Open Access Article. Published on 20 lunius 2024. Downloaded on 22/10/2025 11:42:48.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

’ M) Check for updates ‘

Cite this: Green Chem., 2024, 26,
7997

Received 22nd April 2024,
Accepted 16th May 2024

DOI: 10.1039/d4gc01975j

rsc.li/greenchem

Introduction

Achieving high productivity of 2-pyrone-4,6-
dicarboxylic acid from aqueous aromatic streams
with Novosphingobium aromaticivorans+t

ab< Steven D. Karlen, € Jason Coplien,©

%a,b,c

ab< Jose M. Perez,
<9 and Daniel R. Noguera

Bumkyu Kim,
Timothy J. Donohue

Enhancing the production of biochemicals from lignocellulosic biomass is one potential way to decrease
society’s dependence on fossil fuels. Aromatic compounds obtained from plant biomass can be used as
substrates for microbial production of dicarboxylic acids such as 2-pyrone-4,6-dicarboxylic acid (PDC) and
cis,cis-muconic acid, which are building blocks for the manufacturing of polymer-based fibers and
materials. In this study, we used an engineered strain of the bacterium Novosphingobium aromaticivorans
to investigate how to increase PDC productivity in flow-through bioreactors receiving aqueous solutions of
aromatics. At the best operational conditions tested, we achieved stable PDC production rates of 0.77 gppc
L=* h=! with p-hydroxybenzoic acid, 1.93 gppc L™ h™* with syringic acid, and 1.53 gppc L™ h™ with the pro-
ducts from alkaline pretreated poplar biomass. PDC titers in these reactors ranged from 7.7 to 15 g L™ (42
to 80 mM) and were limited by aromatic solubility in the case of syringic acid, or by accumulation of proto-
catechuic acid from p-hydroxybenzoic acid when high aromatic loading rates were used. The use of high
aromatic loading rates, hollow-fiber membranes to concentrate the microbial cells, and NH,OH for pH
control were factors that contributed to this study achieving the highest PDC productivities reported to
date. Overall, our findings demonstrate strategies that can be used to increase bioreactor productivity when
aromatic substrates are delivered in aqueous form. These findings may also provide useful insight for pro-
duction of other biochemicals from aromatic streams using N. aromaticivorans or other microbial chassis.

pounds in nature, and thus, there is a growing interest in
developing technologies for its use as a source of high-value

The development of biotechnologies for sustainable and econ-
omic use of renewable resources is one way to reduce society’s
dependence on fossil fuels.>® The most abundant organic
renewable resource on Earth is lignocellulosic biomass,
making it an attractive raw material for the production of
fuels, chemicals, and materials. Depending on the biomass
crops, lignocellulose is composed of 10-25% lignin, 20-30%
hemicellulose, and 40-50% cellulose.*” To date, the leading
lignocellulose application is the conversion of the carbo-
hydrates in cellulose and hemicellulose to biofuels.® However,
lignin is the largest renewable reservoir of aromatic com-
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products, which could both enhance the economic viability of
lignocellulosic biorefineries and help ameliorate society’s
dependence on petrochemicals.'®"! We are interested in devel-
oping sustainable and cost-competitive green biotechnologies
for conversion of lignin into valuable chemicals.

Different chemical approaches to generate aromatic mono-
mers and low-molecular-weight oligomers from lignocellulosic
biomass have been proposed.”'>"? The heterogeneous chemi-
cal composition of lignin'**® results in mixtures of aromatic
products whose composition depends on the type of biomass
and depolymerization methods used."”” Depending on the
methods and post-processing steps, the resulting aromatics
streams will be in aqueous solution,'®'® dissolved in an
organic solvent,”" or concentrated in lignin oils.** Microbial
funneling of these aromatic mixtures into a single product is a
strategy that could potentially be agnostic to the type of
biomass or the depolymerization method used.®*"**

Although some strains have been engineered to produce
specific chemicals from aromatics,” there is still a knowledge
gap on culture conditions required to produce the high yields,
titers, and production rates needed for these bioprocesses to
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be sustainable and gain industrial acceptance.'®**?* To obtain
high yields, the microbial catalysts need to be capable of meta-
bolizing as many of the aromatics found in depolymerized
lignin as possible. In recent years, this has been a productive
research area, with rapid discovery of microbial pathways for
metabolism of plant-derived aromatic monomers®**>° and
dimers.*’ > Obtaining high product titer requires the use of
feed streams containing high concentration of aromatics and
microbes that efficiently metabolize these substrates, that are
tolerant to product accumulation, and that can tolerate the
presence of potentially inhibitory substances. However, aro-
matic concentrations in these feed streams are often limited
by the aqueous solubility of aromatics at circumneutral pH.
Demonstrations of high product titers are typically performed
in fed-batch bioreactors,’*®'%?° whereas demonstrations of
high production rates are less common.>

We are studying Novosphingobium aromaticivorans as a poten-
tial microbial chassis for cost-effective microbial funneling of
biomass aromatics.>****® N. aromaticivorans is known for its
natural ability to degrade a diverse range of aromatic com-
pounds, including most phenolics derived from plant
biomass,®**® which is a critical characteristic needed to achieve
high product yields from biomass.?” Recent work has elucidated
metabolic pathways and enzymes involved in the degradation of
multiple aromatic compounds by N. aromaticivorans,>*°
enabling the engineering of strains that funnel diverse aromatic
compounds into extracellular products such as 2-pyrone-4,6-
dicarboxylic acid (PDC)**° and cis,cis-muconic acid (ccMA).*®

In this work, we test the hypothesis that high productivity
with N. aromaticivorans could be achieved by creating high-
density cultures with flow-through membrane bioreactors
(MBR).* Using PDC as a product, we show that high pro-
ductivity was achieved from p-hydroxybenzoic acid (pHBA) and
syringic acid in experiments using synthetic media, and from
aromatics derived from the alkaline pretreatment of poplar
biomass. We found that product titers were limited by aro-
matic solubility when syringic acid was used, and by the
accumulation of protocatechuate when pHBA or alkaline pre-
treated poplar were used. These results revealed that there is a
trade-off between maximizing high productivity or maximizing
product titer in the MBR system. We also systematically evalu-
ated factors affecting microbial growth during bioreactor oper-
ation and show that the base used for pH control can impact
the productivity of the microbial culture by reducing accumu-
lation of inhibitory salts.

Results

Continuous PDC production in flow-through MBR system

We evaluated the use of a flow-through MBR system (Fig. S1})
for continuous production of PDC by an engineered
N. aromaticivorans strain (strain 12444AligIAdesCD from Perez
et al®). Hollow fiber membranes were used to separate
microbial cells from the reactor effluent and return them to the
bioreactor, as an operational strategy to achieve high-density
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cultures. For initial experiments with synthetic medium, pHBA
was chosen as the aromatic substrate that can be transformed
to PDC, and glucose was used as an auxiliary non-aromatic sub-
strate that provides the carbon and energy needed for cell
growth when most carbon in the aromatic substrate is used to
make PDC.® During flow-through operation, PDC production
results in acidification of the medium, so neutral pH was main-
tained by the automated addition of sodium hydroxide (NaOH).
Air was continually supplied to provide oxygen needed for
growth and for aromatic metabolism.

Each MBR experiment was started in batch mode using
standard mineral base (SMB) medium amended with 40 mM
(7.2 g L") glucose as the sole carbon source. This batch mode
was maintained for about 20 h, until all the initial glucose was
consumed. Next, the system was switched to flow-through
mode and fed with SMB medium containing 1 mM (0.138 g
L™") pHBA and 40 mM glucose for approximately one hour to
expose the cells to the aromatic substrate, inducing the
expression of genes related to aromatic metabolism. Then, the
flow-through mode was continued, and the media switched to
one containing approximately equimolar concentrations of
aromatic substrate and glucose. The MBR experiments were
typically conducted for about 5 days (120 hours).

In the first experiment (Table 1), we continuously fed the bio-
reactor with SMB medium containing 20 mM (2.8 g L") pHBA
and 20 mM (3.6 g L) glucose at a flow rate of 8.33 mL h™™.
With a 200 mL working volume, this flow rate corresponds to a
hydraulic retention time (HRT) of 24 h. We monitored accumu-
lation of cells as well as the extracellular concentrations of sub-
strates, intermediates of aromatic metabolism, and the product
PDC (Fig. 1A). We also monitored the concentrations of Na', K",
and NH," (Fig. 1B), cations that may accumulate depending on
the base selected for pH control. Under these operational con-
ditions, the system reached a steady PDC concentration of 21 +
1 mM (3.8 + 0.2 g L"), without observable accumulation of sub-
strates (pHBA or glucose) or detectable intermediates of aro-
matic metabolism in the medium, indicating 100% molar yield
of PDC from pHBA. The microbial culture reached an optical
density (600 nm, ODggo) of 15 + 1 (Fig. 1A), equivalent to a dry
cell weight (dew) concentration of 9.5 gqew L' At steady state,
the bioreactor reached a PDC production rate of 0.16 gppc L
h™. The concentrations of the cations Na*, K*, and NH," in the
feed were 20, 20, and 14 mM respectively, and in the effluent,
K' remained at 20 + 2 mM (Fig. 1B), whereas Na" averaged 36 +
5 mM. The NH," present in SMB was consumed during the
batch period, but then stabilized at 10 + 1 mM in the effluent
(Fig. 1B). The difference between the influent and effluent NH,"
concentrations reflect NH," utilization to fulfill nitrogen require-
ments for cell growth during flow-through MBR operation.

Effect of increasing aromatic concentrations on MBR system
performance

Having achieved stable bioreactor operation at 20 mM pHBA,
we tested the MBR system with higher concentrations of
organic substrates (experiments 2 and 3, Table 1). In separate
experiments, pHBA and glucose concentrations were set to

This journal is © The Royal Society of Chemistry 2024
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Table 1 Experiments performed with flow-through MBR system and observed PDC titer and production rates

Aromatic concentration, Glucose concentration, PDC titer PDC production

No. Aromatic® mM (g L7 mM (gL HRT (h) Base mM (g L7 rate (gL' h™)
1 pPHBA 20 (2.8) 20 (3.6) 24 NaOH 21 (3.8) 0.16

2 pHBA 40 (5.5) 40 (7.2) 24 NaOH 41 (7.5) 0.31

3 pHBA 50 (6.9) 50 (9.0) 24 NaOH ns’ ns

4 pHBA 80 (11.0) 80 (14.4) 24 NH,OH 80 (15.0) 0.63

5 pPHBA 100 (13.8) 100 (18.0) 24 NH,OH ns ns

6 pHBA 50 (6.9) 50 (9.0) 12 NH,OH 50 (9.2) 0.77

7a‘ SA 43 (8.5) 50 (9.0) 24 NH,OH 42 (7.7) 0.32

7b°¢ SA 43 (8.5) 50 (9.0) 12 NH,OH 42 (7.7) 0.64

7c¢ SA 43 (8.7) 50 (9.0) 4 NH,OH 42 (7.7) 1.93

8 APL? 16 (2.2) 20 (3.6) 24 NH,OH ns ns

9a¢ eAPL1¢ 17 (2.3) 50 (9.0) 24 NH,OH 17 (3.1) 0.13

9b° eAPL2° 50 (6.9) 50 (9.0) 12 NH,OH 50 (9.2) 0.77

9c® eAPL2° 50 (6.9) 50 (9.0) 6 NH,OH 50 (9.2) 1.53

9d ¢ eAPL2° 50 (6.9) 50 (9.0) 4 NH,OH ns ns

% Abbreviations: pHBA, p- hydroxybenzow acid; SA, syrlnglc acid; APL, alkaline pretreatment liquor; eAPL APL concentrated by extraction. ®ns: a

stable condition was not reached. “ Experiments were in a smgle run with progressive HRT reductions.
¢Two batches of eAPL were used; eAPL1 was used with 24-hour HRT and eAPL2 was used with

line pretreated liquor (APL) was pHBA (16 mM).
16-hour, 6-hour, and 4-hour HRTS.

40 mM (5.5 g L™ and 7.2 g L™, respectively) and 50 mM (6.9 g
L™ and 9.0 g L™, respectively).

At the 40 mM substrate concentrations, the productivity of
the MBR system increased, with PDC reaching 41 + 2 mM (7.5
+ 0.4 g L") near the end of the run (Fig. 1C). With no residual
PHBA, this bioreactor achieved 100% molar yield of PDC from
pHBA. However, a transient accumulation of as much as
7.8 mM (1.2 g L™") of the pathway intermediate protocatechuic
acid (PCA) was observed 38 h into the experiment (Fig. 1C).
With higher glucose than in the first experiment (Fig. 1), the
culture reached higher cell densities, with optical density of 22
+ 2 (Fig. 1C), or 17 + 1 Zqew L. At the end of this experiment,
the bioreactor achieved a production rate of 0.31 gppc L™" h™™.
The effluent cation concentrations followed a similar trend as
in the prior experiment (Fig. 1D), but the Na" concentrations
were 35% higher, consistent with the need for more NaOH to
control pH at higher PDC titer (Fig. 1D).

The MBR system failed to reach stable PDC production
when fed 50 mM pHBA and 50 mM glucose (Fig. 1E). In this
case, the rate of PDC accumulation was faster, but we observed
higher accumulation of PCA, reaching its highest concen-
tration of 18 mM (2.8 g L™") 91 h into the experiment.
Concomitant with the increase in PCA, incomplete consump-
tion of both glucose and pHBA occurred (Fig. 1E). At the end
of the experiment, pHBA and glucose concentrations were
increasing, suggesting significant inhibition of microbial
metabolism in the bioreactor. Consistent with the inhibition of
microbial metabolism, we found that the rate of base addition
for pH control decreased (Fig. 1F), and that the effluent NH,"
concentration equaled the influent concentration.

Identifying factors impacting MBR system performance

To investigate the reason for the inability to reach a stable PDC
production rate when the MBR system was fed 50 mM pHBA
and 50 mM glucose, we used batch culture experiments. First,
to evaluate the potential inhibitory effect of PCA accumulation,

This journal is © The Royal Society of Chemistry 2024

4'The main aromatic (99.5%) in the alka-

batch growth tests with increasing PCA concentrations were
performed (Fig. 2A). The analysis showed a decrease in growth
rates as the PCA concentration in the medium was increased,
with 7 mM (1.1 g L™") added PCA completely inhibiting growth
in the batch experiments (Fig. 2A). We conclude from these
experiments that PCA accumulation has a negative impact on
N. aromaticivorans growth, but the inhibitory concentrations in
the batch experiments do not correlate well with inhibitory
concentrations in the MBR experiments.

Second, to evaluate whether Na® accumulation affected
microbial growth, batch experiments with increasing NaCl
addition were performed (Fig. 2B). In these experiments, the
growth rate decreased with increasing Na' concentration,
showing an 81% decrease in growth rate at the highest Na*
condition tested (230 mM), but less than a 15% decrease at the
range of concentrations of this cation that were observed in
the MBR effluents (40 to 60 mM).

Third, the impact of product accumulation was also evalu-
ated in batch tests with media containing glucose and increas-
ing concentrations of PDC (Fig. 2C). Since addition of PDC to
the medium also requires the addition of a base to keep
neutral pH, we used NaOH for this purpose, which resulted in
experiments in which medium Na' concentrations increased
as more PDC was added. For example, when we tested initial
PDC concentrations ranging from 0 to 105 mM, this resulted
in Na' concentrations ranging from 20 to 230 mM (Fig. 2C).
We observed an 85% decrease in the growth rate when the
initial PDC concentration was 100 mM, but only a 39%
decrease at 45 mM PDC (Fig. 2C), which approximates the
maximum PDC concentrations seen during successful oper-
ation of the flow-through MBR system (Fig. 1C). To deconvo-
lute the impact of PDC from Na* on microbial activity, we com-
pared the growth rates of cultures supplemented with NaCl
(Fig. 2B) and those supplemented with PDC (Fig. 2C) at the
same Na' concentrations. Using a linear model to represent
the effect of Na' in growth rate (Fig. 2D), we observed slight
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4gc01975j

Open Access Article. Published on 20 lunius 2024. Downloaded on 22/10/2025 11:42:48.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
A [~Glucose +PDC B [Na .
= pHBA -+ PCA N S
10042 Ce\llldenSfty 50 10012 ?t‘muﬂ?t‘lre Base 30
' ' P ="
s = I8 L2072
= E 602 “E
e = H15 2
Z .2 40 g
2 = 0 F10°3
3 EZO‘fK\Ar‘\Q—Q ls 7
Q \eg iﬁ' ﬂ%- —_— .
0 0
0 40 80 120 0 40 80 120
Time (hr) Time (hr)
C ~Glucose = PDC D ~Na* L NH
= pHBA  + PCA Kt T
100 L2 CTIlidern(sny 50 100 12 ’C:?lmlllrlel\‘/C Base 30
- = ————— L5
804<= 40 mM pHB F40 3 ASO-:I “\A
S Qs 2 e
= O g |8 20"z
z 60122 F30= B 604 E
£ L5 2
E 401 L20Z £ 40 5
\ = 6 r103
201 F10S = 201 ls ~
3 :
0#* Pty — () 0 0
0 40 80 120 0 40 80 120
Time (hr) Time (hr)
E +Glucose -+ PDC F -+ Na' « NH.'
= pHBA  + PCA +K* ' 4
100 L2 Ce}l flenSIIy 50 100 L2 (’,umulaqv‘e Base 30
IRT: 24 hi Rl 24
804250, " ta0 § o ' S
g 3 = 03
g 6018 30z E TE
£ 7 F1s g
E 40 L1202 § " E
\ 2 = 102
20\ 105 sz—n**-ﬂ .
v . 2 & —a—aaau D
Lry o -7 ¢ &/
Y = VARASLs Saalin W) 0 \-" —t0
0 40 80 120 40 80 120
Time (hr) Time (hr)

Fig. 1 Performance data for MBR fed 20—50 mM pHBA, with a 24-hour
HRT and using NaOH for pH control. Panels A, C, and E show effluent
concentrations of pHBA, PCA, PDC, and glucose, and cell density
throughout the operational period. Panels B, D, and F show effluent
concentrations of Na*, K*, and NH,*, and the cumulative volume of
base added throughout bioreactor operation. The gray-colored boxes in
each plot indicate the initial batch mode period of bioreactor operation.
The concentration of pHBA and glucose in the feed solution was 20 mM
(panels A and B), 40 mM (panels C and D), and 50 mM (panels E and F).

differences in the linear regression coefficients, which were
not statistically different at the 95% confidence level (p > 0.05).
We conclude from this analysis that PDC, at the concentrations
tested, has a negligible impact on microbial growth rates.

The above results predict that, in addition to PCA accumu-
lation, some decrease in growth rate can be attributed to the
increase in Na' concentrations due to the use of NaOH for pH
control. To test this hypothesis, we investigated whether repla-
cing the base used for pH control could influence PDC pro-
duction by changing the type of cation that accumulates. For
this, we conducted growth batch tests with NaCl, KCl, and
NH,CI at concentrations of 60, 120, and 180 mM, to reflect con-
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Fig. 2 Growth curves and estimated growth rates of N. aromaticivorans
12444AliglAdesCD from batch experiments that used 12 mM glucose
and increasing concentrations of PCA (panel A), NaCl (panel B), and
Na,PDC (panel C). For each case, the figures on the left show cell
density (ODeggo) of three replicates for each condition, and the figures on
the right show averaged growth rates with error bars indicating standard
deviations of triplicate experiments. Panel D shows the comparison of
growth rates between batch tests with NaCl or Na,PDC with respect to
Na* concentration. Linear regression lines (Y = mX + b) for both con-
ditions are shown with dotted lines, and the slope (m), Y-intercept (b),
and R? of the regression line for NaCl and Na,PDC are reported in the
table on the right of panel D.

centrations of Na’, K', or NH, that could be potentially
observed in flow-through MBR experiments (Fig. 3A). At the
three concentrations tested, small but significant differences in
growth rates were observed in cultures exposed to the three
cations (one-way ANOVA, P < 10~%), with the higher growth rates

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Panel A shows the averaged growth rate of three replicates for
increasing additions of NaCl, KCl, and NH4Cl and 12 mM glucose. The
control is a condition without salt addition. Error bars represent standard
deviations of three replicates. Panels B and C show performance data
for MBR using 80 mM pHBA, 80 mM glucose, and operated with
24-hour HRT and NH4OH for pH control. Panels D and E show perform-
ance data for MBR using 100 mM pHBA, 100 mM glucose, and also
operated with 24-hour HRT and NH4OH for pH control. The gray-
colored boxes in panels B to E indicate the initial batch mode used in
the MBR experiments.

observed in the presence of NH,CI and the lowest growth rates
observed when NaCl was added (Fig. 3E). The results lead us to
propose that using NH,OH instead of NaOH for pH control
might improve performance of the flow-through MBR system.
To test this hypothesis, we analyzed flow-through MBR per-
formance using NH,OH as the base employed for pH control
(experiments 4 and 5, Table 1). In one experiment, we used a
feed containing 80 mM (11.0 g L™") pHBA and 80 mM (14.4 g
L") glucose (Fig. 3B and C), concentrations higher than those
that allowed stable operation with NaOH as the base (Fig. 1).
At this condition, the MBR system reached stable operation
with 100% molar yield of PDC from pHBA and higher cell
density (ODggo = 42 * 1, Fig. 3B) than in experiments at lower
substrate concentrations (ODgg = 22 * 2, Fig. 1C). In addition,

This journal is © The Royal Society of Chemistry 2024
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there was no observable accumulation of PCA, glucose, or
PpHBA in the bioreactor effluent. By the third day of operation,
the MBR was producing effluent containing 80 + 0.1 mM PDC
(15 + 0.02 gppc L1 at a production rate of 0.63 gppc L™ h™".
We also tested MBR performance at 100 mM (13.8 g L") pHBA
and 100 mM (18.0 g L") glucose. In this case, we found that
PCA accumulated and observed incomplete utilization of
PpHBA and glucose, indicating a new limit for the MBR per-
formance at this condition (Fig. 3D and E).

Increasing PDC productivity by using a shorter HRT

The previous MBR experiments using a 24-hour HRT identified
limitations to the strategy of improving PDC productivity by
increasing the concentration of aromatics in the influent or
changing the base used for pH control. Thus, we tested
whether PDC production rates could be improved by reducing
the HRT to 12-hour, using NH,CI for pH control, and 50 mM
each of pHBA and glucose in the feed (experiment 6, Table 1).
Under these conditions, steady PDC production was achieved
(Fig. 4A and B). With a titer of 50 + 1 mM PDC (9.2 + 0.2 gppc
L™, the production rate was 0.77 gppc L' h™, which is a
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Fig. 4 MBR performance using NH4OH as the base for pH control. For
each experiment, the gray-colored boxes indicate an initial batch period
with SMB containing 40 mM glucose. Panels A and C show effluent con-
centrations of aromatics, PDC, glucose, and cell density throughout the
operational period. Panels B and D show effluent concentrations of Na*,
K*, and NH;", and the cumulative volume of base added throughout
bioreactor operation. Panels A and B show data with 50 mM of each
pHBA and glucose and a 12-hour HRT. Panel C and D show data using
50 mM glucose, 42 mM syringic acid, and decreasing HRTs of 24, 12,
and 4 h. Abbreviations: pHBA, p-hydroxybenzoic acid; PCA, protocate-
chuic acid; SA, syringic acid; 3MGA, 3-methyl gallic acid.

Green Chem., 2024, 26, 7997-8009 | 8001


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4gc01975j

Open Access Article. Published on 20 lunius 2024. Downloaded on 22/10/2025 11:42:48.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

24% increase compared to the best result observed using a
24-hour HRT (experiment 4, Table 1). This experiment con-
firmed that productivity can be improved by increasing the
aromatic loading rate into the reactor while maintaining stable
PDC titers.

PDC productivity with syringic acid

We performed experiments with syringic acid to evaluate
whether the MBR conditions that increased PDC productivity
with pHBA also allowed high productivity of PDC from a syrin-
gyl compound (Fig. 4C and D).

In this test (experiments 7a to 7c, Table 1), the influent con-
tained 50 mM (9.0 g L") glucose and 43 mM (8.5 g L") syrin-
gic acid, the maximum concentration of this aromatic that was
soluble at pH 7, and NH,OH for pH control. The reactor was
initially operated with a 24-hour HRT (Fig. 4C and D), similar
to the initial runs with pHBA. To investigate whether PDC pro-
ductivity could be increased by increasing the aromatic
loading rates, the HRT was subsequently decreased to 12 h
and 4 h during the same reactor run. Under these conditions,
steady PDC production was achieved and maintained at 42 +
1 mM PDC (7.7 = 0.2 gppc L") for all HRT conditions
(Fig. 4C). The corresponding production rates were 0.32 gppc
L™ h™, 0.64 gppc L' h™", and 1.93 gppc L' h7', at the
24-hour, 12-hour, and 4-hour HRTs, respectively (Table 1).
Thus, this experiment confirmed that it was possible to
achieve high PDC productivity with syringic acid by increasing
the aromatic loading rates even when limited by the aqueous
solubility of syringic acid.

PDC productivity with aromatics derived from poplar biomass

We also investigated whether similar conditions could be used
to produce PDC from aromatics derived from poplar via alka-
line pretreatment. Alkaline pretreatment liquors (APL) result
from incubating biomass at high pH and high temperature
(e.g., 50-130 °C). This process releases monoaromatic com-
pounds that are attached to the cell wall via ester linkages,"**°
and can also extract other aromatic compounds found in plant
biomass.*® Given the negative impact of Na* accumulation on
MBR performance, we used APL-producing conditions with
less NaOH than commonly used during alkaline pretreatment
(i.e., 0.5 M NaOH instead of 1.0 M NaOH or higher'®) and
tested the resulting APL in a MBR operated with 24-hour HRT
and using NH,OH for pH control (experiment 8, Table 1).
Analysis of this APL showed it contained 16.0 + 0.2 mM pHBA
and minor concentrations of other aromatics (0.02 mM p-cou-
maric acid and 0.06 mM ferulic acid).

For these experiments (Fig. 5A and B), the APL was
amended with 20 mM glucose to reach close to equimolar
amounts of aromatics and glucose, consistent with other
experiments in this study. A nitrogen source was not added
because NH,OH was used for pH control. As with other MBR
experiments, this experiment started in batch mode using
SMB medium containing 40 mM glucose (Fig. 5A) and then
switched to flow-through operation after the glucose was con-
sumed. In flow-through mode, the PDC concentration

8002 | Green Chem., 2024, 26, 7997-8009

View Article Online

Green Chemistry

AT B ewy
- pH < K
= Cell density . o Cumulative Base |
100 50 30
Batch = i Batch i
80 10 % ~400- S
o % F20 =
)= E3004 <
= 15 g
)£ 2200 E
<3 10 3
' =100 s
-~ s o-0 (_‘ )
o= F
0 10 20 30 40 50
Time (hr) Time (hr)
C [TEEE) D LE ow
*pHBA - o
10012 Ccll density 50 20042 Cumulative Base 150
12 64 _ 12 64
- ol [ 2 o e—stetel | 195
8015 cAPL2 [40 2 o50ds )
= 50 mM o é = F100"=
o 6042 pHBA F30~ & = -
% £ 2100 o758
< 40+ F20 8 oml . =
p 2 3 250 S
20, = 5 =501 r= ST i 25 "
/ i A -
f NE
0# ot iRt () 0 T T 0
0 35 70 140 0 35 70 140
Time (hr) Time (hr)
E
3 1500 PHBA my
2 5 R pHBA 16
b pCA 0.02
£ 5004 , .
2 p({\ ‘(PA FA 0.06
£l
S
H
F
=
<«
0 5 10 15 20 25

Elution time (min)

Fig. 5 MBR performance with APL and extracted APL (eAPL), with
NH4OH used as the base for pH control. For each experiment, the gray-
colored boxes indicate an initial batch period with SMB containing
40 mM glucose. Panels A and C show effluent concentrations of pHBA,
PCA, PDC, and glucose, and cell density throughout the operational
period. Panels B and D show effluent concentrations of Na*, K*, and
NH,4*, and the cumulative volume of base added throughout bioreactor
operation. Panels A and B show data with poplar APL amended with
20 mM glucose at an HRT of 24 h. Panel C and D show MBR perform-
ance data with extracted APL media (eAPL1 and eAPL2) supplemented
with 50 mM glucose, and decreasing HRTs of 24, 12, 6, and 4 h. Panel E
shows HPLC chromatograms of the poplar APL at two different wave-
lengths, showing small concentrations of p-coumaric acid (pCA), ferulic
acid (FA), and other unidentified compounds.

increased to 11 mM (2.1 g L"), which represents ~69% conver-
sion of the pHBA in the APL to PDC, but steady PDC pro-
duction could not be maintained and pHBA concentrations
increased (Fig. 5B). The observed rapid increase in Na" concen-
tration (Fig. 5B) potentially caused the inhibition of PDC pro-
duction, although the presence of other inhibitory compounds
in the APL cannot be ruled out.

This journal is © The Royal Society of Chemistry 2024
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To lower the Na concentration, we tested the effect of con-
centrating the aromatics in APL by liquid-liquid extraction
and reconstituting them in controlled media (see Materials
and methods). Two different solutions of extracted APL were
produced (eAPL1 and eAPL2) and used in another MBR experi-
ment (experiments 9a to 9d in Table 1 and Fig. 5C, D). The
PHBA concentrations in eAPL1 and eAPL2 were 17.0 + 0.2 mM
and 49.7 + 0.3 mM, respectively. For the MBR experiments,
these eAPLs were adjusted to neutral pH with NH,OH and
amended with glucose (50 mM) and phosphate buffer. After
the initial batch period with SMB medium, flow-through mode
was initiated with eAPL1 using 24-hour HRT and NH,OH for
pH control (experiment 9a, Table 1). With this eAPL1, steady
PDC production was achieved (Fig. 5C), resulting in a PDC
titer of 17.3 + 0.3 mM PDC (3.2 + 0.1 gppc L"), a production
rate of 0.13 gppc L' h™", and with Na” and K" at ~20 mM and
NH," stabilizing at ~50 mM (Fig. 5D). Next, the feed was
switched to eAPL2, which had a higher concentration of pHBA
(49.7 £ 0.3 mM). With eAPL2 we tested the MBR performance
using 12-hour, 6-hour, and 4-hour HRTs (Fig. 5C and D). At
12-hour HRT, we observed the MBR reaching a steady PDC
titer of 50 + 1 mM (9.2 + 0.2 gppc L), a condition that was
maintained after the HRT was decreased to 6-hour, resulting
in PDC production rates of 0.77 gppc L' h™" and 1.53 gppc L™*
h™, at 12-hour and 6-hour HRT, respectively. Upon a shift to
4-hour HRT, stable PDC production was no longer achievable
and PCA and pHBA accumulated in the bioreactor effluent,
showing a limit on stable productivity with concentrated APL.

Discussion

Microbial funneling is an emergent strategy for biomass aro-
matic valorization that relies on the microbial transformation

Table 2 Summary of reported PDC production performance
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of phenolic mixtures into one or a limited number of pro-
ducts.* For this strategy to be industrially attractive and envir-
onmentally sustainable, it is necessary to develop microbial
culturing techniques capable of delivering high production
rates, titers, and yields within a lignocellulosic biorefinery.*°

The major monoaromatic phenolics derived from plant
biomass can be classified according to the number of methoxy
groups in the aromatic ring as syringyl (S-type; two methoxy
groups), guaiacyl (G-type; one methoxy group) and p-hydroxy-
phenyl aromatics (H-type; no methoxy groups).*>*' Microbes
such as N. aromaticivorans, can naturally metabolize all three
types of aromatics,® whereas others cannot naturally metab-
olize syringyl aromatics,” although advances are being made to
engineer Pseudomonas and other bacterial strains with this
capability.”? Obtaining high product yields from ligno-
cellulosic biomass will ultimately depend on the ability of the
engineered microbial strains to metabolize all major types of
aromatics found in lignin.

In this study, we demonstrated the use of a MBR to generate
high-density cultures of the engineered N. aromaticivorans
12444AligIAdesCD strain,® which reached production rates as
high as 1.93 gppc L~" h™" with syringic acid. This is ~14%
greater than the highest PDC productivity from aromatics
reported to date,®® albeit with a titer lower than other
reports.>?° This is also the first report of a S-type aromatic con-
verted to PDC with a high production rate. We selected PDC as
the product of microbial funneling because of its promising
use as a building block for the manufacturing of products
from renewable materials,"'® and because it is a product for
which some productivity metrics have been reported with
N. aromaticivorans and other microbial chassis (Table 2). We
also report high PDC productivity using a poplar APL to illus-
trate the ability of a N. aromaticivorans MBR to generate this
compound from aromatics derived from lignocellulosic

Reactor Aromatic Non-aromatic

Production rate Titer  Yield?

Microbial chassis type”  substrate” (g L") substrate’ (g L") (gL' h™") (gL™") (mol per mol) ODgoy Ref.

P. putida PpY1100 FB PCA (100) G (18) 0.31 11 0.99 14 Otsuka et al. 2006 *

P. putida KT2440 FB PHBA (120) G (100) 0.20 58 0.81 12 Johnson et al.
20192

N. aromaticivorans FB VA (38), VN (5) G (99) 0.12 4.9 0.56 nr Perez et al. 2019°®

DSM12444

P. putida KT2440 FB PCA (98.4) Gly (10) 0.21 22.7  1.00 6 Lee et al. 2022 *°

G (2.5)

P. putida PpY1100 FB VA (220) G (230) 1.69 99.9  0.99 70  Otsuka et al.
2023%°

N. aromaticivorans MBR  pHBA (6.9) G(9) 0.77 9.2 1.00 30 This study

DSM12444

N. aromaticivorans MBR  SA(8.3) G(9) 1.93 7.7 1.00 34 This study

DSM12444

N. aromaticivorans MBR  eAPL2 (6.9) G(9) 1.53 9.2 1.00 15 This study

DSM12444

nr: not reported. “ Reactor type: FB: fed-batch, MBR: continuous flow membrane bioreactor. ° Aromatic substrates: PCA: protocatechuic acid, VA:
vanillic acid, VN: vanillin, pCA: p-coumaric acid, pHBA: p-hydroxybenzoic acid, SA: syringic acid, eAPL2: aromatics extracted from poplar biomass
by alkaline pretreatment containing mostly pHBA. ¢ Non-aromatic substrates: G: glucose, Gly: glycerol. ¢ Yield expressed in mol PDC per mol aro-
matic substrate. Assuming 1 mol aromatic substrate yields 1 mol PDC, the theoretical yields from the different aromatic substrates are: 1.22 gppc
grca ' 112 Zopc Bva ' 1.15 Zpca poa 5 0.97 Zene 8ra 5 1.36 Zonc Zprpa 5 0-95 Zepc Zsa -
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biomass. Below we discuss the findings from this study in the
context of other microbial funneling strategies investigated to
achieve high PDC productivity.

PDC productivity using different microbial chassis

In the first reported microbial strain capable of extracellular
accumulation of PDC, P. putida PpY1100, a microorganism
described as unable to naturally degrade aromatic compounds,’
was engineered by heterologous expression of a protocatechuate
4,5-dioxygenase (LigAB) and a dehydrogenase (LigC) from
Sphingobium SYK-6, to produce PDC from PCA by extradiol clea-
vage of the aromatic ring." Because PCA is an intermediate in
the degradation pathway of G- and H-type aromatics, engineered
strains of P. putida PpY1100 have been reported to produce high
yields of PDC from these aromatics but it is unable to transform
S-type aromatics.*® In other studies, P. putida KT2440, a strain
reported to naturally degrade PCA and catechol via intradiol
cleavage of the aromatic ring has been engineered to produce a
variety of aromatic products via pathways that have PCA or cate-
chol as intermediates.” Similar to P. putida PpY1100, when ligAB
and ligC are heterologously expressed in this organism, it
enables the production of PDC from G- and H-type aromatics,"®
but not S-aromatics.

In contrast, N. aromaticivorans DSM12444 naturally grows on
S-, G-, and H-type aromatics by extradiol cleavage of the aromatic
ring.?® The engineering of strains to accumulate PDC from phe-
nolics was accomplished by interrupting the metabolic pathways
downstream of PDC without the need for expression of heter-
ologous enzymes (Fig. S21).2*° Consequently, the engineered
PDC-producing strains have high PDC yields from all three
major types of aromatics found in lignocellulosic biomass.**°

Reports of microbial production of PDC at high titers or
with high production rates have used either G- or H-type aro-
matic substrates (Table 2). The initial experiments with
P. putida PpY110035 yielded 11 g L™ PDC with a production
rate of 0.31 gppc L™" h™" and a yield of 0.99 molppc per
molpcy, fed-batch experiments with a concentrated PCA solu-
tion (100 g L™")." The highest PDC titers reported thus far have
been 58 g L™ with P. putida KT2440,%> 99.9 g L™" with P. putida
PpY1100,>° and 4.9 g L™" with N. aromaticivorans DSM12444.°

While fed-batch operation can deliver high product titers,
they are limited by the concentration of the aromatic in the
feeding stream, which is slowly added to the reactor to prevent
substrates from accumulating to inhibitory levels.'® Because of
the feeding strategy, this mode of operation has modest pro-
duction rates (Table 2), unless high-density cultures are used.”
Moreover, the addition of the aromatic-containing feed to a
batch culture also increases the volume of the batch, thus dilut-
ing the product and imposing a titer limit that is well below the
concentration of the aromatic in the feed stream (Table 2). While
aqueous solutions with 100 g L™ aromatics or greater, at circum-
neutral pH, can be prepared with aromatics such as pHBA® or
PCA," this is not possible with less soluble aromatics such as syr-
ingic acid, for which we observed an aqueous solubility of 8.3 g
L™ at circumneutral pH. Otsuka et al.*® reported using vanillic
acid solutions of up to 220 g L™ in an ammonia-based solution
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and being able to obtain a titer of ~100 g L™, the highest PDC
titer reported to date. They also reported that attempting to
increase the titer by feeding the culture with vanillic acid in pow-
dered form immediately suppressed microbial activity.>°

Given the limited solubility of many biomass-derived aro-
matics in aqueous solutions, we investigated whether it would
be possible to operate flow-through bioreactors that achieve
high PDC production rates even though the titers are limited by
aromatic solubility. We reasoned that high productivity could be
achieved by culturing N. aromaticivorans in conditions that led
to high density, and for this purpose, we used hollow fiber
membranes to filter the reactor effluent and keep the active
cells in the reactor while producing a PDC-containing clear
effluent. In these MBR systems, the maximum product titer is
limited to the molar concentration of the aromatic substrate in
the influent stream. As predicted, we achieved 100% conversion
of the aromatic to PDC with pHBA or syringic acid as substrates
(Table 1). Although our PDC titers were lower compared to
some reported in fed-batch reactors with pHBA or p-coumaric
acid, the production rates were between 3 and 10 times higher
than previously reported (Table 2).

In addition, only the fed-batch experiment of Otsuka et a
with P. putida achieved comparative production rates to the rates
we obtained (Table 2). We propose that three factors contributed
to the high production rate observed in this previous study.
First, they used a vanillic acid feed stream that is over two times
more concentrated than used in other studies. This concen-
tration of aromatics would be difficult to achieve with many
plant-derived aromatic streams unless a solvent is used to
increase the solubility of the aromatics fed into the reactor, and
in that case, it would be necessary to ensure the compatibility of
the solvent with the microbial chassis used. Second, they
created a high-density culture (ODgq ~ 70 to 80)*° before adding
the aromatic that was at least two times greater than the den-
sities we achieved with the MBR system (ODggo ~ 15 to 40) and
about 5-fold higher than densities in other published studies
using fed-batch cultures (Table 2). Achieving these high den-
sities in a fed-batch reactor, without the help of membranes to
retain the microbial cells during flow-through operation, as we
did in our study, also required the use of higher concentrations
of the non-aromatic substrate to support microbial metabolism
(230 g L™" glucose, compared to the 3.6 to 18 g L™ glucose we
used in the MBR system). Third, the authors changed the pH-
control base from NaOH to NH,OH, which is the same change
we implemented to increase productivity in our flow-through
MBR experiments. While we made this change based on NH,"
having less toxicity to N. aromaticivorans than comparable levels
of Na" (Fig. 3A), their motivation was to prevent formation of in-
soluble Na-PDC salts, which reduced soluble PDC titers at their
high titer goal of 100 g L. In any case, PDC productivity in the
Otsuka et al®® and in this study was improved by preventing
accumulation of Na' in the medium.

Z. 20

PDC production from plant-derived aromatic streams

Although PDC production from biomass aromatic streams has
been demonstrated,®>!*® there are no reports of high PDC pro-

This journal is © The Royal Society of Chemistry 2024
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ductivity with such solutions. Depending on the methods and
post-processing steps used, biomass-derived aromatic-rich
streams could be in aqueous solution,'®?® dissolved in an
organic solvent,>" or concentrated as oils.>” Thus, it is reason-
able to predict that performance of a PDC producing bio-
reactor will depend on the mode and effectiveness of delivery
of the biomass-derived aromatics to the bioreactor. Alkaline
pretreatment of biomass has been used to generate aqueous
streams containing aromatics®® but they often have aromatic
concentrations below what is needed to obtain high pro-
ductivity and titers in fed-batch reactors. Furthermore, alkaline
conditions in these pretreatments are typically created using
molar concentrations of NaOH, and the results of this and pre-
vious studies®® indicate high Na™ concentrations would not be
compatible with high productivity of PDC. Catalytic fraction-
ation of lignin results in monoaromatics and small oligomers
that are dissolved in an organic solvent, and recovering most,
or all, of the solvent, produces streams with high aromatic con-
centrations. The efficient delivery of these highly concentrated
aromatics to a bioreactor is still limited by the solubility of the
aromatics in the aqueous environment needed for the
microbial process to occur. Thus, to attain high productivities
from lignocellulosic biomass aromatics in fed-batch reactors,
further research is needed to develop strategies for the
effective delivery of the aromatics to the microbial culture.

In previous research,*® we have used APLs from poplar,
sorghum, and Arabidopsis to demonstrate PDC production
from plant-derived aromatics with N. aromaticivorans strains,
but in those studies, the liquors had a limited concentration
of aromatics (less than 15 mM), and the Na' concentration was
kept at levels shown to be non-inhibitory in this study
(~70 mM). In this study, to create an APL with high aromatic
concentration that could be used for high PDC productivity in
the MBR system, we modified the procedure (see Materials
and methods) and obtained a poplar aqueous solution that
had 16 mM pHBA as the major aromatic and 500 mM Na'.
PDC production from this APL by N. aromaticivorans
12444AligIAdesCD could not be maintained, presumably
because of high concentrations of Na' or other unidentified
inhibitors that had a negative impact on microbial growth or
aromatic metabolism. To overcome this bottleneck, we pro-
cessed the APL by liquid-liquid extraction, a step that allowed
us to prepare a solution (eAPL2) with a pHBA concentration of
50 mM (6.9 g L") and a Na" concentration of 20 mM. We
found that a N. aromaticivorans MBR fed eAPL2 reached a pro-
ductivity of 1.53 gppc L™" h™" with a titer of 9.2 gppc L7,
demonstrating the feasibility of using biomass-derived aro-
matics for PDC production at high rates, albeit requiring an
additional extraction step.

Implications of PDC production from aqueous streams using
MBR systems

This study demonstrated that attaining high PDC productivity
from aromatics can be accomplished by creating high-density
N. aromaticivorans 12444AligIAdesCD cultures using a flow-
through MBR system. This is an important advancement in

This journal is © The Royal Society of Chemistry 2024
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the development of green chemistry approaches for production
of PDC from a renewable resource such as lignocellulosic
biomass since higher production rates translate to smaller
process footprints. One trade-off of PDC production with flow-
through MBR is that product titers will not be as high when
compared to fed-batch reactors that are operated to achieve the
highest possible titers. A disadvantage of lower titers is in the
downstream separation of the product from the culture broth,
as product concentration influences the solvent volume
needed for efficient product extraction and larger volumes of
residual wastewater may need to be processed. The optimal
outcome would be high titers and high production rates, as
demonstrated by Otsuka et al.>® However, the high cell den-
sities required to achieve this high productivity was considered
to be a physical upper limit of cell densities in their experi-
ments, and therefore, not likely to be suitable for an effective
and stable industrial process.

The N. aromaticivorans cell densities achieved in the MBR
system studied here were less than half of the densities
reported by Otsuka et al.?® and the reactors achieved similar
production rates. Microbial growth in these systems is depen-
dent on the amount of non-aromatic substrate used, and there-
fore, being able to operate a high productivity process with
lower cell density has the additional advantage that a lower
amount of non-aromatic substrate is required (Table 2). With
less non-aromatic substrate used, the amount of waste in the
form of microbial cells may also be reduced. In this regard,
further analysis of the green chemistry potential of these bio-
technologies would need to consider the waste treatment pro-
cesses needed to manage microbial cell waste. One possibility
is to create value-added benefits from these materials by treat-
ing them in an anaerobic digester to recover energy in the
form of biogas. Furthermore, strategies to gaining additional
value from the microbial cells could be realized by engineering
microbial strains capable of accumulating additional indust-
rially relevant chemicals inside the cells, as has been recently
reported for the concurrent production of extracellular PDC
and intracellular carotenoids.**

A potential challenge with MBR systems is the potential
fouling of the membranes, which can add operational costs by
requiring additional chemicals for cleaning or more frequent
membrane replacement.’* In our experiments with
N. aromaticivorans, membrane fouling was not observed, and
we were able to operate the high-density bioreactors without
the need for membrane cleaning. Thus, this research demon-
strates the compatibility of N. aromaticivorans with MBR oper-
ation, although additional research is needed to evaluate
whether this compatibility remains when using aromatic
streams that are more complex than the poplar APL or the syn-
thetic media used here. Furthermore, the compatibility of
MBR with other microbial chassis remains to be
demonstrated.

A critical condition to enable industrially relevant high-rate
microbial production of PDC and other products from plant
aromatics is the delivery of feed streams to the bioreactors.
This highlights the need for further research to create biomass
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streams with high aromatic concentrations and low concen-
trations of Na' and other potential inhibitors of microbial
activity. In addition, strategies are needed for high-rate delivery
of these feed streams to a bioreactor, in a way that is compati-
ble with the microbial process. Achieving these outcomes
would contribute to advancing the economic and environ-
mental sustainability of these biotechnologies.

In sum, by combining the native metabolic capabilities of
N. aromaticivorans with the ability of an MBR to produce high-
density cultures we describe a strategy that achieved high PDC
production rates using either pure aromatics or aromatics
derived from lignocellulosic biomass. A technoeconomic ana-
lysis is needed to weigh the added costs of concentrating the
biomass aromatics versus the savings in capital cost due to
smaller bioreactors operating at high rates with shorter HTRs.
In this regard, MBR systems have an advantage of producing
clear effluents, so separation of the culture media from the cell
catalyst is integrated into the strategy. Furthermore, life cycle
assessments are needed to evaluate the environmental impact
of the proposed processes for PDC production, which employ
aromatics obtained from renewable resources. Such analyses
would be useful to identify critical points that could be
addressed in the future to improve the technology from a
green chemistry perspective. Finally, additional studies are
also needed to see if the lessons learned from PDC production
by N. aromaticivorans are relevant to generating other extra-
cellular and intracellular products that may be produced from
biomass aromatics by this and other microbial catalysts.

Materials and methods
Bacterial strains and culture inoculation

All experiments used a strain of N. aromaticivorans DSM12444
engineered to produce PDC by deletion of the ligl and desCD
genes (strain 12444AligIAdesCD from Perez et al®). For cell
growth from frozen stocks, cultures were incubated overnight, at
30 °C, on 10 mL of standard mineral base (SMB) medium con-
taining 22 mM (4 g L™") glucose. The cultures were shaken at
200 rpm. After overnight incubation, 2 mL of the culture was cen-
trifuged at 25 000 rpm for 5 min. The resulting pellet was resus-
pended with 2 mL SMB medium without glucose. This cell resus-
pension was used to inoculate MBR experiments (2 mL inocu-
lum) and to prepare microplate batch tests (80 pL aliquots).

Standard mineral base (SMB) medium

The SMB medium contains 10 mM Na,HPO,, 20 mM KH,PO,,
1 g L' (NH,4),S0,, and 20 mL of Hunter’s vitamin-free concen-
trated base.*” Hunter’s vitamin-free concentrated base was pre-
pared by adding the following chemicals to 1 L of distilled
water:*® 10 mg nitrilotriacetic acid, 14.45 mg MgS0Oy, 3.34 mg
CaCl,-2H,0, 9.25 mg (NH4)sM0,0,4-4H,0, 99 mg FeSO,-4H,0,
55 mg nicotinic acid, 24 mg thiamin-HCIl, 0.5 mg biotin, and
50 ml of Metals “44” solution. Metals “44” includes per
100 ml: 250 mg ethylenediaminetetraacetic acid, 1095 mg
ZnS0O,-7H,0, 500 mg FeSO,-7H,0, 154 mg MnSO,-H,O,
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39.2 mg CuS0,-5H,0, 24.8 mg of Co(NO;),-6H,0, and 17.7 mg
Na,B,0--10H,0.

MBR system configuration

The MBR studies were conducted in a Multifors 2 Parallel bio-
reactor system (INFORS-HT, Bottmingen, Switzerland). The
reactor vessel had a capacity of 240 mL, and all experiments
used a 200 mL working volume, except one experiment having
a 133 mL working volume (experiments 7c, Table 1). The
culture was continually mixed by a stirrer with a speed
between 250 and 320 rpm. The system included pumps for
adding an aqueous stream, air delivery, acid and base input
for pH control, recirculation of the culture through the mem-
brane module, and bioreactor effluent. It was also equipped
with sensors for pH, DO, and temperature.

A hollow-fiber membrane module (Repligen D04-P20U-05-S,
Waltham, MA, USA) was connected to the reactor via a recircu-
lation loop. One pump was used to control the flow rate
through the membrane in the recirculation loop, and a second
pump controlled the flow rate of the filtered effluent. The
membrane had a pore size of 0.2 pm and a surface area of
290 cm®. The recirculation loop was operated at discrete time
intervals around 20 min, controlled by a time controller
(Chrontrol XT-4S, Chrontrol, San Diego, CA, USA). When the
recirculation system was active, the flow rate entering the recir-
culation loop was 10 times the influent flow rate, and to main-
tain a constant volume in the bioreactor, the flow rate of the
filtered effluent was set to produce a volume of effluent equal
to the volume fed when the system was off.

Reactor operation was controlled using the bioprocess plat-
form software Eve (INFORS HT, Bottmingen, Switzerland). This
software managed the feed, air supply, acid and base pumps,
as well as pH, DO, and temperature sensors. The experiments
were performed at 25 °C and pH 7. Continuous aeration was

supplied at a flow rate of 1 L min~".

Batch cultures

A microplate reader (Infinite M1000, Tecan, Switzerland) was
used for batch cultures using 24-well CytoOne multiple well
plates (USA Scientific, Ocala, FL, USA) to compare growth rates
under different conditions. Cultures were incubated at 25 °C
for 62 h, with hourly recording of optical density (ODggo). All
cultures used 1 mL of SMB medium modified to contain indi-
cated concentrations of the tested chemicals, 12 mM (2.16 g
L") glucose, pH 7, and 5 pL of pre-grown culture as inoculum.
The chemicals tested included PCA at concentrations from 0 to
7 mM, NaCl at concentrations from 20 to 230 mM, PDC at con-
centrations from 0 to 105 mM, and NaCl, KCI, or NH,CI at con-
centrations between 0 and 180 mM. Growth rates for each
batch culture were determined using linear regression analysis
of the log of growth vs. time.

Preparation of alkaline pretreatment liquor (APL)

Wiley milled (5 mm) ground poplar NM6 (Poplus nigra L. X
P. maximowiczii A. Henry) was used. In each of three 1 L plastic
bottles, 100 g of milled poplar was mixed with 900 mL of

This journal is © The Royal Society of Chemistry 2024
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500 mM NaOH solution (10 wt% solids loading) and heated in
an oven for 3 h at 90 °C. Then, the mixture was cooled down to
room temperature, the solids were removed, and the liquid col-
lected using a Buchner funnel and vacuum with a Whatman 6
qualitative filter paper (18.5 cm diameter and 3 um pore size),
followed by filtration with a 0.2 um polysulfonic acid (PES)
filter. The filtrate, referred to here on as alkaline pretreatment
liquor (APL) had 500 mM Na' and for MBR experiments, it was
charged with 20 mM glucose (3.6 g L™") and acidified to pH 8
with 72% H,S0,.

Preparation of low-Na* eAPL1 and eAPL2

A fresh batch of APL was produced as described and then the
pH was adjusted with HCI to be less than 1, to aid in the
extraction of carboxylic acids. The aromatics were then
extracted from the APL using a series of 5-10 liquid-liquid
extractions with ethyl acetate, until the pHBA remaining in the
aqueous phase was below the threshold of detection by HPLC
analysis. The organic fractions were combined and the solvent
removed by evaporation to yield the dried extracted aromatics.
The dried aromatics were dissolved in distilled water, with the
volume of water chosen based on the desired final aromatic
concentration. That is, eAPL1 contained 17 + 0.2 mM pHBA,
which is similar to the concentration of the originally prepared
APL, and eAPL2 contained 49.7 + 0.3 mM pHBA, aiming for a
concentration comparable to the syringic acid experiment
(experiment 7, Table 1). For MBR experiments, each eAPL solu-
tion was pH balanced with NH,OH, amended with glucose to
reach 50 mM, with phosphate buffer to reach 10 mM Na,HPO,
and 20 mM KH,PO,, and with 20 mL L™ of Hunter’s vitamin-
free concentrated base.

Analytical methods

Extracellular pHBA, PCA and PDC were measured via liquid
chromatography-mass spectrometry (LC-MS) using methods
described previously.® Glucose was measured with a
Biochemistry Analyzer (YSI 2900, Xylem, USA). Na' and K"
were measured in a Varian Vista-MPX Axial ICP-OES (Agilent
Technologies, Santa Clara, California, USA) using liquid argon,
wavelengths for Na* of 588.995 nm and K' of 766.491 nm, and
a standard curve from 0-150 mg L™'. Samples were diluted 10
times to provide data within the range of the standard curve.
The sum of ammonium and ammonia was measured colori-
metrically in a plate reader (Infinite M1000, Tecan,
Switzerland). A standard solution was prepared following
Standard Method 4500-NH,.*® Cell densities were measured
spectroscopically on a Biospec-Mini (Shimadzu, Japan) based
on absorbance at 600 nm (ODggg)-

PDC extraction

PDC was purified from MBR effluents for batch experiments with
varying initial PDC concentrations. First, the pH of the effluent
was dropped to less than 1 using HCL. Second, a series of liquid-
liquid extractions with ethyl acetate were performed until the
PDC remaining dissolved in the aqueous phase was below the
threshold of detection by HPLC analysis. Then, the PDC-contain-

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

ing ethyl acetate fraction was used in additional liquid-liquid
extractions with distilled water to increase PDC purity. After
solvent evaporation, PDC was recovered as a white solid.

Conclusions

In summary, our study shows that the optimized MBR system
with N. aromaticivorans can achieve the highest productivity of
PDC reported. Membrane separation increases cell density in
the reactor, boosting the rate of PDC production. Also, our
study identified that the accumulation of PCA was a key inhi-
biting factor that limited PDC productivity. In addition, repla-
cing the base used for pH control, from NaOH for NH,og,
allowed to build up higher PDC titers and to subsequently
increase flow rates without PCA accumulation, thus contribut-
ing to achieving high PDC production rates. Our work high-
lights that the optimized MBR system can also be applied to
aromatics produced from lignocellulosic biomass. Future
studies will address the application of the system with other
feedstocks, aromatic feed sources, and other microbially pro-
duced chemicals derived from aromatics feed streams.
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