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Bioprocess development and scale-up for cis,cis-
muconic acid production from glucose and xylose
by Pseudomonas putida+t
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cis,cis-Muconic acid (MA) is a bio-based chemical that can be converted to direct replacement chemicals
or performance-advantaged bioproducts. We recently engineered the bacterium Pseudomonas putida
KT2440 for the co-utilization of glucose and xylose to produce MA. This study evaluates the effect of
additional genetic modifications, media composition, and bioprocess strategy on MA titer, productivity,
and yield in bioreactor cultivations. We achieve a MA titer of 47.2 g L™, a productivity of 0.49 g L™ h™,
and a yield of 0.50 C-mol C-mol™ from glucose and xylose supplemented with 5% (v/v) corn steep liquor
with a P. putida strain harboring the deletion of gacS. Additionally, we demonstrate efficient MA pro-
duction from corn stover-derived sugars and scalability to 150 L bioreactors. Techno-economic analysis
and life cycle assessment predict that adipic acid, derived from catalytic hydrogenation of MA, can
achieve a selling price as low as $2.60 per kg, approaching cost parity and reducing greenhouse gas emis-
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Introduction

cis,cis-Muconic acid (MA) is a di-olefinic, C6-dicarboxylic acid
that has garnered interest as a bio-based platform chemical.
MA can be converted to multiple direct replacement chemicals
such as adipic acid (AA), terephthalic acid, and caprolactam.’™ In
addition, MA can be used directly or converted to new molecules,
such as 3-hexenedioic acid, for the production of performance-
advantaged bioproducts.®™ Biological production of MA was pio-
neered by Draths and Frost, who reported a de novo biosynthesis
of MA from glucose via the shikimate pathway using engineered
Escherichia coli.* Various hosts including Corynebacterium glutami-
cum™ and Pseudomonas putida KT2440 (hereafter P. putida)'">
have also been engineered for MA production from glucose.
Although glucose has been a common substrate in MA biopro-
duction studies, recent efforts with engineered strains of E. coli,"?
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sions by up to 80% relative to fossil carbon-based adipic acid.

P. putida,"* and Saccharomyces cerevisiae,"® have achieved efficient
glucose and xylose co-utilization, both abundant sugars in ligno-
cellulose-derived hydrolysates.

P. putida is a genetically tractable, Gram-negative bacterium
that has been used as a host to produce multiple bioproducts,
including MA."®'” Previously, we demonstrated MA production
in an engineered P. putida strain CJ200'* (hereafter, CJ200 or
the corresponding strain) from glucose, building on the work
from Draths and Frost." Briefly, glucose was converted to MA
via the shikimate pathway by heterologous expression of genes
encoding a 3-DHS dehydratase (asbF), protocatechuate decar-
boxylase (aroY), and its corresponding co-factor generating
protein (ecdB),'®'® and deletion of enzymes involved in the cat-
abolism of MA and protocatechuate (catRBC and pcaHG,
respectively). Additional genetic modifications to CJ200
increased yields from 0.064 to 0.33 (mol mol "), generating the
strain CJ442.>° However, CJ442 accumulated high concen-
trations of 2-ketogluconate in bioreactors, leading us to delete
the glucose dehydrogenase gene ged (strain CJ522, Table 1).>°
Although MA yields increased to 0.39 (mol mol ™), gcd deletion
caused growth deficiencies, which negatively impacted MA
productivity.>® To address this, we conducted adaptive labora-
tory evolution on glucose to identify beneficial mutations in
isolated evolved strains, which highlighted that deletion of the
transcriptional repressor gene hexR enables significantly

This journal is © The Royal Society of Chemistry 2024
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Table 1 Strains cited and used in this study

Strain  Genotype References
CJ522  P. putida KT2440 AcatRBC::Ptac:catA Johnson et al.
ApcaHG::Ptac:aroY:ecdB:asbF (2019)*°
ApykA::aroG-D146N:aroY:ecdB:asbF
ApykF Appc Apgi-1 Apgi-2 Aged
GB062 CJ522 AhexR Bentley et al.
(2020)""
GB271  GB062 AgacS AgntZ Bentley et al.
(2020)"*
LC224 CJ522 AhexR AampC::PxylE*xylE:Ptac: ~ Ling et al. (2022)"*
xylAB:talB:tktA Apgi-1::pgi-1 PP_1736-
1737(intergenic)::Plac:ubiC-C22
xylE-A62V,A455V PPP_2569 G—A
ApykF::Ptac:aroB
KH083 LC224 AgacS This study
KH099 LC224 AgntZ This study

enhanced growth rates while maintaining MA yield at 0.35
(mol mol™) (strain GB62, Table 1).'' Other identified
mutations led us to test a double gene deletion (gacS and gntZz)
in GB62 (strain GB271,"" Table 1), which further improved MA
productivity in bioreactors from 0.15 ¢ L™* h™ in GB62 to
0.21 gL™" h™'in GB271.

Given the abundance of xylose in lignocellulosic hydroly-
sates, we recently incorporated the p-xylose isomerase pathway
into GB62 (strain QP328),"* and subjected this new strain to
adaptive laboratory evolution and metabolic engineering.'*
Point mutations in the p-xylose:H" symporter gene (xylE), over-
expression of aroB (which encodes the native 3-dehydroquinate
synthase), and increased expression of a major facilitator
superfamily transporter family (PP_2569) allowed MA pro-
duction improvements from both sugars, achieving titers of
37 ¢ L' at a productivity of 0.18 g L™" h™" and a yield of 0.46
(mol mol™) (strain LC224, Table 1)."* However, LC224 did not
incorporate the deletion of gacS or gntZ, and based on the
observations from Bentley et al.,'* we hypothesized that these
genetic modifications could further enhance MA production
metrics in LC224.

In this study, we sought to improve MA production from
glucose and xylose through strain engineering, media optimiz-
ation, and bioprocess development. Specifically, we evaluated
the performance of P. putida LC224 with gacS or gntZ knocked
out, and, with the optimal strain, we explored the effect of the
bioprocess strategy, media composition, and scale. Lastly, we
modeled a process to produce MA from lignocellulosic sugars
and catalytic hydrogenation to produce AA, with techno-econ-
omic analysis (TEA) and life cycle assessment (LCA) to identify
key drivers to enable further process improvements.

Results

Deletion of gacS in P. putida L.C224 enhances MA production
rates

Based on the MA productivity improvements observed in
P. putida GB62 with gacS (PP_1650) and gntZ (PP_4043) del-
etions,"" we first deleted these genes in strain LC224, generat-

This journal is © The Royal Society of Chemistry 2024
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ing strains KH083 and KHO099, respectively (Table 1). These
strains were evaluated and compared to LC224 in a plate
reader using M9 medium with 5.4 ¢ L™ (30 mM) glucose and
2.3 g L™ (15 mM) xylose, which is the ratio typically found in
corn stover-derived hydrolysates.”® Growth was monitored
based on the optical density at 600 nm (ODggg). Deletion of
gacS in KHO83 reduced the growth lag by ~15 h compared to
LC224 while KH099 showed a similar growth profile to LC224
(Fig. S11). We next compared MA production in flasks by the
three strains. KH083 exhibited the highest glucose utilization
rate, followed by LC224 and KHO099 (Fig. 1a-d), while xylose
utilization was similar in all the strains. Both LC224 and
KHO083 achieved similar MA titers, yields, and productivities,
which were higher than those observed in KH099 (Fig. 1a-d),
suggesting that the deletion of gntZ is not beneficial in this
genetic background.

We subsequently evaluated LC224 and KHO083 in bio-
reactors using a batch mode cultivation strategy and modified
M9 media supplemented with 50 g L™ glucose and 25 g L ™"
xylose. Both strains experienced longer lag phases (20 h) com-
pared to the flask experiments, likely due to the higher initial
sugar concentrations (Fig. 1e and f). Despite the longer lag
phase, KH083 produced, on average, modestly higher MA
titers, yields, and productivities than LC224 (Fig. 1e and f), up
to 24.4 g L', 0.47 C-mol C-mol ™", and 0.34 g L™* h™", demon-
strating the benefit of the gacS deletion in LC224. Thus, we
selected KHO083 for further bioprocess development.

Initial sugar concentration and supplementation of corn steep
liquor both impact KH083 performance in shake flasks

Based on the significantly longer growth lag observed in
KHO083 when cultivated at an initial total sugar concentration
of 75 g L™! compared to 7.65 g L™" (Fig. 1b and f), we sought
to understand the impact of initial sugar concentration on
KHO083, as this process parameter has important implications
in bioprocess optimization (i.e., higher initial sugar concen-
trations are preferred to mitigate product dilution). In
addition, with the purpose of reducing the growth lag, we
tested the effect of adding corn steep liquor (CSL) (10% v/v) to
the cultivations. In the absence of CSL, we found that
microbial growth was dependent on the initial sugar concen-
tration. Namely, greater growth was achieved when starting
with lower sugar concentrations at 30 h of incubation (the end-
point of this experiment) (Fig. 2a). CSL addition substantially
decreased the lag time for all tested sugar concentrations to
less than 2 h compared to media without CSL, except for 125 g
L', which exhibited a growth lag phase of 5 h. As a result, the
overall glucose and xylose utilization at 30 h was also higher at
low initial sugar concentrations, and this effect became less
apparent when CSL was added in the media (Fig. 2b and c).
Furthermore, based on the low sugar utilization at the begin-
ning of the cultivations in the presence of CSL (Fig. S2t) but
high growth rates, we hypothesize that the strain may utilize
bio-available carbon from CSL prior to sugars. Regarding MA
production, MA titers and productivities were consistently
higher in the presence of CSL due to the enhanced sugar util-
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Fig. 1 Evaluation of P. putida strains in shake flasks and 0.5 L bioreactors. (a—c) Growth (ODggo), sugars, and MA profiles of strains KH083, LC224
and KH099 in shake flasks. pH was monitored and adjusted at every sampling point (targeting a range of pH 7 to 7.2). The data represent the average
of three biological replicates, and the error bars represent the standard deviation. (d) Productivity and C-mol yield comparison for the strains in the
shake flask experiments. (e and f) Growth (ODggo), sugars, and MA profiles of strains KH083 and LC224 in bioreactors using a batch cultivation strat-
egy. Data show the average of biological duplicates, and the error bars represent the absolute error between duplicates. Titers (T), yields (Y), and
productivities (P) are provided in the figure panels. Yield data are reported on a C-mol basis. Titers and productivities are calculated at the end time

point. All data in this figure are provided in ESI 1.1

ization and decreased growth lags compared to minimal
media (Fig. 2d and e). MA yield decreased with increasing
initial sugar concentrations (Fig. 2f); however, sugar utilization
was negligible in minimal media at 100 and 125 g L™" sugar
concentrations, limiting the ability to draw conclusions about
those specific yields. Overall, these results demonstrate the
benefits of using CSL to shorten growth lags and increase
glucose and xylose utilization rates.

KHO083 performance improves in bioreactor cultivations
controlled at low sugar concentrations

The previous results suggest that microbial performance may
not be significantly impacted if cultivations contain CSL and
sugar concentrations lower than 100 g L™". To confirm this, we
evaluated the effect of two cultivation strategies on MA pro-
duction in 0.5 L bioreactors. The first strategy involved a batch
phase initiated with a high sugar concentration (90 g L™"), fol-
lowed by a fed-batch phase with pulsed feeding to increase the
sugar concentration above 50 g L™! whenever it dropped below
20 g ! (Fig. 3a). The second strategy included a batch phase
initiated at a low sugar concentration (15 g L™'), with continu-
ous feeding to maintain sugar concentrations between 5 and
25 g L™ (Fig. 3b). Glucose and xylose feeding profiles and con-

10154 | Green Chem., 2024, 26,10152-10167

centrations in the bioreactors are shown in Fig. S3.1 Both the
batch and fed-batch media contained 10% CSL (v/v).

KHO083 exhibited superior performance in the cultivations
maintained at low sugar concentrations, whereas high initial
sugar concentration decreased growth and sugar utilization
rates (Fig. 3a and b). The total sugar utilization after 24 h at
low and high initial sugar concentrations was 49 ¢ L™' and
25 g L™, respectively, which resulted in higher MA productivity
and titer in the former case (Fig. 3a-c). MA yield was also
impacted by the starting sugar concentrations as evidenced by
the molar yield reductions at high sugar concentrations (from
0.52 vs. 0.42 mol mol ™) (Fig. 3d).

We hypothesized that bio-available components in CSL may
be utilized by KH083. To understand the specific impact of
CSL on performance metrics (i.e., yield), we quantified the
total organic carbon (TOC) content in CSL (TOC = 5.78 g L™" in
a 10% CSL solution on a volume basis). Then, we calculated the
MA C-mol yield as the C-mol of MA produced divided by the
C-mol utilized from glucose, xylose, and CSL, assuming full util-
ization of the TOC in CSL. Considering these calculations, MA
yields from sugars are 0.50 and 0.40 C-mol C-mol™" at low and
high initial sugar concentrations, respectively. Additionally, we
also conducted a cultivation in a bioreactor containing CSL (5%,

This journal is © The Royal Society of Chemistry 2024
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putida KHO83 performance in shake flasks. (a) Bacterial growth (ODggo)

over time, and (b) total glucose utilization, (c) total xylose utilization, (d) MA titers, (e) MA productivity, and (f) MA yield, all at 30 h of incubation and
at different starting sugar concentrations (15, 75, 100 and 125 g L™) with and without supplementation of corn steep liquor (CSL) at 10% (v/v). Yield
calculations do not account for C in CSL in this experiment. Glucose and xylose utilization profiles are shown in Fig. S2.1 The glucose-to-xylose ratio
was 2:1 (g/g). The data represent the averages of biological duplicates, and the error bars represent the absolute error between the duplicates. All

data in this figure are provided in ESI 1.1

v/v) as the sole carbon source. A MA concentration of 0.43 g L™"
was produced from 2.89 ¢ L™" TOC in CSL (max ODggo Of 4.34
after 6.7 hours), which confirms that MA can be produced from
CSL. Accordingly, for accurate MA yield metrics from sugars, it
is essential to consider the yields generated from CSL, which
were factored into the subsequent experiments. Overall, this
experiment indicated that maintaining low sugar concentrations
in the bioreactors significantly improves KHO083 bioprocess
performance.

A CSL concentration of 5% (v/v) is optimal for MA production
by KHO83

To reduce the media costs, we investigated the effect of CSL
concentrations lower than 10% (v/v) on MA production.
Bioreactor cultivations were conducted in the optimal setup
identified above, with an initial sugar concentration of 15 g
L™" and continuous fed-batch mode (Fig. S471). CSL was added
in both the batch and feeding media, at concentrations of 0, 1,
5% (v/v). As expected, based on the results obtained in flasks
(Fig. 2a), KHO083 displayed the lowest growth rates in the
absence of CSL (Fig. 4a). Indeed, growth lags were not
observed in the presence of CSL. Data for the 10% CSL (v/v)
condition shown in Fig. 3b are depicted again in Fig. 4 for
comparison.

Sugar utilization rates, MA titers, and MA productivities
(Fig. 4b-e) increased with increasing levels of CSL in the
media up to 5 g L™". At 96 h, the total sugar consumption was

This journal is © The Royal Society of Chemistry 2024

789 g L', 95.6 g L', and 108.9 g L' for CSL levels of 0, 1
and 5% (v/v) CSL, respectively. However, the total sugar con-
sumption was lower at 10% CSL compared to 5% CSL (v/v)
(87.9 g L™ and 102.9 g L™" at 78 h, respectively, which is the
time that the cultivation ended for the 10% CSL experiment).
Furthermore, the cells in the 10% CSL condition exhibited a
substantial decrease in cell density (Fig. 4a) and a deceleration
in sugar utilization at 48 h compared to a higher sugar utiliz-
ation rate at 5% (v/v) (Fig. 4b and c), suggesting a potential
inhibitory effect of CSL at a concentration of 10%. MA titers
increased from 30.1 g L™ (0% CSL) to 47.2 g L™" when supple-
menting media with 5% (v/v) CSL, which corresponds to over a
50% improvement. The different concentrations of CSL did
not considerably impact the carbon molar yield of MA in this
experimental setup (Fig. 4f). Overall, given the benefits
observed at a CSL concentration of 5% over 10%, we selected
the 5% as optimal for further work.

KHO083 performance in sugar hydrolysate derived from corn-
stover declines compared to mock hydrolysate

We next sought to demonstrate the production of MA from a
lignocellulose-derived hydrolysate. The sugar hydrolysate was
generated from corn stover using deacetylation, mechanical
refining, and enzymatic hydrolysis (DMR-EH).>* Typically, the
glucose-to-xylose mass ratio in hydrolysates from the DMR-EH
process is 2: 1 (g/g),”*> which was the ratio used for the formu-
lation of mock hydrolysate in the previous experiments.

Green Chem., 2024, 26,10152-10167 | 10155
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figure are provided in ESI 1.1

However, the hydrolysate produced here contained a lower
glucose-to-xylose ratio (1.5:1 g/g, Table S1t). Therefore, we
conducted a parallel cultivation in mock hydrolysate to ascer-
tain if sugar ratio impacts the bacterial performance. For this
demonstration, we used a fed-batch mode controlled at low
sugar concentrations in M9 media supplemented with 5% (v/v)
CSL. KH083 performed similarly at glucose-to-xylose ratios of
1.5:1 (Fig. 5a) and 2:1 (Fig. 4), which implies that variations
in sugar ratios at the tested range do not significantly affect
bioprocess performance. In contrast, titers, yields, and produc-
tivities decreased in corn stover hydrolysate (Fig. 5b) compared
to mock hydrolysate (Fig. 5a). Although ODgy, values were
similar between cultivations, both glucose and xylose utiliz-
ation rates were slower in the hydrolysate, which resulted in
lower final MA production rates (0.44 instead of 0.51 g L™* h™)
and titers (36.4 instead of 47.6 g L") compared to the mock
hydrolysate (Fig. 5). In addition, C-mol yields of MA also
decreased. The reason for the observed decrease in perform-
ance remains unclear, as the hydrolysate used here lacks
typical inhibitory sugar dehydration products present in acidic

10156 | Green Chem., 2024, 26,10152-10167

pretreatment processes.”” The organic acids detected in this
hydrolysate were lactic and acetic acid, albeit at concentrations
significantly lower than those of the sugars (500 g L™" sugars
versus 9 g L' of lactic acid and 1 g L™ of acetic acid,
Table S17). P. putida can utilize both lactic and acetic acid as
carbon sources,>*?* and acetate can be consumed simul-
taneously with sugars® suggesting that the presence of

unknown components likely are the cause of these differences.

Scaling up MA production by KH083 from 0.5 L to 150 L
bioreactors

We also tested the performance of KH083 at the 150 L scale.
To maximize oxygen transfer in the bioreactor, we initiated the
cultivation at a working volume of 90 L to ensure that both
impellers were fully submerged. However, the maximum
working volume in this bioreactor is 130 L, which did not
allow us to keep the same volume ratio in the batch and fed-
batch phase than that used at the bench scale (0.5 L) in
optimal conditions. Therefore, to be able to achieve high MA
titers, we started the batch phase at a high initial sugar con-

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Performance evaluation of KH083 in continuous fed-batch mode at different concentrations of corn steep liquor (CSL) in 0.5 L bioreactors.
Bioreactor profiles show (a) bacterial growth (ODggo), (b) glucose utilization, (c) xylose utilization, (d) MA production, (e) MA productivity, and (f) MA
yield for cultivations at different CSL concentrations. Profiles from 10% CSL (v/v), which correspond to the experiment conducted in Fig. 3 in con-
tinuous fed-batch mode, are also shown for comparison. Final titers, productivities, and yields correspond to 97 h for 0, 1, and 5% (v/v) CSL and are
displayed in the corresponding panel. The glucose-to-xylose ratio was 2:1 (g/g). Glucose and xylose concentration profiles in the bioreactors are
shown in Fig. S4.1 The data points are the average of biological duplicates, and the error bars represent the absolute error between duplicates. All
data in this figure are provided in ESI 1.1
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Fig. 5 Performance of KHO83 on sugar hydrolysate derived from corn stover and mock hydrolysate. Bioreactor profiles for bacterial growth
(ODspo). sugar utilization, and muconate production are shown for cultivations conducted in continuous fed-batch mode on (a) mock hydrolysate
and (b) corn stover hydrolysate at glucose-to-xylose ratios of 1.5:1 (g L™%). Final MA titers (T), productivities (P), and yields (Y) corresponding to
mock and corn stover hydrolysate cultivations at 96.5 h and 98 h, respectively, are provided in the graphs. CSL concentration in batch and fed-batch
media is 5% (v/v). Glucose and xylose concentration profiles in the bioreactors are shown in Fig. S5.1 The data points represent the average of bio-
logical duplicates, and the error bars represent the absolute error between duplicates. All data in this figure are provided in ESI 1.1

centration (100 g L™" mock hydrolysate plus 5% v/v CSL) and seed train, at the bench scale (0.5 L bioreactors) to compare
then, sugars and 5% v/v CSL were fed in a continuous mode the effect of scaling on the performance metrics.

(Fig. S61). Considering these experimental differences, we also The performance of KH083 at the bench scale (Fig. 6a) was
evaluated the same cultivation condition, and used the same reduced compared to our optimum performance metrics
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Fig. 6 Scaled-up MA production by P. putida KH083 from 0.5 L to the 150 L bioreactors. Bioreactor profiles for bacterial growth (ODggo), sugar util-
ization, and muconate production are shown for cultivations conducted in continuous fed-batch mode in a (a) 0.5 L bioreactor and (b) 150 L bio-
reactor. Final MA titers (T), productivities (P), and yields (Y) corresponding to 0.5 L and 150 L cultivations at 98.5 h and 101.5 h, respectively, are pro-
vided in the graphs. The glucose-to-xylose ratio was 2 :1 (g/g). CSL in batch and fed-batch media was 5% (v/v). Glucose and xylose concentration
profiles in the bioreactors are shown in Fig. S5.1 Data for the 0.5 L bioreactor show the average of biological duplicates and error bars represent
absolute error between duplicates. Data for the 150 L scale bioreactor correspond to a single cultivation. All data in this figure are provided in ESI 1.1

(Fig. 4), with 5% (v/v) CSL, most likely due to the high initial
sugar concentrations (as previously observed in the pulsed fed-
batch strategy, Fig. 3a). Regardless, we achieved similar
metrics at 150 L to those observed at the 0.5 L scale (Fig. 6).
Overall, at the 150 L scale, the final MA titer, productivity, and
C-mol yield were 33.7 ¢ L™", 0.33 ¢ L' h™", and 0.40 C-mol
C-mol ™, respectively (Fig. 6b). Despite demonstration of con-
sistent performance upon scale-up, it is noteworthy that the
initial MA productivity was significantly higher at the 0.5 L
scale, reaching 14.5 ¢ L™" of MA at 25 h compared to 8.5 g L™"
at 25 h at the 150 L scale. Interestingly, initial bacterial growth
was higher at the 150 L scale, which could explain a decreased
carbon flux to product. Dissolved oxygen was over 20% in both
cases (Fig. S71), so we do not attribute these differences to
limitations in oxygen transfer at the larger scale.

Process modeling suggests that bio-based AA can approach
cost parity with fossil-derived AA

Based on the promising experimental results obtained here,
we further assessed the economic and environmental impli-
cations for MA production from lignocellulosic-derived sugars
and its subsequent catalytic hydrogenation to AA. For that, a
process model was developed in Aspen Plus V14 (AspenTech),
in which mixed sugars are used as the primary carbon source
for the process (Fig. 7a).

For sugar production, we modeled hydrolysates sourced
from a facility that processes 2000 dry tons of corn stover per
day with either two-stage DMR,>>*® deacetylation and dilute
acid (DDA),”” or dilute acid (DA)*® pretreatments. As shown in
the simplified process flow diagram in Fig. 7a, the process
starts with a seed train in bioreactors fed with mixed sugars
from corn stover alongside sources of N and P required for
growth, namely ammonia and diammonium phosphate. CSL
is also added at concentrations following the experimental

10158 | Green Chem., 2024, 26, 10152-10167

conditions, with the respective fermentation metrics (titer, pro-
ductivity, and yield) being modified accordingly.