provide not only precursor for the product, but also 
the growth substrate for ADP1, eliminating the need for 
using additional carbon sources. Such comprehensive 
utilization of carbon would not be possible using only 
aerobic production system. We further demonstrated 
that the MA production using this consortium would be 
possible in more easily operated one-pot bioreactor con-
ditions. In these conditions, we reported a simultaneous 
activity of both bacteria, which opens intriguing pos-
sibilities for other production systems comprising both 
anaerobic and aerobic micro-organisms.

This study highlights and repurposes unique anaero-
bic characteristics and metabolic features that have been 
previously overlooked in the context of lignin valoriza-
tion. By combining these features with aerobic metabo-
lism in rationally designed synthetic cocultures, many 
challenges related to upgrading the recalcitrant feedstock 
can be tackled. Moreover, the concept of synergistically 
integrating metabolisms could be potentially applied 
across various microbial production platforms and to 
substrates beyond those derived from lignin.

Materials and methods
Strains and cultivations
Acinetobacter baylyi ADP1 (DSM 24193), A. baylyi 
ADP1ΔcatBC::tdk/kan, and Acetobacterium woodii 
(DSM 1030) were used in this study. ADP1 DSM24193 
was used as a background strain for the knock-out 
strain with CatB (ACIAD1446) and CatC (ACIAD1447) 

deletions, referred here after as ADP1ΔcatBC. The 
molecular work for constructing the knock-out strain 
was done by using established methods. All the reagents 
and the primers were purchased from ThermoFisher Sci-
entific (USA).

The three gene components for the knock-out cassette 
were first amplified separately by PCR as described previ-
ously [60] with following exceptions: the upstream flank-
ing of the cassette was constructed by amplifying the 
region between CatB_P3 and CatB_P4 primers from the 
ADP1 genome. The downstream flanking was amplified 
from ADP1 genome by using the primers CatC_P5 and 
CatC_P6. The tdk/kanr [61] segment of the cassette, con-
taining kanamycin resistance gene, was amplified from 
the genome of Acinetobacter baylyi ADP1Δacr1::tdk/
kanr [62] (a kind gift of Veronique de Berardinis) by 
using the primers Tdk_kanF and Tdk_kanR. The knock-
out cassette was constructed by using overlap extension 
PCR, and the complete cassette was amplified by using 
primers CatB_P3 and CatC_P6. The sequence of the 
obtained cassette and the used primers are presented in 
the supplementary material. The knock-out cassette was 
transformed to ADP1 as described previously [63]. The 
kanamycin concentration was 25 µg/mL.

Unless stated otherwise, ADP1 was precultivated 
in 5  mL of minimal salt medium (MSM) [64] con-
taining  K2HPO4  (3.88  g/L),  NaH2PO4 (1.63  g/L), 
 (NH4)2SO4  (2.00  g/L),  MgCl2 ∙ 6  H2O  (0.1  g/L), 
EDTA (10  mg/L),  ZnSO4 ∙ 7   H2O  (2  mg/L),  CaCl2 ∙ 2 
 H2O  (1  mg/L),  FeSO4 ∙ 7  H2O  (5  mg/L),  Na2MoO4 ∙ 2 
 H2O  (0.2  mg/L),  CuSO4 ∙ 5  H2O  (0.2  mg/L),  CoCl2 ∙ 6 
 H2O  (0.4  mg/L), and  MnCl2 ∙ 2  H2O (1  mg/L), supple-
mented with 0.2% casamino acids and 0.4% d-glucose. 
For ADP1ΔcatBC precultivations, also 30  µg/mL kana-
mycin was added. ADP1 and ADP1ΔcatBC cultivations 
were done at + 30 ℃ and 300 rpm, unless stated otherwise. 
96-well plate cultivations were done using Tecan Spark 
multimode microplate reader (Tecan, Switzerland) with 
96-well µClear®plates (Greiner bio-one, Germany). The 
cultivation volume was 200  µL and the temperature was 
kept at + 30 ℃. Shaking amplitude was 2.5  mm with the 
frequency of 108 rpm, and the shaking duration was 180 s. 
Shaking was performed before and after the measure-
ments of optical density at 600 nm, which occurred once 
in an hour.

Unless stated otherwise, A. woodii was cultivated in 
12 mL of acetobacterium medium (DSMZ 135, referred 
as ABM) which was prepared according to DSMZ’s 
instructions. The medium was prepared under  N2-CO2 
80:20 headspace and the final composition of the medium 
was the following (g/L):  NaHCO3 (11.04), D-Fructose 
(9.79), yeast extract (1.96),  NH4Cl (0.98 g/L), L-Cysteine 
HCl ∙  H2O (0.49),  Na2S ∙ 9  H2O (0.49),  K2HPO4 (0.44), 
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 KH2PO4 (0.32),  MgSO4 ∙ 7  H2O (0.06), nitrilotriacetic 
acid (0.03), NaCl (0.02),  MnSO4 ∙  H2O (0.01),  CoSO4 
∙ 7  H2O (0.004),  ZnSO4 ∙ 7  H2O (0.004),  CaCl2 ∙ 2  H2O 
(0.002),  FeSO4 ∙ 7  H2O (0.002),  NiCl2 ∙ 6  H2O (5.9e-4), Na-
resazurin, (4.9e-4), AlK(SO4)2 ∙ 12  H2O (3.9e-4),  H3BO3 
(2.0e-4),  Na2MoO4 ∙ 2  H2O (2.0e-4),  CuSO4 ∙ 5  H2O 
(2.0e-4), pyridoxine hydrochloride (9.8e-5), nicotinic 
acid (4.9e-5), p-aminobenzoic acid (4.9e-5), (DL)-alpha-
lipoic acid (4.9e-5), calcium D-( +)-pantothenate (4.9e-5), 
thiamine HCl (4.9e-5), riboflavin (4.9e-5), biotin (2.0e-5), 
folic acid (2.0e-5),  Na2WO4 ∙ 2  H2O (7.8e-6),  Na2SeO3 ∙ 5 
 H2O (5.9e-6), and vitamin  B12 (9.8e-7). Unless stated oth-
erwise, A. woodii cultivations were performed at + 30 ℃ 
and 150 rpm. The inoculations for every cultivation con-
taining A. woodii cells were done from fructose-grown 
cultivations, which were less than 1 week old. The inocu-
lation volume was 0.2 mL (resulting in a starting OD600 
of 0.01–0.04), unless stated otherwise.

Flux balance analysis
FBA was done by using COBRApy Python package (ver-
sion 0.28.0) [65]. The metabolic network model for ADP1 
was obtained from Durot et  al. [66] and it was used to 
examine the effects of using the products from anaero-
bic O-demethylation process as substrates. To perform 
that, new exchange reactions related to PCA intake were 
added to the model.

Cultivations
The growth test of ADP1 on 10  mM vanillate and on a 
mixture containing 10 mM PCA and 7.5 mM acetate as 
well as the test where ADP1 was cultivated on 0, 5, 7.5, 
10, and 15 mM of ferulate, caffeate, dihydrocaffeate, cou-
marate, or phloretate were done on MSM in 96-well plate 
setting. The starting OD600 was set to be 0.1.

The growth of A. woodii on vanillate, ferulate, cou-
marate, and guaiacol was studied on ABM without fruc-
tose supplementation. For vanillate and guaiacol, the 
tested concentrations were 6, 12, and 18  mM. For feru-
late and coumarate, the concentrations were 13 mM and 
14 mM, respectively.

The utilization of guaiacol by ADP1 was studied with 
96-well plate setting by cultivating ADP1 on 0, 2.5, and 
5  mM of guaiacol in MSM. Also, the growth of ADP1 
on 0, 0.5, 1, 2, 5, 7.5, and 10  mM catechol was studied 
in similar cultivation. In both studies, the starting OD600 
was set to be 0.1.

The ability of ADP1 to grow on the catechol and acetate 
produced by A. woodii from guaiacol was determined in 
a cultivation study, where A. woodii was cultivated first 
on 12 mM guaiacol in a 12.5 mL volume without fructose 
supplementation. After all the guaiacol was demethylated 

into catechol, the cultivations were transformed into ster-
ile 50 mL Falcon tubes with vented lids. After the pH was 
adjusted to 7 by using 5% HCl, ADP1 cells were added to 
the cultivation at OD600 0.1. The pH was adjusted again 
to 7 on the 2nd day of ADP1 cultivation phase.

The production of ccMA with ADP1ΔcatBC and A. 
woodii cocultivation was tested by first cultivating A. 
woodii on 11 mM guaiacol in ABM without fructose 
supplementation. After the anaerobic cultivation phase, 
the A. woodii cells were removed from the medium by 
centrifugation. To ensure that the catechol concentra-
tion would not be too high for ADP1ΔcatBC to grow 
and to prevent pH increase in aerobic phase caused by 
the presence of  NaHCO3, we diluted the medium 1:1 
with MQ and added MOPS buffer to a final concentra-
tion of 120 mM. In addition, 0.2% casamino acids were 
added to the cultivations to ensure that ADP1 would 
not suffer from the presence of l-cysteine [35]. Kana-
mycin concentration of 15  µg/mL was used. The final 
volume of the new medium was 15  mL. ADP1ΔcatBC 
cells were collected from liquid preculture by cen-
trifugation, resuspended into MSM and added to the 
medium to obtain a starting OD600 0.3.

The three-step batch cocultivation was done by 
using Biostat B Plus bioreactor (Sartorius, Germany) 
equipped with pH-meter (Hamilton, Switzerland) and 
 pO2-meter (Hamilton). Aerobically prepared low-
NaHCO3 ABM  (NaHCO3 concentration only 1.25 g/L) 
without fructose supplementation was used as a 
medium. The only carbon sources and electron donors 
added to the medium in the beginning were 10 mM glu-
cose and 5 mM guaiacol. The initial cultivation volume 
was 555 mL. Before the addition of ADP1ΔcatBC cells, 
the medium was aired with pressured air for couple of 
hours. To obtain a required volume of ADP1ΔcatBC to 
reach the desired starting OD600 of 0.3, ADP1ΔcatBC 
was cultivated on similarly to the normal preculture, 
but without kanamycin and the cultivation volume 
was increased to 50  mL in flask. The cells were cen-
trifugated and resuspended into 10  mL MSM. The 
 pO2-value was calibrated to 100% just before the resus-
pended ADP1ΔcatBC cells were added to the reactor. 
The flow of the pressured air was stopped, and the reac-
tor was sealed with clamps. The reactor was covered to 
protect the light-sensitive guaiacol. When  pO2-value 
was 0.7%, A. woodii cells were added to the reactor, 
which initiated the anaerobic phase. HPLC results were 
used to determine the optimal starting time of the last 
aerobic phase. Throughout the cultivation, OD600 was 
measured in every 12 min by Arc view device (Hamil-
ton) and manually from each sample taken. To mini-
mize the effect of the resazurin indicator to the OD600 
results, manually measured OD600 values were used as 
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a starting point and a gradual step-by-step transforma-
tion from one value to the next one was done based on 
the tendencies of machine measured values. The pH 
was set to 7.0 for the whole cultivation and the required 
adjustments were done automatically by using concen-
trated NaOH and  H3PO4 stocks.

Analytical techniques
Quantitative analysis of compounds was done using 
high-performance liquid chromatography (HPLC) 
instruments (Shimadzu, Japan) equipped with PDA and 
RID detectors.

Aromatic compounds were analyzed on Luna C18 
column (150 × 4.6  mm, 5  µm) (Phenomenex, USA) at 
40  ℃ using the mixture of MQ/methanol/formic acid 
(80/20/0.16 v/v/v) as the eluent at the flow rate 1 mL/min. 
The injection volume was 5  µL. Aromatic substances 
were detected at the wavelength 254 nm or 272 nm.

Sugar and organic acid were analyzed on Rezex RHM-
Monosaccharide H + (8%) column (300 × 7.8  mm) (Phe-
nomenex) at 40 ℃ using 5 mM  H2SO4 as the eluent with 
the flow rate 0.5  mL/min. The injection volume was 
10  µL. Compounds were detected by refractive index 
detector.

The obtainment of ccMA and ctMA in the two-stage 
MA production test with A. woodii and ADP1ΔcatBC 
was confirmed by LC–MS using Agilent 1260 Infin-
ity II (USA) which was equipped with ultraviolet (UV) 
detector and connected with Jeol AccuTOF LC Plus 
(JMS-T100LP) (Japan). Compounds were analyzed on 
Poroshell 120 EC-C18 column (100 × 4.6  mm, 2.7  µm) 
(USA). The temperature of the column was + 30 ℃  and 
the injection volume was 2 µL. The mixture of 0.1% for-
mic acid and methanol (80/20 v/v) was used as eluent 
with the flow rate 0.2 mL/min. Calculation of ccMA and 
ctMA was performed from extracted ion chromatograms 
and UV absorption chromatograms at 272  nm using 
external standard method. In both cases molar weight of 
MA was calculated as approximately 141 g/mol.
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