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ABSTRACT: Many wild type Pseudomonas strains have the potential to
contribute to the valorization of lignin in future biorefineries. Through a
robust aromatic catabolism, i.e., biofunneling capacity, they can ease the RICL)

cultivations -
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accumulate naturally marketable biopolymers like mcl-polyhydroxyalka- Seree e (¢
noate (mcl-PHA) under nitrogen limitation. Besides a comparative strain {( < e
evaluation, we present fundamental research on the funneling of aromatic gmgﬁ Y} )/‘) PHA y
mixtures under specific bioprocess conditions to improve biocatalytic L

lignin valorization. For the most robust and best performing strain, P. ‘ |

putida KT2440, we improve the mcl-PHA accumulation from a defined J,
aromatic mixture of p-coumarate, ferulate, and benzoate under

technically relevant conditions by up to 40% by tailoring the nitrogen

and oxygen supply. The highest mcl-PHA concentration (582 + 41 mg

L™") was obtained for a C/N ratio of 60 for oxygen-unlimited conditions (oxygen transfer rate >20 mmol L™ h™"). In contrast,
aromatic intermediates accumulated under oxygen-limited conditions at oxygen transfer rates below 10 mmol L' h™". The
experimental conditions were scalable into a 1L stirred tank bioreactor. This study contributes to deepening our understanding of

the biocatalytic capability of promising Pseudomonas strains toward downstream microbial conversions of lignin aromatics for future
biorefinery applications.
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B INTRODUCTION

Lignin, the most abundant aromatic polymer on the planet,
promises to positively impact the transition to a sustainable
biobased economy. Lignin represents a treasure chest from a
chemical point of view, which can be exploited with advancing
progress on biomass fractionation and depolymerization
approaches.” While chemical processes aim to prevent
structural lignin degradation, preserve reactive ether bond
structures enhancing functionality, and increase aromatic
monomer yields by using catalytic methods, biochemical
efforts based on ligninolytic enzymes found in fungi and
bacteria also promise to minimize energy demand and
hazardous waste generation.z’3 However, both chemical and
biological approaches generate complex lignin-derived aro-
matic mixtures and only few of the obtained depolymerized
products can be directly considered as marketable chemicals.”
To overcome these limitations, the concepts of chemocatalytic
and biological funneling have been introduced for upgrading Revised:  June 22, 2021
the value chain from lignin.">° Published: July 23, 2021
The concept of biocatalytic funnelling is based on the ability
of some bacterial species to converge a plethora of lignin-
derived aromatics into a few central intermediates like catechol

and protocatechuate, which are eventually cleaved and
metabolized via the [-ketoadipate pathway to access the
central carbon metabolism.’ Among these bacteria, Pseudomo-
nas strains gained special attention because of their metabolic
robustness, genetic accessibility, fast growth, and high
productivities.”* Especially, Pseudomonas putida stands out
for its ability to adapt and tolerate stressful environmental
conditions” and the versatility of native or engineered value
products from lignin-derived aromatics.”*'*~"*

A straightforward native product of P. putida are medium-
chain-length polyhydroxyalkanoates (mcl-PHAs), which are an
alternative to fossil-based plastic and can be used as a
biodegradable polymer in medical and material applications."
This storage molecule is only synthesized when an excess of
carbon relative to other essential growth elements like nitrogen
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is given.' "' Several P. putida strains have been recognized as
efficient cell factories for mcl-PHA production, which have
been fundamentally studied and optimized using conventional
carbon sources.'”'® Additionally, important proof-of-concepts
and cultivation studies for upgrading single lignin aromatics
and/or lignin-derived streams into mcl-PHA in P. putida
greatly improved production parameters.”'"'”"* However,
obtaining reproducible liquors of lignin-derived aromatics as
substrates for biological funnelling studies in sufficient amounts
is still difficult. Furthermore, limited methods for analysis of
the heterogeneous aromatic fractions and complex catabolic
repression phenomena make a detailed physiological study on
mcl-PHA production from liquors obtained after lignin
depolimerization very challenging. Therefore, much of the
physiological research thus far focused on the evaluation of
single lignin-derived aromatic compounds like benzoate,'"”
vanillate,"* ferulate,”® or cofeeding some of them with
glycerol”' Thus, detailed studies toward a physiological
understanding of the uptake and conversion dynamics of
defined aromatic mixtures into mcl-PHA are necessary. In
particular, knowledge on how the native funnelling capacity of
P. putida is affected under nutrient limited conditions (i.e.,
when triggering mcl-PHA accumulation) is required, as
hierarchical aromatics consumption is likely to heavily affect
productivities.” Finally, a more rigorous comprehension of the
impact of oxygen transfer rates on mcl-PHA production is a
relevant gap to be covered, especially to encourage proper
reporting of oxygen transfer conditions, which has been
identified as a problem in the PHA field.”’

We here present a systematic experimental approach to
select, compare, and evaluate the best hosts to accumulate mcl-
PHA from different lignin-derived aromatic monomers as
single and mixed carbon sources (Figure S1 of the Supporting
Information, SI). This study starts with a 3-step sequential
screening to evaluate the growth performance of seven wild
type Pseudomonas strains on 1S lignin model compounds at
two concentrations (S and 20 mM). Additionally, we explore
different scenarios of nitrogen but also oxygen limitation to
expose the changes in funneling capacity of selected strains
when accumulating mc-PHA from a mixture composed of
representative lignin-derived aromatics. Finally, online meas-
urements of the microbial respiratory capacity via the oxygen
transfer rate (OTR) and the dynamics of aromatic funneling
into mcl-PHA facilitated a detailed bioprocess characterization.
This study contributes to deepening our comprehension of the
biocatalytic capability of promising Pseudomonas strains toward
valorization of renewable lignin aromatics into biodegradable
polymers like mcl-PHA.

B MATERIALS AND METHODS

Bacterial Strains, Media Preparation, and General Culture
Conditions. All wild type strains used in this study are listed in Table
S1. Precultures from —80 °C glycerol stocks were first prepared in LB
medium followed by mineral salt medium (MSM) in shake flasks for
18 h at 200 rpm and 30 °C for all strains except for P. aeruginosa PA14
and P. aeruginosa PAO1. Both were grown at 37 °C. Prior to
inoculation, the cells were harvested by centrifugation (12 000g, S
min), washed, and resuspended in a phosphate-buffered saline (PBS)
solution. All experiments were performed using a defined MSM
according to Hartmans et al.”* containing 3.88 g L™ K,HPO,, 1.63 g
L™! NaH,PO,, 0.1 g L™ MgCl,-6H,0, 10 mg L™ EDTA, 2 mg L™
ZnSO,7 H,0, 1 mg L' CaCl,-2H,0, § mg L™ FeSO,-7 H,0, 0.2
mg L™ Na,M00,2H,0, 0.2 mg L™ CuSO,-5 H,0, 0.4 mg L'
CoCl,'6 H,0, and 1 mg L' MnCl-2H,0. The media was

10580

supplemented with 20 mM glucose or the corresponding aromatic
compound as carbon source. The source of nitrogen, (NH,),SO,, was
added according to the carbon to nitrogen molar ratios (C/N of 4, 8,
40, 60, and 80).

The lignin-derived monomers were purchased from Carl Roth
(Karlsruhe, Germany) or Sigma-Aldrich (St. Louis, MO, U.S.A.).
Sterile filtered stocks were prepared at 150 mM in water by increasing
the pH with NaOH and then neutralizing to pH 7.1 with HCI and
stored at 4 °C.

Strain Screening Assays. Simultaneous online measurements of
biomass formation were carried out via scattered light at 620 nm with
the microbioreactor system BioLector (Beckman Coulter, Inc.,
US.A.) in 96- and 48-well plates. Each step started with a
standardized inoculation procedure as described above at ODgy, of
0.1 from a prewashed cell suspension in PBS solution. The same
composition of MSM was kept, except for the amount of nitrogen. A
general calibration of the BioLector device was carried out using
glucose for every strain and a suitable detector sensitivity (gain) of SO
was chosen for all other experiments. Initial blank scattered light
values were obtained to subtract the contribution of each media
composition. A detailed technical description of the three screening
steps is provided in the SI sec. S1.2.

Strain Comparison in Conventional Shake Flask. The best
two strains selected in the screening stage were cultivated in duplicate
at 30 °C in 500 mL shaking flasks (diameter of 105 mm) with a filling
volume of 50 mL. Experiments started at ODgy of 0.1 and were
shaken at 200 rpm for 124 h using a Multitron incubator shaker
(Infors HT, Birsfelden, Switzerland) with an orbital throw of 2.5 cm.
The substrate consisted of the defined aromatic mixture of p-
coumarate, ferulate, and benzoate, each at 10 mM. The amount of
(NH,),SO, was adjusted to reach C/N ratios of 8 and 80. The
corresponding osmolarity of the mixed substrates was determined
using a Loeser Freezing Point Osmometer. Measurements of 0.16,
0.17, and 0.18 Osmol kg™ were found for the substrate mixtures at
C/N 80, 60, and 40, respectively. A detailed explanation of the
OTR,,,, calculation in conventional shake flask can be found in the SI
sec. S2.4.

All flow cytometry analyses were performed using a BD Influx flow
cytometer (BD Biosciences). The mc-PHA staining protocol was
adapted from Karmann et al.*® Bacterial cells were diluted to
approximately 10* cells uL™" in 50% v v' PBS buffer containing §
mM EDTA. 500 uL of sample was stained for § min with § L of
BODIPY 493—503 stock at 20 ug mL™'. Samples were analyzed
recording the forward scatter (FSC) and fluorescence intensity (4
488 nm — 4,530 nm). Gates (P1 and P2) were set from previously
prepared samples containing mc-PHA accumulating populations.
Detailed information can be found in Figure S2.

Online Measurements of the Oxygen Transfer Rate in
Shake Flask Cultivations. The methodology for obtaining the
online respiratory activity and the dynamics of aromatic funnelling
into mcl-PHA was adapted from Heyman et al.*® The commercial
shaker device TOM (Adolf Kiihner AG, Birsfelden, Switzerland) was
used for online monitoring of the OTR in duplicates. The general
procedure was combined with parallel cultivations under identical
conditions to take offline samples in a Multitron orbitar shaker (Infors
HT, Bottmingen, Switzerland). Both devices were set with an orbital
throw of 5 cm, 100 rpm, and 30 °C. The defined aromatic mixture
CFB as substrate was combined with different amounts of (NH,),SO,
to reach C/N ratios of 40, 60, and 80 in the MSM according to
Hartmans et al.** Cultivations were performed in unbaffled 250 mL
shake flasks at an ODgy, of 0.1. Different OTRs were set by changing
the filling volumes (10, 20, 30, and 50 mL) with each master mix.
Thus, a combination of 12 different conditions were evaluated.
Compressed air was supplied to the TOM device at concentrations of
CO, and O, of 0.04% v v™' and 20.95% v v, respectively. The
measured concentrations were corrected by an evaporation factor.

Cultivations in 1 L Stirred Tank Bioreactor. Two parallel
cultivations were conducted in identical 1 L stirred-tank reactors
Multifors 2 (Infors HT, Bottmingen, Switzerland) with a working
volume of 0.7 L. The temperature was controlled at 30 °C. The
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Figure 1. Screening step 1 (A) and 3 (B), (C). The first is represented as a heat map of the growth performance of 7 wild type Pseudomonas strains
on 15 lignin-derived monomers at two concentrations (S and 20 mM) (A). Glucose was used as reference carbon source and served as positive
control. The strains were cultivated in microbioreactors (BioLector) using 96-well plates under nitrogen excess (C/N = 4) in Hartman’s mineral
salt medium for 39 h. Normalized bacterial growth data (<1.0) was calculated for every experimental condition (eq S1 SI sec S2.1) in respect to the
maximum scatter intensity value indicated as yellow asterisks for both aromatic concentrations (*for S mM: maximum scatter intensity = 183 and
*%for 20 mM: maximum scatter intensity = 578). Experiments were performed in triplicates, full data are given in Data Set S1. The third screening
step evaluates the valorization of an aromatic mixture with the three most suitable strains from step 2, using a stronger nitrogen limitation (C/N =
80) and aromatic compounds as sole carbon sources or mixed (CFB), both at 30 mM in Hartman’s mineral salt medium. The final optical density
(ODgyo) at 48 h (B) and normalized mcl-PHA fluorescence intensity respect to the aromatic consumption (C) were measured using 48-well flower

plates.

preculture and mixed substrate preparation followed the same
procedure as previously described. Before inoculation, 100 uL of
Antifoam 204 (Sigma-Aldrich, St. Louis MO, U.S.A.) was added
manually to each reactor. The initial stirring rate, pH and ODg, were
300 rpm, 0.1 and 7.1, respectively. To achieve the desired respiratory
activity found in shake flasks, the reactors were aerated constantly
with 0.175 L min™" (0.25 vvm) pressurized air through mass-flow
regulators. Online O, and CO, concentrations were measured using
parallel BlueInOne Cell gas analyzers (BlueSens GmbH, Herten,
Germany). Initially, the dissolved oxygen tension (DOT) was set to a
minimum level of 50% in both reactors and was controlled
automatically via stirrer speed controller. The online measurements
of the gas outlet composition were taken and the OTR was calculated
manually using eq S6 (SI sec. S2.5). Once the desired values were
achieved for every reactor, the control loop was opened and the stirrer
speed was set at the corresponding constant value for the rest of the
cultivation, completing 96 h. The carbon dioxide transfer rate (CTR)
and the respiratory quotient (RQ) were calculated according to eq S7

and eq S8 (SI sec. S2.5).
Bacterial Growth and mcl-PHA Fluorescence Measure-

ments. Cell growth was monitored as optical density at 600 nm
(OD600) with an Ultrospec 10 spectrophotometer (GE Healthcare,
Chicago, IL, U.S.A.) and online measurements of back scattered light,
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carried out during the screening assays. In cases where enough sample
was available, cell dry weight (CDW) was also determined.

Mcl-PHA fluorescence measurements were performed using
BODIPY 493/503 (Thermo Fisher, U.S.A.).>” The staining procedure
was modified as published by Karmann et al>® The cells were
harvested by centrifugation (12000g, S min), washed and
resuspended in 300 uL of 50% v/v PBS buffer containing 5 mM
EDTA to a final OD of 1.5. A stock solution of BODIPY 493/503
dissolved in DMSO was added to reach a final concentration of 0.67
ug mL™" and incubated for 10 min in the dark at room temperature.
After washing and resuspending again, the fluorescence intensity was
measured in two technical replicates of 100 uL (final resuspension) in
black flat bottom 96-well plates (at 30 °C, delay of 0.1 s, gain S0,

excitation at 488 nm and emission at 525 nm) using a Synergy MX
microplate reader (BioTek, 258 Winooski, VT, U.S.A.). On the basis
of the linear correlation between PHA fluorescence intensity and mcl-

PHA concentration final product concentrations could be quantified.

Further details on mcl-PHA extraction procedure are given in the SI

sec. S1.1.

Fluorescence microscopy images of P. putida KT2440 were
acquired using an Axio Imager A2 fluorescence microscope (Carl
Zeiss Microscopy GmbH, Jena, Germany). The staining of samples
was carried out following the same procedure for mcl-PHA
fluorescence measurements previously described. The cell suspensions
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were immobilized in 1% agarose, which was previously solidified and
fixed on microscope slides.

Analytical Methods. Aromatic compounds were quantified by
HPLC analysis in a Beckman System Gold 126 Solvent Module
equipped with a System Gold 168 diode array detector (Beckman
Coulter, Brea, CA, U.S.A.) and a reversed phase column (ISAspher
100—5 C18 BDS, ISERA, Diiren, Germany). The method consisted of
elution with 0.1% v v™! trifluoroacetic acid (TFA) and 99.95% v v
methanol at a flow rate of 0.8 mL min~" for 26 min at 40 °C. Both
solutions were applied at an initial ratio of 5:95 (methanol:TFA) for
the first 2 min. Subsequently, the proportion of methanol was linearly
elevated to 25% during 18 min and then kept constant for 4 min,
before it was progressively reduced again to 5% in 2 min. Aromatics
were quantified with UV detection at a wavelength of 268 nm against
standard curves prepared with commercial aromatic monomers.

Total ammonium nitrogen (TAN) was quantified using a Metrohm
761 compact ion chromatograph, equipped with a conductivity
detector and a Metrosep C6—250/4.0 column (Metrohm, Switzer-
land). Alternatively, ammonium was also determined based on the
Berthelot reaction.”®

B RESULTS AND DISCUSSION

Strain Screenings Reveal the Different Lignin Valor-
ization Potentials of Wild Type Pseudomonas. Pseudo-
monas is well-known to include strains with a notable ability to
mineralize aromatic compounds and transform them into
valuable chemicals.””™* While some studies incorporated
several Pseudomonas putida strains into microbial screenings on
lignin-derivatives,”*”****7*®  complementary experimental
analysis to compare the actual valorization potential (i.e.,
biopolymer accumulation) of a broader selection of strains
belonging to the genus Pseudomonas is still necessary. Thus, we
implemented a 3-step sequential screening to select suitable
Pseudomonas strains (Table S1) by evaluating their biode-
gradation and biotransformation capacity on lignin-model
compounds. In this group, we included renowned strains in the
field of lignin valorization like P. putida KT2440,” strains with
solvent tolerant characteristics (i.e.,, P. putida $12** and P.
taiwanensis VLB120°7), aromatic hydrocarbon catabolic
features (i.e., P. putida F1°*) and strains that are well-known
for their capacity to degrade polycyclic aromatics as well as
their production of secondary metabolites (i.e., P. aeruginosa
and P. fluorescens).

The first step evaluated the growth of the seven wild type
Pseudomonas on 15 lignin model compounds at two
concentrations (S and 20 mM) under the same environmental
conditions. The selection of the aromatic compounds was
based on their prevalence in lignin depolymerization extracts
or as intermediates found in aromatic upper pathways.*
Aromatics normally found after catalytic oxidation and
depolymerization of lignin like vanillyl alcohol,” acetovanil-
lone,"" and 4-methylguaiacol*” were selected based on their
challenging features for biodegradation. The results are shown
as a heat map representation of the normalized bacterial
growth after 39 h (Figure 1A). The normalization enabled
quantitative and visual comparison of growth phenotypes. It
gives values between 0 and 1, in reference to the maximum
scatter intensity values reached at 5 and 20 mM substrate,
which corresponds to P. putida KT2440 grown on benzoic acid
and P. aeruginosa PAO1 grown on glucose, respectively (full
data in Data Set S1).

About half of the tested lignin-derived monomers were well
utilized for growth. The other half, poorly or not utilized,
corresponds to phenols with aldehyde, ketone, and methoxy
groups that are known to compromise the integrity of cell
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membranes.”” These groups have an increased inhibitory
action compared to well-utilized phenolic acids. Recent efforts
are trying to defeat this limitation by protein engineering of
new promiscuous P450 aryl-O-demethylases and their
heterologous expression in Pseudomonas putida.*>**

Unexpectedly, P. putida F1 was able to grow on sinapic acid,
which to our knowledge has not yet been reported.
Additionally, P. putida S12, which was one of the best
performing strains overall, and P. taiwanensis showed changes
in scattered light values for challenging molecules like syringol
and 4-methylguiaiacol at low concentrations (5 mM).
However, a reliable cell growth was not possible for this strain
on these molecules. Additional results and discussion for the
new findings on P. putida F1 and S12 can be found in the SI
sec. S3.1. P. taiwanensis VLB120 grew well with vanillic acid
and 4-hydroxy benzoic acid at 20 mM, but it did not yield
growth with p-coumaric and ferulic acid at this concentration,
in contrast to the P. putida strains, which grew remarkably well.
Intermediate performance values were obtained for P. putida
KT2440. However, final growth values could have been
underestimated due to morphological changes known to taking
place after carbon depletion.”” Lastly, both strains of P.
aeruginosa grew similarly and performed better than P.
fluorescens, but less than the other strains.

Overall the best average normalized growth on lignin
monomers at 20 mM were achieved with P. putida S12, P.
putida F1, P. putida KT2440, and P. taiwanensis VLB120 and
thus, these four strains were selected for the next step to
evaluate their valorization potential into mcl-PHAs.

This biopolymer is an intrinsic storage compound found in
many Pseudomonas strains, which is produced under nutrient
limitation. To induce mcl-PHA formation, two carbon to
nitrogen ratios (nitrogen excess C/N = 4 and nitrogen limited
C/N = 40) were tested in 48-well flower plates providing
suitable oxygen transfer conditions and a higher working
volume for additional analysis. The aromatics p-coumaric,
ferulic, benzoic and vanillic acid at 20 mM, each, were selected
as single substrates to proceed.

Performance data to characterize the valorization potential
are shown in Figure S4. Accumulation of mcl-PHA was
promoted by reducing the initial amount of nitrogen source
10-fold (C/N = 40). The optical density of the bacterial strains
was affected under this nitrogen limited condition, although
less for P. putida KT2440 (Figure S4A).

Interestingly, P. putida KT2440 also showed the highest
valorization potential, described as the normalized mcl-PHA
fluorescence in respect to the aromatic consumption (Figure
S4B). The reduction of the nitrogen supply also had a positive
effect on P. putida F1 mc-PHA production, but almost no
effect on P. putida S12. P. taiwanensis VLB120 showed low mcl-
PHA production capacity on the aromatics, which it could
utilize.

To conclude this part, our comparison of diverse
Pseudomonas strains under identical conditions confirmed a
high performance for aromatics degradation, especially for all
three P. putida strains. Of them, the strain with the highest
potential for lignin valorization under nitrogen limitations was
P. putida KT2440. Therefore, only the three P. putida strains
were included in step 3 to evaluate their aromatic funneling
capacity from a defined aromatic mixture.

A mixture of p-coumarate, ferulate and benzoate further
called CFB (each component at 10 mM) was selected as
substrate with an even lower concentration of nitrogen,
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Figure 2. Conventional shake flask cultivations. Comparison of the aromatic funnelling capacity and mcl-PHA formation at two different nitrogen
concentrations. The defined lignin-derived monomer mixture (30 mM) consisted of 10 mM p-coumarate, ferulate, and benzoate, each (dissolved in
Hartman’s mineral salt medium). Cell growth, mcl-PHA accumulation, aromatic consumption and ammonium utilization under nitrogen excess
(C/N = 8) and nitrogen limitation (C/N = 80) for P. putida KT2440 (A) and P. putida F1 (B). Flow cytometry analysis of the bacterial
populations developed by both strains during nitrogen limitation (C/N = 80). Fluorescence scatter plots for selected time points, P. putida KT2440
(C) and P. putida F1 (D) during 124 h. Error bars indicate the deviation of the mean (n = 2). The corresponding histograms of green fluorescence

data for all the time points are shown in Figure S7.

corresponding to faster nutrient limitation (C/N = 80) (Figure
1B and C). As a control, the strains were also cultivated on the
individual aromatics at the sum CFB aromatics concentration
of 30 mM, each. The three components of the mixture were
selected based on the growth performance and mc-PHA
accumulation, but also because they are representative lignin-
derived monomers of three important upper pathways during
aromatic catabolism; the coniferyl and p-coumaryl branch of
the protocatechuate node and the benzoate funnelling pathway
of the catechol node.

Compared to the growth obtained at 20 mM and C/N = 40
(Figure S4A), the final ODgy, values increased with more
carbon source available, especially for P. putida KT2440
(approximately 2-fold) (Figure 1B). The normalized mcl-PHA
fluorescence did not change with respect to the previous
experiment with the single aromatic substrates (see Figure S4B
vs Figure 1C). However, the intensity decreased in the
cultivation with P. putida KT2440 for ferulate and p-
coumarate, which could indicate a possible optimum condition
around a C/N of 40 for these single aromatics.

All three strains performed a diauxic shift around 5 h, which
can be related to the nitrogen depletion due to the stronger
limitation (C/N = 80) (Figures S5 and S6). For P. putida
KT2440 grown in the CFB mixture, y,,,,, lag phase, and final
ODygy, were overall not significantly altered compared to the
values from growth on single aromatics (Figure 1B and Figure
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SSA and B). In contrast, for the other two P. putida strains the
H(2)max values were affected for all aromatics (Figure SSD).

Quantitative biomass monitoring in microtiter plates is
based on the linear correlation between scatter intensity and
cell density, which has been validated even at high
concentrations.*>*® However, factors like cell morphological
changes (size and shape) during cultivation and the effect of
the mcl-PHA granules could hamper the practical comparison
during screening campaigns.47 For this reason, aromatics
consumption and mcl-PHA accumulation are more valid
parameters to evaluate the success than biomass formation.

At this stage, our findings highlight that the funnelling
capacity of the aromatics as well as the accumulation of mcl-
PHAs depends strongly on availability of essential nutrients.
Therefore, we designed subsequent experiments in larger scale,
where a hierarchical aromatic uptake under nutrient limited
scenarios is possible to be discerned.

The Funneling Capacity in P. putida Is Affected When
mcl-PHA Accumulation Is Triggered. To reveal the time
course of the microbial activity under nitrogen limitation,
conventional shake flask cultivations were carried out with the
CFB mixture using P. putida KT2440 and P. putida F1 at two
different nitrogen conditions (nitrogen excess C/N = 8 and
limitation C/N = 80) (Figure 2). Under nitrogen excess, both
strains consumed all aromatic compounds within 24 h utilizing
50% of the initial amount of ammonium. However, P. putida
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Figure 3. Comparison of the dynamics of aromatic funnelling into mcl-PHA in P. putida KT2440 under oxygen unlimited (I-IV) and limited
conditions (V—VIII), both under nitrogen limitation at C/N 40 and CFB 30 mM in Hartman’s mineral salt medium (A). OTR,,,, of 23.5 and 5.7
mmol O, L™ h™" were achieved for filling volumes of 10 and 50 mL, respectively. Process parameters like the integral of OTR and CTR (I and V),
mcl-PHA concentration and ODgy,(II and VI), pH and ammonium concentration (III and VII), and aromatic concentration (IV and VIII) are
reported. The shaded area indicates intermediate accumulation and oxygen limitation. Representative pathways of biocatalytic funneling of the CFB
aromatic mixture into mcl-PHA by P. putida KT2440 (B).*>*' Through catabolic upper-pathways the lignin monomers converge into a few central
intermediates like catechol and protocatechuate, which are eventually cleaved and metabolized via the f-ketoadipate pathway to access the central
carbon metabolism. Finally, part of the carbon flux excess accumulates as mcl-PHA under nitrogen limiting conditions. Fcs, feruloyl-CoA-synthase;
Ech, feruloyl-CoA hydratase-lyase; Vdh, vanillin dehydrogenase; PobA, 4-hydroxybenzoate 3-monooxygenase; VanAB, vanillate O-demethylase;
BenABC, benzoate 1,2-dioxygenase; BenD, benzoate 1,2-cis-dihydrodiol dehydrogenase; CatA, catechol 1,2-dioxygenase; and PcaHG,

protocatechuate 3,4-dioxygenase.

F1 yielded higher ODy, values and degraded benzoate slightly
faster than P. putida KT2440 during the first 9 h (50 vs 30%
consumed, respectively) (Figure 2B). While a typical order of
uptake preference is known for P. putida KT2440 when
nitrogen does not limit growth: Benzoate > p-coumarate >
ferulate, no hierarchical aromatic uptake was observed (or
resolved with the sampling frequency) with nitrogen excess.””
However, under nitrogen limitation, the aromatic uptake
hierarchy clearly became evident and followed the classical
regulatory control (i.e., catabolite repression by the Crc global
regulator protein) known for P. putida.””*®* The con-
sumption of benzoate was similar in both strains and correlated
with the ammonium depletion. Afterward, P. putida KT2240
showed a faster consumption of the other two substrates.
Under this condition, the mcl-PHA concentrations increased
for P. putida KT2440 reaching a maximum of 497 mg L™" after
72 h. Contrarily, P. putida F1 did not trigger mcl-PHA
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formation after entering nitrogen limitation and overall showed
a drastic reduction in growth, which contrasted to the results of
the screening step 3.

The investigation of the dynamic mcl-PHA accumulation in
both strains was complemented by flow cytometry (Figures
2C,D and S7). Initially, during the exponential growth of P.
putida KT2440 (ie, 9 to 24 h), a narrow mcl-PHA
fluorescence peak was observed (Figure S7). This indicates a
similar mcl-PHA content within the mcl-PHA subpopulation.
After 24 h, when both benzoate and p-coumarate were
consumed, the mcl-PHA-derived fluorescence peak became
first wider and then split into two cell clusters, possibly
indicating partial mcl-PHA degradation. A similar behavior has
been previously reported by Karmann et al,”® who suggested a
bistable behavior when P. putida KT2440 depolymerize mcl-
PHA during carbon limitation. In this case, the limited
consumption of ferulate and the lack of nitrogen could trigger

https://doi.org/10.1021/acssuschemeng.1c02682
ACS Sustainable Chem. Eng. 2021, 9, 10579—10590


https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c02682/suppl_file/sc1c02682_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c02682/suppl_file/sc1c02682_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c02682?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c02682?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c02682?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c02682?fig=fig3&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c02682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

A Aromatic intermediate Nitrogen available C
accumulation Nitrogen limiting
600 - L 25
| 7 - m s e
; 21 500 A S enn + ol
| =50 - L 207 =
- €, 400 - TArN & =
€L 40 - " < o/ L VAT
=N < ) T 3 <
e 5 4 oy T B VR
| o ! 1 S
‘o y # Lo o 10E €
S0 EIJ - g 200 -@-mcl-PHA 8 ==
: \ =
Ia 2 I 100 -9-0D600 1 5606
- 20 A
§ o0 0 0 -0
3 E. 10 - 12 150 [ 2
S s -@-p-coumarate 18
P = £10 @ -@- Ferulate - 125Tb 16
i~ 0 e ' ' — @ O Benzoate 100 & 14
| :Jn 600 1 e @ O Ammonium il 1.2C|’
| Z 500 =, « of 28
e (] f;] [:] g gf 0.6
B u
5 400 - o om S2 s <[ 03
L€ m = < [o?
8 300 - EI] 0 o Lo
LC
i 5 880 100 [ 95
i : 200 - € L s
£ 2 760 85 —
| a 100 - = ® -
T‘, g 640 1 20 wr 85 .
L E o . — — Q 5l g ©
0 5 10 15 20 25 a5 520 - s R
a L7,
OTR,,,, [mmol 0, L1 ht = 5
max | 2 ] 5 400 - Fao 8| 5
(%]
W CFB 30 mM C/N 40 TOM 280 5 Lgs
[EICFB 30 MM C/N 60 TOM A CFB 30 mM C/N 60 e '
CJCFB 30 mM C/N 80 TOM Bioreactor 0 1020 3042 S0py 70 80 90100

Figure 4. Overall correlation of online measurements of the respiratory activity (OTR,,,,) and the mcl-PHA formation (i.e.,, content (I) and
concentration (II)) in P. putida KT2440 carried out in TOM, an oxygen monitoring device for shake flasks (72h) and in a bioreactor (48h) (A).
The shaded area indicates intermediates accumulation below values of 10 mmol O, L™'h™". Detailed bioprocess characterization of biocatalytic
funneling of selected aromatic mixture CFB (prepared in Hartman’s mineral salt medium) into mcl-PHA by P. putida KT2440 (OTR,,, of 22 + 2.9
mmol O, L™' h™" and C/N of 60) in a bioreactor (B). The dynamic change of mcl-PHA concentration and ODggo(111), aromatic and ammonium
concentration (IV) can be correlated to operational parameters like stirring speed, dissolved oxygen tension (DOT) and pH (V). The parameters
OTR (III), CTR (III), and respiratory quotient (RQ) (IV) were calculated from off-gas composition analysis (SI sec. S2.5). Error bars indicate the
deviation of the mean (n = 2). Microscopic captures of mcl-PHA accumulation at selected time points (C). Arrows at 48 h indicate different

number of mc-PHA granules.

mcl-PHA depolymerization to provide cellular energy. On the
contrary, mcl-PHA accumulating populations in P. putida F1
were only temporarily identified until p-coumarate was
completely consumed, reaching a maximum of 17.9% of the
total events at 48 h (see Figure 2D).

We hypothesized that oxygen availability could be
responsible for the relevant differences found for P. putida
F1 in shake flasks compared to the screening in 48-well flower
plates. Therefore, we calculated the maximum oxygen transfer
rate capacity (OTR,) for these systems (eqs S4 and S5 in SI
sec $2.3 and $2.4). Theoretical maximum OTR,, of 40.9 and
16.1 mmol L™ h™" were found for the 48-well flower plates
and shake flask, respectively, highlighting a great difference in
maximum respiration capacity. The indifference of the P.
putida KT2440 results also highlight the high tolerance of P.
putida KT2240 toward stress generated during nitrogen
depletion and lower OTRs, where mc-PHA carbon storage
formation occurs even although the funnelling capacity is
affected. So besides a very good performance in funneling a
mixture of aromatic compounds and the superior performance
in mcl-PHA formation compared to all tested strains, P. putida
KT2440 also presents the most robust biocatalyst against
process parameter deviations. Our screening therefore clearly
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supports the focus of the research field on P. putida KT2440
for a direct native production of mcl-PHA straight from mixed
aromatics. Next, a detailed metabolic characterization of the
funnelling process is performed for this strain.

Online Measurements of the Oxygen Consumption
Reveal the Dynamics of Aromatic Funnelling into mcl-
PHA in P. putida KT2440. To fine-tune the importance of
the oxygen availability during nitrogen limitation on mc-PHA
accumulation, online measurements of the oxygen consump-
tion at different combinations of oxygen and nitrogen
availability were carried out to reveal the dynamics of aromatic
funnelling into mcl-PHA during 72 h for P. putida KT2440. By
changing the filling volumes (10, 20, 30, and S0 mL) of shake
flasks for each nitrogen condition (C/N ratios of 40, 60, and
80), the maximum oxygen transfer capacity (as OTR,,) was
defined. The time-resolved dynamics of parameters evaluated
for every C/N ratio facilitated a detailed comparison. An
example for one unlimited and one limited oxygen
consumption under nitrogen limitation (C/N 40) is shown
in Figure 3A. The complete data set for all conditions can be
found in Figures S8—S10.

The accumulation of mcl-PHA was affected negatively for all
C/N ratios while the maximum oxygen transfer capacity
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decreased (Figures S8—S10). The aromatic analysis of the
offline samples permitted to identify an OTR, of approx-
imately 10 mmol L™'h™" where intermediates started to
accumulate for every C/N ratio (also see pathway Figure 3B).
For values below this threshold, the simultaneous oxygen and
nitrogen limitation became evident, where the shape of the
OTRs curves presented a visible plateau, indicating a stable but
low bacterial growth rate due to nutrient limitation. An
example of this observation is shown in Figure 3A, where an
OTR,,,, of 23.5 and 5.7 mmol L' h™' were achieved at a C/N
ratio of 40 for filling volumes of 10 and 50 mL, respectively.
Overall, parameters like pH, ODg, and integrated OTR and
CTR followed a similar trend, which is related to the intrinsic
metabolic activity of aerobic growth. The consumption of
ammonium correlated well with the benzoate uptake for all
conditions according to the typical uptake priority of P. putida
previously discussed.

Comparing the results with the previous flask cultivation
(OTR, of 16.1 mmol L™ h™" and C/N ratio of 80), an
underestimation of the real potential of P. putida KT2440 was
exposed. The aromatic funneling profiles and the final mcl-
PHA concentration were well represented between the
conditions 10 and 20 mL at a C/N of 80 (OTR,,,, = 18 +
3.1 and 13.5 + 0.4 mmol L™'h™/, respectively) (Figure S10)
but the maximum funneling performance of P. putida KT2440
was achieved at C/N of 60 or 40, where higher oxygen uptake
rates were obtained. Hence, optimum conditions should be
provided for a proper characterization or strain screening in
nutrient limited lignin valorization studies. In this regard,
reporting complete data of shaking conditions in conventional
flask experiments is a priority to be able to compare results
across studies.

An overarching correlation of the oxygen availability (based
on OTR,,,,) and the most relevant bioprocess parameters (i.e.,
mcl-PHA content and concentration) from this experiment is
shown in Figure 4A (more details in Table S2). For both
product parameters, the linear tendency indicates a positive
effect of increasing the oxygen respiratory capacity on the mcl-
PHA accumulation for all evaluated nitrogen limited
conditions. The biggest influence on mcl-PHA concentration
was achieved for a C/N ratio of 40. Overall, the highest mcl-
PHA concentration (582 + 41 mg L™") was obtained for a C/
N ratio of 60 at an OTR,,,, of 22.2 + 2.8 mmol L™'h™". The
catabolic funneling was affected for all conditions with a C/N
ratio of 80, which resulted in residual amounts of ferulate that
could not be converted into biomass and product (Figure S10
and Table S2). Thus, providing enough nitrogen for a correct
function of the aromatic funneling pathways (i.e., enzyme
synthesis) but sufficiently low to trigger mcl-PHA accumulation
at high OTRs, can effectively reveal the real biocatalytic ability
of promising strains with industrial relevance like P. putida
KT2440. Therefore, increasing the oxygen supply in microbial
cultivations is a proper strategy to overcome this trade-off that
arises when the valorization of lignin needs to be performed
under nitrogen limitation.

The delicate balance between carbon sources (i.e., lignin-
derived aromatic mixture), oxygen availability, and nitrogen
supply is coordinated in P. putida by fine-tuning adjustments of
several global regulatory networks, which are induced under
specific environmental conditions. They control particular
catabolic pathways to optimize carbon metabolism and energy
generation. In order to avoid intermediate accumulation, the
proper nutrient balance must be provided. For example, the

hierarchy of aromatic uptake is known to be controlled by the
Crc global regulator protein.”>***>! Additionally, it has been
also reported that this regulator inhibits mcl-PHA synthesis
during exponential growth in media containing a balanced
carbon source and nutrients.”” Cultivations with an equili-
brated C/N ratio and proper oxygen availability promote
optimization of aerobic metabolism: Rapid initial growth and
generation of an energy pool from benzoate reflects maximum
energetic cost-benefit during nitrogen excess (i.e., feast
condition). Later, the benefits are used to encounter nitrogen
scarcity and more complex aromatic catabolism, with the result
of boosted mcl-PHA accumulation.

But molecular oxygen is not only important as final electron
acceptor of energy metabolism; it also plays an essential role
for the corresponding oxygenases during the catalytic
activation (i.e, debranching aromatic rings during the upper
pathways) and cleavage of catechol and protocatechuate in the
p-ketoadipate pathway (see oxygen-dependent reactions in
Figure 3B). In addition, a simultaneous lack of nitrogen and
oxygen could limit the activation or expression levels of
enzymes in the f-ketoadipate pathway overall. Recently, outer
membrane vesicles (OMVs) were reported to act as
extracellular cargo of catabolizing enzymes that turnover
model li%nin-derived aromatic compounds in P. putida
KT2440.55* Through proteomics characterization, these two
studies found extracellular evidence of most of the enzymes
that metabolize our CFB mixture. Thus, a deeper insight in this
complex regulatory network toward microbial host optimiza-
tion is still necessary.

Scale-Up Based on the Oxygen Transfer Rate. Finally,
the optimum biocatalytic funneling of the CFB aromatic
mixture into mcl-PHA by P. putida KT2440 was successfully
scaled up and reproduced in a 1-L stirred tank bioreactor at an
OTR,,,, of 22 + 2.9 mmol L™' h™" and C/N of 60 (Figure 4B).
The higher working volume in the bioreactor permitted to
verify the biomass, substrate and product dynamics observed in
previous experiments without sampling limitation. The
parameters OTR, CTR, and respiratory quotient (RQ) were
calculated from off-gas composition analysis using eqs S6—S8
in SI sec. S2.5. The OTR,,,, was obtained when ammonium
was consumed, which correlated with a first stage of cell
growth under nitrogen availability (i.e, the first 8 h), a
complete benzoate consumption, and a bigger cell size (see
Figure 4C). At the same time, a diauxic shift, similar to the one
observed in 48-well flower plates (see Figure S6), was
associated with a change in the RQ. It reached a maximum
value close to 1 and then decreased. This metabolic switch
coincides with the sequential substrate utilization, changing
from benzoate to p-coumarate. Additionally, it gives an idea of
the metabolic reprograming from oxidative to reductive
pathways (i.e., strong decrease in respiration).

After this point, mc-PHA started to increase reaching a
maximum concentration and content at 48 h (i.e., 467 + S1
mg L' and 422 + 6.6% [mg mcl-PHA mg_1 CDhW],
respectively) (Figure 4B III). Compared to the shake flask
experiment at the same OTR,, and C/N ratio, a faster
dynamic of mcl-PHA evolution (ie., faster increment and
decrease of mcl-PHA after 72 h) occurred in the fermenter.
This could be related to different mixing patterns established in
bioreactor vs shake flasks. This can influence a faster
polymerization and depolymerization of mcl-PHA.>>*° This is
also supported by the different numbers of polymer granules
observed in some bacterial cells (see arrows at 48 h Figure
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4C), which has been reported as bistable behavior of P. putida
KT2440 depolymerizing mcl-PHA during carbon limitation.*’

Depending on the type of substrate (and its initial
concentration), mode of cultivation, and native or engineered
strain, different mcl-PHA production performances have been
reported in previous studies. For example, in the seminal work
of Linger et al.’ 150 mg L™ mc-PHA at 36% CDW was
achieved from a representative aromatic substrate (2 g L™")
during a batch cultivation of a wild-type strain of P. putida
KT2440. Recently, combining fed-batch cultivation and
metabolic engineering of the same strain delivered 953 mg
L™" mcl-PHA at 54% CDW from p-coumarate (approximately
42 g L™")."" The values obtained in this work (582 mg L'
mcl-PHA at 43% CDW) from mixed lignin aromatics (S g L™")
and batch cultivation of the native strain sit in the middle.
However, through combining metabolic engineering and the
presented process optimization strategy a further increase is
very likely.

With a workflow involving different scale cultivations
combined with online and offline performance analysis, we
acquired valuable information about the biocatalytic capability
in P. putida for funneling lignin-derived aromatics into mcl-
PHA. Through careful bioprocess observation and control, the
performance of cells funnelling an aromatic mixture into mcl-
PHAs under nitrogen limitation became predictable. Thus, the
complexity of dealing with heterogeneous lignin-derived
aromatic mixtures and simultaneous nutrient limitations can
be greatly reduced and reproducibility increased in future
studies when warranting proper oxygen supply, especially
during comparative microtiter and flask cultivations. In
addition, by increasing the scale of production in bioreactors,
the appropriate OTRs will be an important parameter for
improving process performance and operational costs.

Despite the progress achieved in this study, there is still a
long way toward achieving industrial relevant concentrations of
lignin-derived PHA in a cost-effective and sustainable context.
The PHA production at high levels has been established
mainly from pure substrates like fatty acids, sugars, and
alcohols or waste streams containing them.®” For instance, high
cell densities between 100 g/L and 115 g/L (dry weight)
containing approximately 46% polyhydroxybutyrate (PHB) on
a dry-weight basis have been achieved from methanol,”® which
is a nonfood substrate like lignin derivates. To compete with
these types of substrates advances in biomass fractionation and
lignin depolymerization are required promote the generation
of less recalcitrant lignin-derived streams in future biorefi-
neries.

Together with ongoing important metabolic engineering
efforts for strain development on improving lignin aromatic
uptake, balancing of carbon flux and avoiding mcl-PHA
reassimilation,' "' *?%31955¢ we encourage future research
on linking aspects like: media formulation (i.e., optimization of
nutrients like nitrogen amount to ratio of real mixed lignin
fractions),” oxygen fine-tuned feeding strategies (i.e., DO stat
fed batch cultivations)®’ to improve mcl-PHA concentrations
and minimize diauxic aromatic uptake profiles during different
nitrogen availability (i.e., “feast and famine” stages), synergistic
cocarbon feeding strategies to balance metabolic energy'”*"*’
and ensuring final product quality (ie, mcl-PHA material
properties).'"® The outcomes of this in depth bioprocess
understanding may also benefit the production of other value
compounds than mcl-PHA from lignin aromatics. For all future
bioprocess engineering efforts, a balance between lignin,
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oxygen, and nitrogen supply will be essential. Eventually, this
proposed combination of biocatalyst and bioprocess character-
ization will increase the efficiency and economics of lignin
valorization in the next generation biorefineries.

B CONCLUSIONS

This study describes the selection, comparison, and bioprocess
characterization of proper microbial hosts of the genus
Pseudomonas to accumulate mcl-PHA from a defined lignin
derived mixture of p-coumarate, ferulate, and benzoate under
nitrogen limitation. From strain-dependent differences ob-
served in the lignin valorization potential, P. putida KT2440
emerged as a well performing and as the most robust
biocatalyst. Through online measurements of the respiratory
capacity of P. putida KT2440, we gained a comprehensive and
detailed insight in how oxygen and nitrogen are the key factors
to determine the success and efficiency of the bioprocess.
While an induction of nitrogen limitation is critical for the
timing and efficiency of mcl-PHA production, sufficient
availability of oxygen is essential for complete aromatics
conversion and full metabolic activity. This knowledge
permitted us to improve the mcl-PHA accumulation by up to
40%. The final outcomes were scalable into 1-L stirred tank
bioreactor based on the oxygen transfer rate, which represents
a crucial step for further process optimization toward
implementing sustainable bioconversions of lignin aromatics.
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