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Abstract
Aromatics are important building blocks for polymers, pharmaceuticals, and advanced materials, but their current 
production relies on petrochemical processes. Biotechnological de novo production from renewable bio-based 
feedstocks with microbial cell factories provides a sustainable alternative. In this study, we enhanced 4-coumarate 
production in Pseudomonas taiwanensis from glucose and glycerol compared to previously published producers. 
This was achieved through heterologous expression of tyrosine ammonia-lyase (TAL) from Rivularia sp. PCC7116, 
which debottlenecked the specific deamination of tyrosine. Moreover, deletion of the phosphoenolpyruvate 
carboxylase-encoding gene ppc further increased the production. Subsequently, the substrate spectrum 
for efficient aromatics production was expanded to include the abundant pentoses, xylose and arabinose. 
Heterologous non-oxidative assimilation pathways were integrated into P. taiwanensis GRC3 chassis strains and 
growth on xylose and arabinose was improved through adaptive laboratory evolution, whole-genome sequencing, 
and reverse engineering. Optimized catabolic modules were then transferred to producer strains to enhance 
or enable 4-coumarate production from xylose and arabinose. Notably, the product yield on xylose increased 
approximately 3.5-fold with the non-oxidative xylose isomerase pathway compared to the oxidative native 
Weimberg pathway, without compromising yields on glucose. For the final strain, P. taiwanensis GRC3Δ6-TYR2Δppc-
REXA-attTn7::P14f-RpcTAL, product yields were significantly higher on xylose (38.2% (Cmol/Cmol)) and arabinose 
(39.7% (Cmol/Cmol)) than on glucose (26.0% (Cmol/Cmol)). 4-Coumarate production was characterized on mixtures 
of glucose, xylose, and arabinose to mimic lignocellulosic hydrolysate feedstocks, with the best reverse-engineered 
xylose- and arabinose-metabolizing 4-coumarate producer significantly outperforming the reference strain.
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​Background
Aromatic chemicals are indispensable in modern society, 
with applications across a wide range of industrial sec-
tors. Their conventional production relies on petrochem-
ical processes that are energy-intensive, polluting, and 
greenhouse gas-emitting. For environmental and sustain-
ability reasons, there is an urgent need to transition from 
the traditional manufacturing of aromatics to more envi-
ronmentally friendly processes. In this context, the bio-
technological de novo production of aromatic chemicals 
from renewable substrates using microbes as whole-cell 
biocatalysts is a promising approach. This research field 
is extensively investigated in academia [1] and first large-
scale processes, such as bio-based aniline production, 
are being developed in industry [2, 3]. In previous stud-
ies, we established Pseudomonas taiwanensis VLB120 
and its genome-reduced chassis strains as cell factories 
for the bioproduction of a wide range of aromatics [4–8]. 
In Wynands et al. [9], we developed a platform strain for 
the production of 4-coumarate from glucose or glycerol 
by applying an unspecific phenylalanine/tyrosine ammo-
nia-lyase (RtPAL). Additional strain engineering was 
required to reduce the abundance of phenylalanine and 
thereby limit trans-cinnamate accumulation. Although 
high 4-coumarate production was achieved, the obtained 
strain showed reduced growth rates and an over-
all decreased phenylpropanoid biosynthesis [9]. Thus, 
debottlenecking specific tyrosine deamination by supe-
rior tyrosine ammonia-lyase (TAL) enzymes remained 
an important objective for further strain development 
efforts.

Pseudomonads are promising workhorses for industrial 
biotechnology due to their genetic tractability and inher-
ent resilience [10], and have thus been extensively applied 
in aromatics biocatalysis approaches [11]. Although they 
generally possess a versatile metabolism, many Pseudo-
monas strains currently applied in the field of industrial 
biotechnology are either unable to catabolize abundant 
pentose sugars or they are equipped with catabolic path-
ways that are suboptimal for product formation. For this 
reason, the application of agricultural side streams or 
lignocellulosic biomass as second-generation (2G) feed-
stocks is limited when using Pseudomonas cell factories. 
Yet, the integration of 2G feedstocks into biotechnologi-
cal production processes is crucial to avoid competition 
with food and feed. Furthermore, feedstock prices are 
a key-determining factor of production costs and the 
lower cost of 2G feedstocks can help to achieve cost 
competitiveness. While d-glucose is generally metabo-
lized, the assimilation of other abundant lignocellulosic 
sugars, such as d-xylose and l-arabinose, is not wide-
spread in biotechnologically relevant Pseudomonas 
strains. This shortcoming was addressed in several meta-
bolic engineering approaches through implementation 

of heterologous pathways to enable growth of P. putida 
on the abovementioned sugars [12–20]. In contrast to 
P. putida KT2440, P. taiwanensis VLB120 is natively 
equipped with the Weimberg pathway (Fig.  1) and thus 
able to assimilate xylose via α-ketoglutarate as central 
metabolite [21]. In general, this is most favorable for the 
bioproduction of TCA cycle-derived molecules. Recently, 
metabolic bottlenecks within the Weimberg pathway of 
P. taiwanensis VLB120 were identified and addressed 
through genetic engineering to enhance oxidative xylose 
utilization [22]. However, in the context of aromatics de 
novo biosynthesis the non-oxidative xylose isomerase 
pathway is considered more promising due to a poten-
tially enhanced provision of erythrose 4-phosphate (E4P) 
as a precursor [16]. Accordingly, this pathway was shown 
to be beneficial in P. putida S12 and P. putida KT2440 
for the production of aromatics [16, 23] and shikimate 
pathway-derived cis,cis-muconate [24] and β-ketoadipate 
[25].

In the present study, we further enhanced 4-coumarate 
production from glucose and glycerol through heterolo-
gous expression of the recently identified RpcTAL [26] in 
tyrosine-overproducing P. taiwanensis GRC3Δ5-TYR2 
and the deletion of phosphoenolpyruvate carboxylase-
encoding gene (Δppc). Furthermore, we rearranged the 
metabolic wiring from oxidative to non-oxidative xylose 
assimilation applying the xylose isomerase pathway in 
genome-reduced chassis strain P. taiwanensis GRC3 and 
enabled non-oxidative utilization of arabinose to channel 
those sugars into the pentose phosphate pathway (Fig. 1). 
Upon heterologous pathway integration, the assimilation 
of xylose and arabinose was improved through adap-
tive laboratory evolution and reverse engineering of 
identified mutations. Optimized pathway modules were 
then applied in producer strains to improve or enable 
4-coumarate biosynthesis from these sugars. Ultimately, 
4-coumarate production was demonstrated from mock 
lignocellulosic hydrolysate medium containing glucose, 
xylose, and arabinose.

Results and discussion
Enhanced 4-coumarate production through heterologous 
expression of RpcTAL
In our previous study, we engineered tyrosine-overpro-
ducing P. taiwanensis for efficient 4-coumarate produc-
tion from glucose and glycerol. Best key performance 
indicators were achieved with an unspecific phenylala-
nine ammonia-lyase from Rhodosporidium toruloides 
(RtPAL), that deaminates both phenylalanine and tyro-
sine. To limit the formation of trans-cinnamate as a 
byproduct, the upstream pathway was engineered to 
reduce the abundance of phenylalanine as a substrate 
for RtPAL through the introduction of a point mutation 
(P144S) in the prephenate dehydratase domain of PheA 
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(Fig.  2A). However, this modification could not prevent 
the formation of trans-cinnamate entirely, and growth 
and overall phenylpropanoid (trans-cinnamate + 4-cou-
marate) production was reduced compared to a strain 
lacking the pheAP144S mutation. With the intention to 
debottleneck specific tyrosine deamination and fur-
ther enhance the efficiency of 4-coumarate produc-
tion, a tyrosine ammonia-lyase from Rivularia sp. 
PCC7116 (RpcTAL) was selected for in vivo testing in P. 

taiwanensis (Fig.  2A) due to its promising in vitro per-
formance [26]. For this, RpcTAL was codon-optimized 
and cloned into the pBG14f_FRT_Kan backbone [27] to 
allow chromosomal integration into the attTn7 site of 
the tyrosine-producing strain GRC3Δ5-TYR2, enabling 
direct comparison to previously screened combinations 
of ammonia-lyases and strain backgrounds. In Op de 
Hipt et al. [28], we already demonstrated that RpcTAL 
distinctly outperformed FjTAL and StsTAL, which were 

Fig. 1  Schematic illustration of the central carbon metabolism of P. taiwanensis including heterologous pathways and enzymes for pentose metabolism. 
The native Weimberg pathway is indicated by golden yellow arrows. The membrane-bound periplasmic glucose dehydrogenase (Gcd) was deleted to 
disrupt this native xylose assimilation pathway (shown in red). The heterologous xylose isomerase pathway is illustrated in green, the heterologous non-
oxidative arabinose pathway in blue. Transaldolase (TalB) and transketolase (TktA) were co-expressed with the xylose isomerase module (also shown 
in green). Precursors of the shikimate pathway, i.e., PEP and E4P, are highlighted in black boxes. E, extracellular; P, periplasm; I, intracellular; G6P, glucose 
6-phosphate; GL, gluconolactone; 6PG, 6-phosphogluconate; F6P, fructose 6-phosphate; FBP, fructose 1,6-bisphosphate; G3P, glyceraldehyde 3-phos-
phate; 3PG, 3-phosphoglycerate; DHAP, dihydroxyacetone phosphate; PEP, phosphoenolpyruvate; PYR, pyruvate; KDPG, 2-keto-3-deoxy-6-phosphoglu-
conate; Ri5P, ribulose 5-phosphate; lRi5P, l-ribulose 5-phosphate; R5P, ribose 5-phosphate; X5P, xylulose 5-phosphate; E4P, erythrose 4-phosphate; S7P, 
sedoheptulose 7-phosphate; XL, xylonolactone; OAA, oxaloacetate; 2 KG, 2-ketoglutarate; PykA, pyruvate kinase A; Ppc, phosphoenolpyruvate carboxylase
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tyrosine and 0.16 ± 0.00  mM trans-cinnamate. These 
concentrations are similar to those reported previously 
in Wynands et al. [9] for the same strain under identi-
cal culture conditions (4-coumarate: 2.64  mM; tyrosine: 
0.00  mM; trans-cinnamate: 0.11  mM). The newly engi-
neered GRC3Δ5-TYR2 with attTn7::P14f-RpcTAL (#1627) 
performed markedly better, producing 3.55 ± 0.01  mM 
4-coumarate with no residual tyrosine and only trace 
amounts of trans-cinnamate (<8 µM). Therefore, 4-cou-
marate de novo production was not only significantly 
enhanced titer-wise but also regarding the specificity 
compared to GRC3Δ5-TYR3-attTn7::P14f-RtPAL (#959) 
(99.8 vs. 94.6% with p < 0.0001).

the best two TALs screened before [9]. In this study, the 
RpcTAL-expressing strain was compared to the previ-
ously engineered GRC3Δ5-TYR2-attTn7::P14f-RtPAL 
(without pheAP144S) and GRC3Δ5-TYR3-attTn7::P14f-
RtPAL (with pheAP144S). To this end, the respective 
strains were grown in 24-well microtiter plates with min-
eral salt medium (MSM), containing either 20 mM glu-
cose or 40 mM glycerol, for 120 h (Fig. 2B). As reported 
before, the pheAP144S mutation was crucial to enhance 
4-coumarate production and its selectivity when the 
RtPAL enzyme was applied (compare #958 to #959). On 
glucose, the previously engineered producer GRC3Δ5-
TYR3-attTn7::P14f-RtPAL (#959) showed de novo pro-
duction of 2.77 ± 0.01 mM 4-coumarate with no residual 

Fig. 2  Biosynthetic pathway for the production of 4-coumarate, applying the unspecific RtPAL and tyrosine-specific RpcTAL (A). Due to RtPAL’s affinity 
for phenylalanine, this ammonia-lyase was previously combined with the PheAP144S modification to reduce phenylalanine abundance and thus trans-
cinnamate formation. Blue arrows indicate native enzymes, green arrows represent heterologously expressed enzymes. 4-Coumarate production was 
assessed from 20 mM glucose or 40 mM glycerol in small-scale 24-well plate cultivations after 120 h (B) and shake flask cultivations from 20 mM glucose 
(C) or 40 mM glycerol (D) in twofold-buffered mineral salt medium (MSM) using the indicated strains. Mean values were calculated from a dataset of three 
biological replicates (n = 3). Error bars represent the standard deviation. Statistical significance was evaluated by t-tests with p < 0.01 (**), p < 0.0001 (****), 
or not significant (ns). PheA, bifunctional chorismate mutase/prephenate dehydratase; TyrA, bifunctional 3-phosphoshikimate 1-carboxyvinyltransferase/
prephenate dehydrogenase; AT, aminotransferases; PhhA, phenylalanine 4-hydroxylase; RtPAL, unspecific phenylalanine ammonia-lyase from Rhodospo-
ridium toruloides; RpcTAL, tyrosine ammonia-lyase from Rivularia sp. PCC7116
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Phosphoenolpyruvate (PEP) and E4P are the precur-
sors for shikimate pathway-derived aromatics. In order 
to increase the supply of PEP, pyruvate kinase A was 
already deleted (ΔpykA) previously [4, 9]. Here, we addi-
tionally deleted the PEP carboxylase-encoding gene ppc 
to assess whether this could further increase PEP avail-
ability for aromatics production, as deletion of ppc has 
previously been shown to enhance the production of 
shikimate pathway-derived compounds [29]. In the back-
ground of GRC3Δ5-TYR2 (without pheAP144S), the dele-
tion of ppc enhanced production of 4-coumarate and 
overall phenylpropanoids (4-coumarate + trans-cinna-
mate) when RtPAL was expressed (#1823) and that of 
4-coumarate when RpcTAL was expressed (#1825). As a 
consequence, strain GRC3Δ5-TYR2Δppc-attTn7::P14f-
RpcTAL (#1825) showed the highest production, with a 
titer of 3.73 ± 0.03  mM 4-coumarate from 20  mM glu-
cose. Interestingly, Δppc decreased 4-coumarate produc-
tion in GRC3Δ5-TYR3 expressing the RtPAL (#1824) to 
only 2.55 ± 0.02 mM, indicating an interplay between the 
phenylalanine bradytrophy (caused by PheAP144S) and 
the central metabolism. This demonstrates the advantage 
of RpcTAL, which not only increased specific 4-couma-
rate production per se, but also reduced metabolic bur-
den to allow for further modifications in the primary 
metabolism.

On 40  mM glycerol as sole carbon source, similar 
trends were observed for the respective strains, but 
overall higher product titers were achieved (Fig.  2B)—a 
phenomenon that was consistently observed in our 
previous studies [4, 9]. However, it is noteworthy that 
4-coumarate production on glycerol was virtually iden-
tical for GRC3Δ5-TYR3-attTn7::P14f-RtPAL (#959) and 
GRC3Δ5-TYR2-attTn7::P14f-RpcTAL (#1627) (4.58 ± 0.01 
vs. 4.57 ± 0.00  mM). Yet, the RpcTAL-expressing strain 
still benefited from a reduced trans-cinnamate formation 
(0.01 ± 0.00 vs. 0.22 ± 0.00 mM). The highest 4-coumarate 
titer was again achieved by the RpcTAL-expressing strain 
that harbors the Δppc modification (#1825), enabling a 
production of 5.00 ± 0.03 mM.

For a more detailed characterization of growth, pro-
duction, and substrate consumption, the RpcTAL-
expressing strains with (#1825) and without (#1627) the 
Δppc modification were cultured in shake flasks, with 
sampling over time, using either 20 mM glucose (Fig. 2C) 
or 40 mM glycerol (Fig. 2D) as sole carbon sources.

When glucose served as sole carbon source, both 
strains showed similar trends (Table  1), although 
GRC3Δ5-TYR2-attTn7::P14f-RpcTAL grew slightly 
faster (estimated µ = 0.18 ± 0.00  h−1) and consumed glu-
cose quicker than the equivalent Δppc strain (estimated 
µ = 0.16 ± 0.00 h−1) (Fig. 2C). The final product concentra-
tion was higher for the ppc knockout strain (3.52 ± 0.02 
vs. 3.37 ± 0.09  mM), although with no sufficient sta-
tistical significance (p = 0.099), whereas the difference 
was significant in the previous 24-well plate screening 
(p < 0.01). Interestingly, a transient tyrosine accumula-
tion was observed for both strains during the station-
ary phase, indicating that tyrosine deamination is still 
at least a minor bottleneck when glucose is applied as a 
carbon source. The highest tyrosine accumulation was 
observed after 48  h with 0.18 ± 0.02  mM for GRC3Δ5-
TYR2-attTn7::P14f-RpcTAL and 0.33 ± 0.01 for GRC3Δ5-
TYR2Δppc-attTn7::P14f-RpcTAL. For the latter strain, the 
accumulation was not only higher, but the full conversion 
of tyrosine took also significantly longer, associated with 
a constant increase of 4-coumarate during stationary 
phase. Of note, almost no trans-cinnamate was detected 
throughout the cultivations (<6 µM), highlighting the in 
vivo specificity of RpcTAL.

When glycerol was used as the sole carbon source, the 
reduced growth performance of GRC3Δ5-TYR2Δppc-
attTn7::P14f-RpcTAL (µ = 0.05 ± 0.00 h−1) compared to the 
strain still possessing ppc (µ = 0.09 ± 0.00  h−1) was much 
more pronounced (Fig.  2D). This is likely associated to 
a reduced Entner-Doudoroff pathway flux on glycerol 
as compared to on glucose [30], and thus an increased 
impact of the ppc deletion especially in the background 
of ΔpykA. While GRC3Δ5-TYR2-attTn7::P14f-RpcTAL 
reached its maximum OD600 (3.18 ± 0.16) and consumed 

Table 1  Key performance indicators for the production of 4-coumarate from glucose or glycerol for RpcTAL-expressing strains
Strain Carbon 

source
Growth rate 
(h−1)

Max. OD600 4-Coumarate 
titer (mM)

Volumetric 
productivitya 
(mM h−1)

Yield (%)b Fig

GRC3Δ5-TYR2-attTn7::P14f-RpcTAL (#1627) 20 mM 
glucose

0.18 ± 0.00
(9–24 h)

2.60 ± 0.00
(32 h)

3.37 ± 0.09
(120 h)

0.060 ± 0.000
(0–48 h)

26.8 ± 0.7
(120 h)

2C

GRC3Δ5-TYR2Δppc-attTn7::P14f-RpcTAL 
(#1825)

20 mM 
glucose

0.16 ± 0.00
(9–32 h)

2.68 ± 0.10
(32 h)

3.52 ± 0.02
(120 h)

0.053 ± 0.001
(0–48 h)

28.2 ± 0.1
(120 h)

2C

GRC3Δ5-TYR2-attTn7::P14f-RpcTAL (#1627) 40 mM 
glycerol

0.09 ± 0.00
(24–48 h)

3.18 ± 0.16
(56 h)

4.40 ± 0.01
(120 h)

0.056 ± 0.000
(0–72 h)

33.8 ± 0.1
(120 h)

2D

GRC3Δ5-TYR2Δppc-attTn7::P14f-RpcTAL 
(#1825)

40 mM 
glycerol

0.05 ± 0.00
(32–56 h)

2.30 ± 0.05
(96 h)

4.83 ± 0.04
(120 h)

0.048 ± 0.000
(0–96 h)

37.0 ± 0.2
(120 h)

2D

aMaximum average volumetric productivities were determined over the specified time intervals from the start of the cultivation until production leveled off
bYield is given as carbon-molar percentage (% (Cmol/Cmol))
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nearly all glycerol after 56  h, the Δppc strain reached 
its highest OD600 (2.30 ± 0.05) only after approximately 
96  h when glycerol was fully consumed. Hence, the 
production rate was decreased, but other performance 
indicators were significantly improved (p < 0.01) for 
GRC3Δ5-TYR2Δppc-attTn7::P14f-RpcTAL with a titer 
of 4.83 ± 0.04 mM and yield of 37.0 ± 0.2% (Cmol/Cmol) 
(Table  1). A minor transient accumulation of tyrosine 
was only observed for GRC3Δ5-TYR2-attTn7::P14f-
RpcTAL with 0.16 ± 0.06  mM after 56  h. This indicates 
that the bottleneck of tyrosine deamination is alleviated 
when the anabolic flux towards tyrosine is decreased due 
to lower growth rates. Again, only low trans-cinnamate 
concentrations accumulated (<12 µM).

Overall, the application of RpcTAL enabled further 
improvements in the production of 4-coumarate on glu-
cose and glycerol compared to previously engineered 
strains expressing the RtPAL.

Pathway engineering for assimilation of xylose and 
arabinose
In multiple previous studies the implementation of the 
phosphorylative xylose isomerase pathway was already 
demonstrated in P. putida through heterologous expres-
sion of xylose isomerase XylA and xylulose kinase XylB 
from E. coli. While in some studies, the expression of 
these pathway enzymes alone was reported to enable 
sufficient growth on xylose [14, 17], other studies relied 
on subsequent adaptive laboratory evolution (ALE) [12], 
additional rational strain engineering [15], or a com-
bination of both [18, 31, 32] to improve growth perfor-
mance. Although the Weimberg pathway is absent in P. 
putida KT2440, the deletion of the periplasmic glucose 
dehydrogenase (encoded by gcd) is required to prevent 
the formation of xylonate as a dead-end product [15, 
16]. The additional expression of xylose/H+ symporter 
XylE was shown to debottleneck the uptake of xylose and 
thus enhance growth [15, 18]. Moreover, the transaldol-
ase (TalB) and transketolase (TktA) were co-expressed 
to increase the natively low pentose phosphate pathway 
flux in P. putida, which was also shown to significantly 
improve growth on xylose [18].

In this study, we intended to integrate the xylose isom-
erase pathway into P. taiwanensis to ultimately apply this 
pathway for 4-coumarate production as the native Weim-
berg pathway was predicted to be suboptimal for aro-
matics production due to a lower provision of shikimate 
pathway precursors. However, we decided to establish 
and optimize the xylose isomerase pathway first in the P. 
taiwanensis GRC3 chassis strain to evaluate the growth 
performance in a strain without an engineered carbon 
flux towards tyrosine that competes with growth veloci-
ties and overall biomass formation. Thus, the Weimberg 
pathway was interrupted in P. taiwanensis GRC3 through 

the deletion of gcd and subsequently a genetic construct 
comprising xylE, xylA, xylB, talB, and tktA was integrated 
into the intergenic locus of PVLB_22010/15 (Figure S1A). 
The xylose isomerase pathway module was kindly pro-
vided by Elmore et al. [18]. The expression of the xylAB-
talB-tktA operon is driven by constitutive Ptac promoter, 
while the divergently expressed xylE gene is controlled by 
PxylE*, that resulted from an ALE on xylose and increased 
xylE expression [18].

As expected, the deletion of gcd resulted in a signifi-
cantly reduced growth rate on glucose (0.39 ± 0.01 vs. 
0.59 ± 0.05  h−1 of GRC3, p < 0.01) (Fig.  3A) and entirely 
impaired growth on xylose (Fig. 3B). An overview of all 
estimated growth rates can be found in the Supplemen-
tary information (Table  S1). The implementation of the 
xylose isomerase pathway (GRC3-X) slightly delayed 
growth on glucose (Fig. 3A), possibly due to the constitu-
tive expression of the genetic xylose isomerase pathway 
cassette resulting in a metabolic burden. However, the 
constitutive expression of the transaldolase and transke-
tolase could also interfere with the native metabolism, 
which might result in unfavorable flux distributions on 
glucose. The implementation of xylEAB-talB-tktA also 
restored growth on xylose (Fig.  3B). In contrast, identi-
cal strains lacking talB-tktA (designated GRC3-X-short) 
did not grow on xylose (Figures  S1B, S2), underlining 
the importance of their expression. However, the two 
independent GRC3-X clones (#705 and #706) showed 
extended lag phases (Fig. 3B) with significantly different 
growth rates (p < 0.001) (Table  S1). This was somewhat 
unexpected because the identical construct—although in 
a different genomic context—enabled sufficient growth 
in gcd-deficient P. putida KT2440 [18]. The different lag 
phases and growth rates for the two individual clones of 
GRC3-X are an indication of the emergence of mutations. 
For this reason, both clones were subject to a sequential-
batch ALE (Fig.  3E) to enhance growth on xylose. The 
growth performance on glucose and xylose of single colo-
nies derived from the ALE campaign is shown in Fig. 3F 
and G, respectively. The best-performing colonies, GRC3-
X-ALE705_2S and GRC3-X-ALE706_1S, resulting from 
two independent ALE lineages were selected for whole-
genome sequencing (WGS). Strikingly, there was only 
one conspicuous mutation in each clone, and both were 
located within xylB (Table S2). In GRC3-X-ALE705_2S and 
GRC3-X-ALE706_1S single nucleotide variations (SNVs) 
appeared that caused an amino acid exchange of tryp-
tophan 402 (Trp402) to arginine (XylBW402R) and threo-
nine 255 (Thr255) to alanine (XylBT255A), respectively. 
This was unexpected because not only is the wild-type 
xylulose kinase XylB functional in E. coli but it was also 
successfully transferred to P. putida in multiple other 
studies. That the SNVs caused loss-of-function muta-
tions of XylB was disproven through the deletion of xylB 
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in the background of both ALE mutants that completely 
lost their capability to grow on xylose as a consequence 
(Figure S3). Therefore, the SNVs were replicated through 
integration of SNV-adjusted xylEAB-talB-tktA con-
structs in GRC3Δgcd. The resulting reverse-engineered 
xylose (REX) strains, GRC3-REX705_2S with xylBW402R 
and GRC3-REX706_1S with xylBT255A, reproduced the 
enhanced growth of the respective ALE mutants on 
xylose (Fig. 3D). The growth performance of the evolved 
and reverse-engineered strains on glucose were very 
similar (Fig.  3C; Table  S1). On xylose, GRC3 showed a 
Monod-like growth kinetic (Fig.  3D), as reported previ-
ously, likely due to bottlenecks within the periplasmic 
oxidation cascade of xylose to xylonate and the uptake of 
xylonate [22]. In this context, incomplete carbon source 
consumption cannot be excluded and would explain the 
lower biomass signal for GRC3 compared to the evolved 
and reverse-engineered strains using the xylose isomer-
ase pathway. Estimated growth rates of GRC3 on xylose 
were determined for the early exponential growth phase 
and significant differences (p < 0.05) were observed, with 
0.29 ± 0.05 h−1 (Fig. 3B) and 0.18 ± 0.01 h−1 (Fig. 3D). This 
is likely due to the combination of a rather short expo-
nential growth phase at low biomass concentrations 

followed by Monod-like growth and inaccuracies of the 
Growth Profiler device. Therefore, estimated growth 
rates should be interpreted with caution. That said, this 
was the highest deviation observed for identical strains 
and conditions between experiments (Table S1). For the 
P. taiwanensis VLB120 wild type, growth rates on xylose 
were highly dependent on the applied substrate concen-
tration, but were not higher than 0.2 h−1 [22], indicating 
that a growth rate for strain GRC3 of 0.18  h−1 is more 
realistic. The estimated growth rates for the reverse-engi-
neered strains with the xylose isomerase pathway from 
the same experiment were all slightly yet significantly 
(p < 0.05) higher, ranging from 0.21 to 0.23 h−1 (Table S1).

The mechanism behind the xylB mutations remains 
somewhat elusive. However, Thr255 of XylB was previ-
ously suggested to be involved in the binding of ATP 
[33]. Therefore, we used AlphaFold 3 modeling to pre-
dict the structure of the XylB homodimer in conjunc-
tion with two ATP molecules. Thr255 and Trp402 both 
showed close vicinity to the ATP binding site (Figure S4) 
thereby indeed indicating a potential role in the binding 
of ATP, which likely affects the enzymatic activity. Due to 
the enhanced growth, the T255A and W402R mutations 
potentially alleviate a bottleneck at the level of xylulose 

Fig. 3  Evaluation of the xylose isomerase pathway in (reverse-)engineered P. taiwanensis GRC3 derivatives and sequential-batch ALE campaign for en-
hanced growth on xylose. Growth of the initially engineered strains on 20 mM glucose (A) or 24 mM xylose (B) as well as growth of selected ALE mutants 
and reverse-engineered strains on 20 mM glucose (C) or 24 mM xylose (D) compared to the reference strains GRC3 and GRC3Δgcd. The experiments 
were performed in the Growth Profiler 960. The lines represent means of replicates (n = 4). The dotted lines indicate the standard deviation. Panel E shows 
sequential-batch ALE cultivations for two independent clones of strain GRC3-X (#705 and #706). Both clones were cultivated in replicates (n = 4) using 
the Growth Profiler 960. The initial replicates were inoculated to an OD600 of 0.1 from one glucose-grown pre-culture. During the ALE, 5 µL of each well 
was transferred to the next well to inoculate 195 µL of fresh medium. For the first, second and fourth batch MSM with 24 mM xylose was used. For the 
third batch MSM with 20 mM glucose was used. Transfers between the four batches are indicated by black dotted vertical lines. Growth of the evolved 
clones was evaluated in MSM with 20 mM glucose (F) or 24 mM xylose (G). The lines represent means of replicates (n = 4). The dotted lines indicate the 
standard deviation
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phosphorylation within the non-oxidative xylose assimi-
lation pathway. However, since the accumulation of sugar 
phosphates has been reported to be toxic [34], the muta-
tions could also have the opposite effect, reducing XylB 
activity and thereby decreasing accumulation of xylulose 
phosphate. The latter explanation is supported by the 
fact that growth on xylose via the isomerase pathway was 
only achieved upon evolution of strains that co-expressed 
the transaldolase (TalB) and transketolase (TktA) from 
E. coli. These enzymes are involved in the conversion of 
xylulose phosphate within the pentose phosphate path-
way thereby likely also alleviating xylulose phosphate 
accumulation. The accumulation of xylulose phosphate at 
the expense of ATP or the substrate-independent ATP-
hydrolyzing activity of XylB could also interfere with ATP 
homeostasis [33, 35]. The assumption that the mutations 
observed in XylB reduce the enzymatic activity is sup-
ported by recent findings for evolved P. putida KT2440 
expressing the xylose isomerase pathway [36]. In the 
associated study, Woo et al. [36] evolved the respective 
P. putida strain on xylose and mixed sugars (containing 
glucose, xylose, and arabinose) and observed mutations 
in XlyB that—although different (i.e., G395W, G395R, 
G396S, or G396C)—also likely affected ATP binding. 
Further, the authors demonstrated that the enzyme 
variants XylBG395W and XylBG395R that appeared under 
xylose-selective conditions showed significantly reduced 

xylulose kinase and substrate-independent ATPase 
activity.

After sufficient growth on xylose via the xylose isom-
erase pathway was established, a potential l-arabinose 
assimilation was investigated. Unlike xylose, arabinose is 
not metabolized by P. taiwanensis VLB120 [37]. Accord-
ingly, strains GRC3 and GRC3Δgcd failed to grow when 
arabinose was provided as sole carbon source (Fig. 4A). 
Previously, the implementation of XylA and XylB into P. 
putida was reported to also enable growth on arabinose 
[12, 17], while this was not the case for the strain engi-
neered by Elmore et al. [18]. None of our strains engi-
neered to metabolize xylose via the isomerase pathway 
were able to grow on arabinose (Fig.  4A). For this rea-
son, a genetic construct was assembled for the genomic 
integration of araECBAD encoding the non-oxidative 
arabinose pathway from E. coli K-12 MG1655 into the 
intergenic locus of PVLB_06910/15 (Figure S1C). In the 
chromosome of E. coli, the transporter-encoding araE 
gene is distal to the araCBAD gene cluster. For integra-
tion into P. taiwanensis, the two segments were fused to 
each other but insulated by bidirectional terminators. 
The native transcriptional regulation elements of the 
araCBAD cluster from E. coli were retained as the araC-
ParaBAD expression system was previously shown to be 
functional and inducible in Pseudomonas [38]. The native 
promoter of araE, encoding a low-affinity, high-capacity 

Fig. 4  Evaluation of non-oxidative arabinose catabolism in (reverse-)engineered P. taiwanensis GRC3 derivatives. Growth of initial strains (A), as well as 
evolved and reverse-engineered strains (B), on 24 mM arabinose. The experiment was performed in the Growth Profiler 960. The lines represent means of 
replicates (n = 4). The dotted lines indicate the standard deviation
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arabinose/H+ symporter, was also retained for AraC-
dependent, arabinose-inducible expression [39–41]. The 
arabinose module was integrated into strains GRC3 and 
GRC3-REX705_2S, resulting in the generation of GRC3-
A and GRC3-A-REX705_2S, respectively. Two individual 
clones of GRC3-A (#2291, #2292) showed only very slow 
growth on 24  mM arabinose with low biomass signals 
after an extended cultivation time of >6  days (Fig.  4A). 
In contrast to that, GRC3-A-REX705_2S cultures (#2296, 
#2297) showed distinctly faster growth (0.15 ± 0.00 and 
0.16 ± 0.01 h−1), although only after extended lag phases 
of different durations. The cultivation of GRC3-A-
REX705_2S (#2296 and #2297) on arabinose was repeated 
with a similar trend (Figure S5A), and single colonies of 
arabinose-grown GRC3-A-REX705_2S (#2296 and #2297) 
were isolated and re-characterized for their growth per-
formance (Figure S5B). All evolved clones isolated from 
this one-batch ALE showed faster growth, and most of 
them reached stationary phase within only 30  h of cul-
tivation. Four of the fastest-growing GRC3-A-REX-ALE 
clones (namely, 2296_B7.1, 2296_B9.1, 2297_B10.2, 
and 2297_B12.1) were selected for WGS. All of them 
harbored nonsense or frameshift mutations in araE 
(Table  S2), indicating that expression of arabinose/H+ 
symporter AraE causes a growth impairment under arab-
inose-induced conditions while the presence of AraE was 
not disadvantageous for glucose-grown cultures (Fig-
ure S6; Table S1). For reverse engineering, a new expres-
sion cassette was constructed lacking the araE gene and 
the respective promoter (Figure S1D). Through its intro-
duction into GRC3-REX705_2S, the reverse-engineered 
xylose and arabinose (REXA) strain was obtained. The 
GRC3-REXA strain (clone #2854 and #2855) showed a 
growth rate of 0.20 ± 0.00  h−1 on arabinose and resem-
bled the growth phenotype of the GRC3-A-REX-ALE 
clones (#3036, #3038, #3039, and #3047), which all dis-
played almost identical growth profiles (Fig.  4B). This 
proves that indeed loss-of-function mutations in araE 
were beneficial, likely by preventing excessive transporter 
expression. This also shows that there must be an alter-
native uptake system for arabinose. Desai and Rao [42] 
reported that the XylE xylose transporter from E. coli 
may also import arabinose and thus, arabinose uptake 
may be enhanced in the background of the XylE-express-
ing GRC3-REX705_2S strain. However, the araC-ParaBAD 
expression system was shown to be inducible in P. putida 
KT2440 even in the absence of the heterologous XylE and 
AraE transporters, thereby indicating the presence of a 
native uptake system in Pseudomonas [38].

4-Coumarate production from lignocellulosic sugars and 
mock hydrolysates
After heterologous non-oxidative xylose and arabi-
nose utilization was established in the P. taiwanensis 

GRC3-REXA chassis strain, the required modifications 
were integrated into tyrosine-overproducing platform 
strains to ultimately enable 4-coumarate de novo pro-
duction from these lignocellulosic pentoses. For this, the 
xylEABW402R-talB-tktA and araCBAD cassettes were suc-
cessively integrated into the chromosome of GRC3Δ6-
TYR2 and GRC3Δ6-TYR2Δppc. Subsequently, gcd was 
deleted in the strains harboring only the xylose module 
and in strains processing both modules. Then, RpcTAL 
was introduced into the Tn7 locus (attTn7::P14f-Rpc-
TAL) to yield 4-coumarate producers. In contrast to the 
original 4-coumarate-producing reference strains (Δ5) 
described above, the tyrosine platform REX(A) strains 
additionally harbor a ΔbenABCD modification (Δ6), 
which prevents benzoate degradation. In the context of 
4-coumarate de novo biosynthesis, this deletion is func-
tionally neutral and thus Δ5 and Δ6 strains are directly 
comparable.

Due to modifications in the central carbon metabo-
lism, an enhanced flux towards tyrosine, and the burden 
of strong heterologous gene expression, the producer 
strains’ growth performances are expected to be com-
promised compared to those of the GRC3-REXA chas-
sis. Therefore, growth of the different producers was 
evaluated on glucose, xylose, and arabinose as individual 
sole carbon sources (Figure S7), which helped to choose 
appropriate cultivation times for end point production 
screenings on the individual carbon sources (Fig.  5). 
Compared to the original producers without engineered 
xylose and arabinose metabolism, growth of the REX 
and REXA strains on glucose was slower likely due to the 
deletion of gcd, which prevents periplasmic glucose oxi-
dation (Figure  S7A). Importantly however, 4-coumarate 
titers remained unaffected by the engineering for non-
oxidative xylose and arabinose utilization with 3.5  mM 
for the strains lacking, and 3.6 mM for the strain harbor-
ing the Δppc modification (Fig. 5A; Table 2). On xylose, 
the REX and REXA producers without Δppc showed 
enhanced growth characteristics compared to the respec-
tive reference strain still possessing the Weimberg path-
way, while those with Δppc showed slightly delayed 
growth (Figure  S7B). The major benefit of the REX and 
REXA strains was the significantly enhanced prod-
uct titers (Fig.  5B; Table  2) that showed a 3.7- to 4-fold 
increase compared to the respective reference strain with 
native xylose metabolism, likely due to enhanced provi-
sion of E4P for the shikimate pathway. Notably, the pro-
ducers harboring the native Weimberg pathway showed 
incomplete carbon source consumption (xylose/xylonate) 
(Table 2). Even when this was taken into account in the 
yield calculation, GRC3Δ5-TYR2-attTn7::P14f-RpcTAL 
(#1627) and GRC3Δ5-TYR2Δppc-attTn7::P14f-RpcTAL 
(#1825) only supported product yields of 9.5 ± 0.1 and 
10.8 ± 0.0% (Cmol/Cmol) on xylose, respectively. The 
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respective REXA strains without and with Δppc enabled 
yields of 34.2 ± 0.1 and 38.2 ± 0.1% (Cmol/Cmol) (Table 2). 
This clearly demonstrates the superiority of the xylose 
isomerase pathway over the Weimberg pathway in the 
context of aromatics production. Growth of the REXA 
producers on arabinose (Figure S7C) was slower than on 
xylose despite a similar assimilation pathway and entry 
into the pentose phosphate pathway (xylulose 5-phos-
phate). Additionally, minor residual arabinose concentra-
tions were detected after an extended cultivation time of 
192  h (Table  2). Nevertheless, very similar 4-coumarate 
titers and yields were achieved on arabinose (Fig. 5C) in 
comparison to the individual strains on xylose, showcas-
ing that both pentoses were successfully integrated for 
efficient 4-coumarate production.

Subsequently, we characterized growth and production 
of selected strains on mixtures of glucose, xylose, and 
arabinose. We applied these sugars in a ratio roughly rep-
resenting that of hydrolyzed corn stover [18, 44, 45], using 
mock hydrolysate medium with 13  mM glucose, 7  mM 
xylose, and 1  mM arabinose (Fig.  6A). Additionally, a 
medium with an elevated pentose availability was tested, 
with a mixture of 10  mM glucose, 9  mM xylose, and 
3  mM arabinose (Fig.  6B). Strain GRC3Δ6-TYR2Δppc-
REXA-attTn7::P14f-RpcTAL (#3286) was selected for fur-
ther characterization because this strain metabolizes all 
three sugars and the Δppc modification was found to sig-
nificantly enhance production especially on the pentoses. 
GRC3Δ5-TYR2Δppc-attTn7::P14f-RpcTAL (#1825) served 
as reference strain. Performance indicators for associated 
cultivations are shown in Table 2.

The reference strain consumed glucose significantly 
faster than the REXA producer, within 32 instead of 72 h, 
and also showed faster growth. GRC3Δ5-TYR2Δppc-
attTn7::P14f-RpcTAL (#1825) started to consume xylose 
only upon the depletion of glucose, and xylose consump-
tion rates drastically decreased after 47 h. For this strain, 
complete xylose consumption was only achieved in the 
mock hydrolysate medium (Fig.  6A) after an extended 
cultivation time (168  h), while a low concentration of 
0.31 ± 0.03  mM xylose (potentially including xylonate) 
still remained in the medium with the elevated pentose 
concentrations (Fig.  6B). In both media, arabinose con-
centrations remained relatively stable in the first 47  h 
of cultivation, but slowly decreased thereafter, to only 
12.8 ± 2.9 and 29.2 ± 0.8% (after 168 h) of the initial con-
centration of the mock hydrolysate and elevated pentose 
medium, respectively. This was unexpected, since this 
strain does not possess a native arabinose assimilation 
route as shown before, and the phenomenon could be 
associated to the slow conversion to a dead-end prod-
uct. Considering the consumption of glucose, xylose, and 
also arabinose, GRC3Δ5-TYR2Δppc-attTn7::P14f-RpcTAL 
(#1825) achieved a 4-coumarate yield of 21.1 ± 0.3% 
(Cmol/Cmol) and a titer of 2.79 ± 0.04 mM in the mock 
hydrolysate medium (Fig.  6A). In the medium with ele-
vated pentose concentrations, yield and titer were slightly 
lower with 18.5 ± 0.0% (Cmol/Cmol) and 2.34 ± 0.00 mM, 
respectively (Fig. 6B).

Although, the initial growth and glucose consump-
tion of GRC3Δ6-TYR2Δppc-REXA-attTn7::P14f-RpcTAL 
(#3286) was slower, this strain co-metabolized glucose 

Fig. 5  4-Coumarate production from different lignocellulosic sugars. Production was assessed in small-scale 24-well plate cultures in twofold-buffered 
MSM with 20 mM glucose after 120 h (A), 24 mM xylose after 168 h (B), and 24 mM arabinose after 192 h (C). Pre-cultures were grown with the same 
carbon source as the main culture in the Growth Profiler 960 using the SIGHT system [43]. Mean values were calculated from a dataset of three biologi-
cal replicates (n = 3). Error bars represent the standard deviation. Statistical significance was evaluated by t-tests with p < 0.05 (*), p < 0.01 (**), p < 0.001 
(***), p < 0.0001 (****) or not significant (ns)
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and xylose simultaneously due to constitutive expres-
sion of the xylose isomerase pathway, and xylose was 
fully consumed within only 72  h. Arabinose utiliza-
tion appeared only after 56  h, when glucose was nearly 
depleted, likely due to the native regulation for the non-
oxidative arabinose pathway. By the end of the cultivation, 
arabinose was depleted in the elevated pentose medium 
(Fig. 6B), while a very low residual arabinose concentra-
tion (0.05 ± 0.01 mM) was observed for the mock hydro-
lysate medium (Fig.  6A). With regard to production, 
GRC3Δ6-TYR2Δppc-REXA-attTn7::P14f-RpcTAL (#3286) 
achieved yields of 26.4 ± 0.6 and 32.1 ± 0.2% (Cmol/Cmol) 
and titers of 3.45 ± 0.01 and 4.21 ± 0.01 mM 4-coumarate 

in the mock hydrolysate (Fig.  6A) and elevated pentose 
medium (Fig. 6B), respectively. The achieved yields trans-
late into an improvement of 25.1 ± 2.8% in the mock 
hydrolysate medium and 73.9 ± 1.3% under elevated pen-
tose concentrations, when comparing the REXA pro-
ducer to the reference strain. This again demonstrates the 
benefit of non-oxidative utilization of pentoses for the 
production of aromatics from a mixture of lignocellulosic 
sugars.

Table 2  Key performance indicators for the production of 4-coumarate from glucose, xylose, arabinose and mixtures of these sugars
Strain Carbon source 4-Coumarate titer (mM) Residual carbon source (mM) Yield (%)a Fig
GRC3Δ5-TYR2 attTn7::P14f-RpcTAL (#1627) 20 mM glucose 3.52 ± 0.01

(120 h)
Not detected 25.5 ± 0.0

(120 h)
5A

GRC3Δ5-TYR2Δppc attTn7::P14f-RpcTAL (#1825) 20 mM glucose 3.63 ± 0.03
(120 h)

Not detected 26.2 ± 0.2
(120 h)

5A

GRC3Δ6-TYR2-REX attTn7::P14f-RpcTAL (#3283) 20 mM glucose 3.51 ± 0.03
(120 h)

Not detected 25.4 ± 0.2
(120 h)

5A

GRC3Δ6-TYR2Δppc-REX attTn7::P14f-RpcTAL (#3484) 20 mM glucose 3.69 ± 0.01
(120 h)

Not detected 26.7 ± 0.1
(120 h)

5A

GRC3Δ6-TYR2-REXA attTn7::P14f-RpcTAL (#3285) 20 mM glucose 3.48 ± 0.01
(120 h)

Not detected 25.1 ± 0.0
(120 h)

5A

GRC3Δ6-TYR2Δppc-REXA attTn7::P14f-RpcTAL (#3286) 20 mM glucose 3.59 ± 0.02
(120 h)

Not detected 26.0 ± 0.1
(120 h)

5A

GRC3Δ5-TYR2 attTn7::P14f-RpcTAL (#1627) 24 mM xylose 1.15 ± 0.00
(168 h)

2.14 ± 0.15b

(168 h)
9.5 ± 0.1
(168 h)

5B

GRC3Δ5-TYR2Δppc attTn7::P14f-RpcTAL (#1825) 24 mM xylose 1.26 ± 0.00
(168 h)

2.93 ± 0.03b

(168 h)
10.8 ± 0.0
(168 h)

5B

GRC3Δ6-TYR2-REX attTn7::P14f-RpcTAL (#3283) 24 mM xylose 4.37 ± 0.01
(168 h)

Not detected 33.0 ± 0.1
(168 h)

5B

GRC3Δ6-TYR2Δppc-REX attTn7::P14f-RpcTAL (#3484) 24 mM xylose 5.21 ± 0.09
(168 h)

Not detected 39.4 ± 0.7
(168 h)

5B

GRC3Δ6-TYR2-REXA attTn7::P14f-RpcTAL (#3285) 24 mM xylose 4.52 ± 0.01
(168 h)

Not detected 34.2 ± 0.1
(168 h)

5B

GRC3Δ6-TYR2Δppc-REXA attTn7::P14f-RpcTAL (#3286) 24 mM xylose 5.05 ± 0.01
(168 h)

Not detected 38.2 ± 0.1
(168 h)

5B

GRC3Δ6-TYR2-REXA attTn7::P14f-RpcTAL (#3285) 24 mM arabinose 4.68 ± 0.04
(192 h)

1.31 ± 0.39
(192 h)

37.6 ± 0.4
(192 h)

5C

GRC3Δ6-TYR2Δppc-REXA attTn7::P14f-RpcTAL (#3286) 24 mM arabinose 5.18 ± 0.02
(192 h)

0.20 ± 0.02
(192 h)

39.7 ± 0.1
(192 h)

5C

GRC3Δ5-TYR2Δppc attTn7::P14f-RpcTAL (#1825) 13 mM glucose
7 mM xylose
1 mM arabinose

2.79 ± 0.04
(168 h)

0.11 ± 0.03 arabinose
(168 h)

21.1 ± 0.3
(168 h)

6A

GRC3Δ6-TYR2Δppc-REXA attTn7::P14f-RpcTAL (#3286) 13 mM glucose
7 mM xylose
1 mM arabinose

3.45 ± 0.01
(168 h)

0.05 ± 0.01 arabinose
(168 h)

26.4 ± 0.6
(168 h)

6A

GRC3Δ5-TYR2Δppc attTn7::P14f-RpcTAL (#1825) 10 mM glucose
9 mM xylose
3 mM arabinose

2.34 ± 0.00
(168 h)

0.31 ± 0.03 xyloseb

0.80 ± 0.02 arabinose
(168 h)

18.5 ± 0.0
(168 h)

6B

GRC3Δ6-TYR2Δppc-REXA attTn7::P14f-RpcTAL (#3286) 10 mM glucose
9 mM xylose
3 mM arabinose

4.21 ± 0.01
(168 h)

Not detected 32.1 ± 0.2
(168 h)

6B

aYield is given as carbon-molar percentage (% (Cmol/Cmol))
bCombined concentration of xylose and xylonate as no analytic discrimination was possible
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Conclusion
In the present study, we first significantly enhanced 
4-coumarate production compared to a previously pub-
lished P. taiwanensis strain through the application of 
a tyrosine-specific ammonia-lyase from Rivularia sp. 
PCC7116 (RpcTAL) and the deletion of ppc to enhance 
the phosphoenolpyruvate availability. Thereby, we could 
achieve yields of 28.2 and 37.0% (Cmol/Cmol) from glu-
cose and glycerol, respectively.

Subsequently, we extended our efforts to enable suf-
ficient 4-coumarate production from lignocellulosic 
pentoses to allow for an optimized valorization of agro-
industry side streams. Although non-oxidative xylose 
and arabinose pathways were established in other Pseu-
domonas species before, we observed that the important 
mutations were all localized in the heterologous assimi-
lation modules, even for the xylose utilization cassette 

that was previously successfully applied in P. putida. This 
demonstrates that the design of heterologous modules 
is not always trivial and that established cassettes are 
not always easily transferable between species, even of 
the same genus. Metabolic burden and bottlenecks need 
careful consideration and potentially the adjustment of 
expression cassettes.

Reverse-engineered and optimized assimilation mod-
ules were subsequently transferred to aromatics-pro-
ducing strains for the synthesis of 4-coumarate from the 
lignocellulosic sugars glucose, xylose, and arabinose. The 
final producer, GRC3Δ6-TYR2Δppc-REXA-attTn7::P14f-
RpcTAL, enabled 4-coumarate production from xylose 
with a yield of 38.2% (Cmol/Cmol), which was a signifi-
cant improvement compared to the native Weimberg 
pathway for oxidative xylose utilization that only sup-
ported a yield of 10.8% (Cmol/Cmol). On arabinose, 

Fig. 6  Shake flask cultivations of GRC3Δ5-TYR2Δppc-attTn7::P14f-RpcTAL (#1825) and GRC3Δ6-TYR2Δppc-REXA-attTn7::P14f-RpcTAL (#3286) for the produc-
tion of 4-coumarate in mineral salt medium (twofold buffered) containing either 13 mM glucose, 7 mM xylose, and 1 mM arabinose (A) or 10 mM, 9 mM 
xylose, and 3 mM arabinose (B). GRC3Δ5-TYR2Δppc-attTn7::P14f-RpcTAL oxidizes glucose and xylose to gluconate and xylonate, respectively. The plotted 
glucose and xylose concentrations potentially include the respective sugar acid as they could not be discriminated from the respective sugar due to 
analytic limitations. Mean values were calculated from a dataset of three biological replicates (n = 3). Error bars represent the standard deviation
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GRC3Δ6-TYR2Δppc-REXA-attTn7::P14f-RpcTAL showed 
a similar yield as on xylose with 39.7% (Cmol/Cmol), 
thereby successfully integrating arabinose as a carbon 
source for efficient aromatics production. In media con-
taining different mixtures of glucose, xylose, and arabi-
nose, the REXA strain also outperformed its reference 
regarding titer and yield. However, for this strain, yields 
were lower on sugar mixtures compared to the applica-
tion of xylose or arabinose as sole carbon source. This 
indicates that there is an enhanced provision of precur-
sors for the shikimate pathway when these pentoses 
are provided to strain GRC3Δ6-TYR2Δppc-REXA-
attTn7::P14f-RpcTAL via the pentose phosphate pathway, 
which is hardly active on glucose alone [46].

Experimental procedures
Media and culture conditions
Routinely, Escherichia coli and Pseudomonas taiwan-
ensis were cultured at 37 and 30  °C, respectively, in 
lysogeny broth (LB) medium comprising 10  g  L−1 tryp-
tone, 5  g  L−1 yeast extract, and 5  g  L−1 sodium chlo-
ride. Solid LB medium additionally contained 15  g  L−1 
agar. Sucrose counterselection was performed on plates 
containing 5  g  L−1 yeast extract (Merck), 10  g  L−1 N-Z-
Amine A (casein enzymatic hydrolysate, Sigma-Aldrich), 
18  g  L−1 agar–agar (Carl Roth), and 250  g  L−1 sucrose 
(Sigma-Aldrich). Growth experiments were performed 
using mineral salt medium (MSM) [47] with an adjusted 
standard buffer concentration (22.3  mM K2HPO4 and 
13.6 mM NaH2PO4). In production experiments, the buf-
fer concentration was increased twofold. d(+)-Glucose 
monohydrate (Carl Roth), glycerol (Chemsolute, Th. 
Geyer), d(+)-xylose (Sigma-Aldrich), and l(+)-arabinose 
(Carl Roth) served as carbon sources, as indicated for 
the individual experiments. Antibiotics were added to 
the medium to ensure selective conditions as required. 
Ampicillin sodium salt (Carl Roth) was used at a concen-
tration of 100 mg L−1 for E. coli DH5α λpir pTNS1. Kana-
mycin sulfate (Carl Roth) was applied at a concentration 
of 50 mg L−1, and gentamicin (Carl Roth) at 10 mg L−1. 
However, in LB agar, the concentration of gentamicin 
was increased to 25 mg L−1 for P taiwanensis. After con-
jugational mating, 25  mg  L−1 Irgasan (Sigma-Aldrich) 
was added to the LB agar plate to select for P. taiwanen-
sis. Pre-cultures for growth experiments were grown in 
MSM containing 20  mM glucose, if not indicated oth-
erwise. Pre-cultures for production experiments were 
grown in the same medium as the main cultures, but 
kanamycin was only supplemented to the pre-cultures. 
Main cultures of production experiments were inocu-
lated from the respective pre-culture to an initial OD600 
of 0.05, while growth experiments in the Growth Pro-
filer 960 were inoculated to an OD600 of 0.1, if not spe-
cifically stated differently. Shake flask cultivations were 

performed in Erlenmeyer flasks with a filling volume of 
10% (v/v), in a horizontal rotary shaker with a throw of 
50 mm at 200 rpm. Small-scale cultivations and pre-cul-
tures for Growth Profiler 960 experiments were grown 
in 1.5  mL medium in System Duetz 24-well microtiter 
plates (CR1424a, EnzyScreen), sealed with sandwich 
covers (CR1224b, EnzyScreen), that were shaken with 
300 rpm and a throw of 50 mm. The pre-cultures for the 
initial production and growth experiments associated to 
Fig. 5 and Figure S7 were grown in the Growth Profiler 
using the SIGHT system [43] using 5-mL vials with a fill-
ing volume of 1  mL. For Growth Profiler experiments, 
greyish-white 96-half-deep-well microtiter plates with 
flat transparent bottoms (CR1496dg, EnzyScreen) were 
filled with 200 μL of the cell suspensions, sealed with 
sandwich covers (CR1296b, EnzyScreen), and shaken at 
225 rpm.

Plasmid cloning and strain engineering
Strains and plasmids used and generated in this study 
are listed in Table 3 and Table S3, respectively. Plasmids 
were constructed by Gibson cloning using the NEBuilder 
HiFi DNA Assembly Master Mix (New England Bio-
labs), except for plasmid pEMG-gcd, that was generated 
through ligation cloning using the T4 ligase (Thermo 
Fisher Scientific). PCR amplification of DNA fragments 
was routinely achieved using the Q5 High-Fidelity 2X 
Master Mix (New England Biolabs). In rare cases, the 
Phusion High-Fidelity DNA Polymerase (New England 
Biolabs) or the Platinum SuperFi II Green PCR Mas-
ter Mix (Thermo Fisher Scientific) was used to amplify 
DNA for cloning. Primers used for cloning were ordered 
as unmodified oligonucleotides from Eurofins Genom-
ics (Table S4). Restriction enzymes were purchased from 
Thermo Fisher Scientific or New England Biolabs. Addi-
tional details on the cloning procedures of specific plas-
mids can be found in Table S5. The correct assembly of 
plasmids was confirmed by Sanger sequencing performed 
by Eurofins Genomics. The tyrosine ammonia-lyase-
encoding gene from Rivularia sp. PCC7116 (GenBank: 
CP003549.1; locus tag: Riv7116_3074) was codon-opti-
mized for P. taiwanensis VLB120 using OPTIMIZER 
online tool [48] according to the workflow described in 
Wynands et al. [4] and ordered as gBlock Gene Fragment 
(Integrated DNA Technologies). The codon-optimized 
gene sequence denoted RpcTAL can be found in the Sup-
plementary information.

Gene deletion of gcd, xylB, and ppc, as well as the 
genomic integration of the arabinose pathway modules 
araECBAD (Figure S1C) and araCBAD (Figure S1D) into 
the intergenic region of PVLB_06910/15 were achieved 
by homologous recombination, applying the I-SceI coun-
terselection system developed by Martínez-García and 
de Lorenzo [49], following the streamlined workflow 
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Strain Relevant characteristics Reference
Escherichia coli

DH5α F− Φ80 lacZΔM15 Δ(lacZYA-argF)U169 recA1 endA1 
hsdR17(rk

−, mk
+) phoA supE44 thi-1 gyrA96 relA1 λ−; host 

for oriV(colE1) plasmids

Thermo Fischer Scientific

NEB 5-alpha fhuA2Δ(argF-lacZ)U169 phoA glnV44 Φ80Δ(lacZ)
M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17; host for 
oriV(colE1) plasmids

New England Biolabs

EPI400 F−mcrA ∆(mrr-hsdRMS-mcrBC) φ80dlacZ∆M15 ∆lacX74 
recA1 endA1 araD139 ∆(ara, leu)7697 galU galK λ−rpsL 
nupG tonA ∆pcnB (DHFR)

Lucigen

DH5α λpir λpir lysogen of E. coli DH5α; host for oriV(R6K) plasmids Martínez-García and de Lorenzo [49]

PIR2 F− ∆lac169 rpoS(Am) robA1 creC510 hsdR514 endA recA1 
uidA(∆MluI)::pir; host for oriV(R6K) plasmids

Thermo Fischer Scientific

EC100D pir+ F−mcrA ∆(mrr-hsdRMS-mcrBC) Φ80dlacZ∆M15 ∆lacX74 
recA1 endA1 araD139 ∆(ara, leu)7697 galU galK λ− rpsL 
nupG pir+(DHFR); host for oriV(R6K) plasmids

Lucigen

HB101 pRK2013 F−Δ(gpt-proA)62leuB6glnV44 ara-14 galK2 lacY1 Δ(mcrC-
mrr) rpsL20 (StrR) xyl-5 mtl-1 recA13 thi-1 with plasmid 
pRK2013

Ditta et al. [52]

DH5α λpir pTNS1 DH5α λpir with plasmid pTNS1 Choi et al. [53]

DH5α pSW-2 DH5α with plasmid pSW-2 Martínez-García and de Lorenzo [49]

Pseudomonas taiwanensis

GRC3 Genome-reduced chassis strain of VLB120 with ΔpSTY, 
Δprophage1/2::ttgVWGHI, Δprophage3, Δprophage4, 
Δflag1, Δflag2, Δlap1, Δlap2, Δlap3

Wynands et al. [6]
MiKat#5

GRC3Δgcd GRC3 with Δgcd This study
MiKat #684

GRC3-X GRC3Δgcd with PVLB_22010/15::xylEAB-talB-tktA This study
MiKat #705
MiKat #706

GRC3-X-short GRC3Δgcd with PVLB_22010/15::xylEAB This study
MiKat# 707
MiKat# 708

GRC3-X-ALE705_2S ALE mutant 705_2S derived from strain GRC3-X (#705); 
selected due to enhanced growth phenotype on 
xylose

This study
MiKat #1800

GRC3-X-ALE706_1S ALE mutant 706_1S derived from strain GRC3-X (#706); 
selected due to enhanced growth phenotype on 
xylose

This study
MiKat #1801

GRC3-X-ALE705_2SΔxylB GRC3-X-ALE705_2S with ΔxylB This study
MiKat #2094

GRC3-X-ALE706_1SΔxylB GRC3-X-ALE706_1S with ΔxylB This study
MiKat #2095

GRC3-REX705_2S GRC3-X with reverse-engineered xylBW402R This study
MiKat #2089
MiKat #2092
MiKat #2093

GRC3-REX706_1S GRC3-X with reverse-engineered xylBT255A This study
MiKat #2958
MiKat #2959

GRC3-A GRC3 with PVLB_06910/15::araECBAD This study
MiKat #2291
MiKat #2292

GRC3-A-REX GRC3-REX705_2S with PVLB_06910/15::araECBAD This study
MiKat #2296
MiKat #2297

Table 3  Bacterial strains used in this study
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Strain Relevant characteristics Reference
GRC3-A-REX-ALE2296_B7.1 ALE mutant 2296_B7.1 derived from strain GRC3-A-REX 

(#2296); selected due to enhanced growth phenotype 
on arabinose

This study
MiKat #3036

GRC3-A-REX-ALE2296_B9.1 ALE mutant 2296_B7.1 derived from strain GRC3-A-REX 
(#2296); selected due to enhanced growth phenotype 
on arabinose

This study
MiKat #3038

GRC3-A-REX-ALE2297_B10.2 ALE mutant 2297_B10.2 derived from strain GRC3-
A-REX (#2297); selected due to enhanced growth 
phenotype on arabinose

This study
MiKat #3039

GRC3-A-REX-ALE2297_B12.1 ALE mutant 2297_B12.1 derived from strain GRC3-
A-REX (#2297); selected due to enhanced growth 
phenotype on arabinose

This study
MiKat #3047

GRC3-REXA GRC3-REX705_2S with PVLB_06910/15::araCBAD This study
MiKat #2854
MiKat #2855

GRC3Δ5-TYR2 GRC3, ΔpobA, Δhpd, ΔquiC, ΔquiC1, ΔquiC2, trpEP290S, 
aroF-1P148L, ΔpykA

Wynands et al. [9]
MiKat #58

GRC3Δ5-TYR2Δppc GRC3Δ5-TYR2 with Δppc This study
MiKat #59

GRC3Δ5-TYR3 GRC3Δ5-TYR2 with pheAP144S Wynands et al. [9]
MiKat #60

GRC3Δ5-TYR3Δppc GRC3Δ5-TYR3 with Δppc This study
MiKat #61

GRC3Δ6-TYR1 GRC3, ΔpobA, Δhpd, ΔquiC, ΔquiC1, ΔquiC2, ΔbenABCD, 
trpEP290S, aroF-1P148L, ΔpykA

Kofler et al. [54]
MiKat #836

GRC3Δ6-TYR2-REX GRC3Δ6-TYR1 with pheAT310I, Δgcd, PVLB_22010/15:: 
xylEABW402R-talB-tktA

This study
MiKat #3151

GRC3Δ6-TYR2Δppc-REX GRC3Δ6-TYR2-REX with Δppc This study
MiKat #3154

GRC3Δ6-TYR2-REXA GRC3Δ6-TYR2-REX with PVLB_06910/15::araCBAD This study
MiKat #3157

GRC3Δ6-TYR2Δppc-REXA GRC3Δ6-TYR2-REXA with Δppc This study
MiKat #3159

GRC3Δ5-TYR2-attTn7::P14f-RtPAL GRC3Δ5-TYR2 with attTn7::Kan_FRT-P14f-RtPAL Wynands et al. [9]
MiKat #958

GRC3Δ5-TYR2Δppc-attTn7::P14f-RtPAL GRC3Δ5-TYR2Δppc with attTn7::Kan_FRT-P14f-RtPAL This study
MiKat #1823

GRC3Δ5-TYR3-attTn7::P14f-RtPAL GRC3Δ5-TYR3 with attTn7::Kan_FRT-P14f-RtPAL Wynands et al. [9]
MiKat #959

GRC3Δ5-TYR3Δppc-attTn7::P14f-RtPAL GRC3Δ5-TYR3Δppc with attTn7::Kan_FRT-P14f-RtPAL This study
MiKat #1824

GRC3Δ5-TYR2-attTn7::P14f-RpcTAL GRC3Δ5-TYR2 with attTn7::Kan_FRT-P14f-RpcTAL This study
MiKat #1627

GRC3Δ5-TYR2Δppc-attTn7::P14f-RpcTAL GRC3Δ5-TYR2Δppc with attTn7::Kan_FRT-P14f-RpcTAL This study
MiKat #1825

GRC3Δ6-TYR2-REX-attTn7::P14f-RpcTAL GRC3Δ6-TYR2-REX with attTn7::Kan_FRT-P14f-RpcTAL This study
MiKat #3283

GRC3Δ6-TYR2Δppc-REX-attTn7::P14f-RpcTAL GRC3Δ6-TYR2Δppc-REX with attTn7::P14f-RpcTAL This study
MiKat #3484

GRC3Δ6-TYR2-REXA-attTn7::P14f-RpcTAL GRC3Δ6-TYR2-REXA with attTn7::Kan_FRT-P14f-RpcTAL This study
MiKat #3285

GRC3Δ6-TYR2Δppc-REXA-attTn7::P14f-RpcTAL GRC3Δ6-TYR2Δppc-REXA with 
attTn7::Kan_FRT-P14f-RpcTAL

This study
MiKat #3286

Table 3  (continued) 
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described by Wynands et al. [4]. For this method, pEMG-, 
pSNW2-, or pBNW2-derived suicide vector were applied 
(Table  S3). pSW-2 served as I-SceI expression plasmid. 
The integration of the xylose pathway modules xylEAB-
talB-tktA (Figure S1A) and xylEAB (Figure S1B) into the 
intergenic region of PVLB_22010/15 was also achieved by 
homologous recombination, using pK19mobsacB-derived 
suicide plasmids (Table S3), applying sucrose counterse-
lection according to the workflow described by Johnson 
and Beckham [50]. RtPAL and RpcTAL expression cas-
settes were site-specifically integrated into the chromo-
some at the Tn7 attachment site (attTn7) using mini-Tn7 
transposon plasmids derived from pBG14f_FRT_Kan 
[27] (Table S3), in a procedure as described in Wynands 
et al. [9]. For all genetic engineering strategies described 
above, the plasmids were delivered to P. taiwanensis from 
E. coli through conjugational patch matings, as described 
in Wynands et al. [4]. These matings comprised the E. 
coli donor, the P. taiwanensis recipient, and the helping 
strain E. coli HB101 pRK2013. For the mini-Tn7 transpo-
son delivery, E. coli DH5α λpir pTNS1 was further added 
to the mating, as this strain provides the required trans-
posase in trans. Diagnostic colony PCRs were performed 
to screen for desired recombination events using OneTaq 
QuickLoad 2X Master Mix with Standard Buffer (New 
England Biolabs). For this, template cell material was 
pre-lysed in alkaline PEG according to Chomczynski and 
Rymaszewski [51].

Whole-genome sequencing
Genomic DNA of selected ALE strains was isolated from 
overnight LB cultures using the Monarch Genomic DNA 
Purification Kit (New England Biolabs) and subsequently 
sequenced on an Illumina MiSeq platform. Sample prep-
aration, sequencing, and data analysis was performed as 
described in Ackermann et al. [55].

Protein 3D structure modeling
The three-dimensional structure of XylB from E. coli was 
modeled as a homodimer with two ATP molecules as 
ligands using AlphaFold 3 [56]. The derived model was 
visualized using PyMOL.

Analytical methods
Optical densities of cell suspensions were determined at 
600 nm (OD600) using an Ultrospec 10 photometer (Bio-
chrom). Online growth curves were acquired using the 
Growth Profiler 960 and the associated GP960Viewer 
software (EnzyScreen), which determines green val-
ues (intensity of green pixels) from bottom-up pictures 
of microtiter plates as a proxy for biomass formation in 
a non-linear correlation to OD600. For the calculation 
of growth rates from Growth Profiler 960 experiments, 
green values were converted to OD600 equivalents using 

the calibration by Kofler et al. [54]. Culture superna-
tants were sampled and stored at −20  °C until HPLC 
analysis, to detect and quantify substrates and aromat-
ics. HPLC analysis was performed using 1260 Infinity 
II systems equipped with 1260 DAD WR and 1260 RI 
detectors (Agilent Technologies). Tyrosine, 4-couma-
rate, and trans-cinnamate were detected and quanti-
fied using a reversed-phase InfinityLab Poroshell 120 
EC-C18 column (3.0 × 150  mm, 2.7  μm, Agilent Tech-
nologies, P.N. 693975-302T) equipped with a guard col-
umn (Agilent Technologies; P.N.: 823750-911) using the 
procedure previously published in Wynands et al. [9]. 
Solutions of l-tyrosine (≥99%, Sigma-Aldrich), 4-cou-
maric acid (≥98%, Sigma-Aldrich), and trans-cinnamic 
acid (≥99%, Sigma-Aldrich) served as authentic analytical 
standards. Carbon sources were analyzed using a Metab-
AAC (300 × 7.8  mm, ISERA, P.N.: A1BF-A1AA0N) col-
umn equipped with a Guard Cartridge Holder (ISERA, 
P.N.: AA13-000005) and Guard Column (10 × 7.8  mm, 
ISERA, P.N.: A1BF-A1AG0N) which was eluted with 
5 mM H2SO4 at a flow of 0.6 mL min−1 and a tempera-
ture of 50  °C for 20  min. d-(+)-Glucose monohydrate 
(Carl Roth), d-gluconic acid sodium salt (Sigma-Aldrich), 
d-(+)-xylose (Sigma-Aldrich), d-xylonic acid lithium salt 
(≥95.0% purity, Sigma-Aldrich), l-(+)-arabinose (Carl 
Roth), and glycerol (Chemsolute, Th. Geyer) served as 
authentic standards. Monosaccharides and glycerol were 
analyzed using the RI detector. Gluconate and xylonate 
were analyzed using the DA detector, because they co-
elute with the respective monosaccharide. Gluconate 
concentrations were subtracted from that of glucose to 
obtain corrected glucose concentrations for the data 
associated to Fig.  2C. For following experiments (data 
shown in Table  2; Fig.  6), however, glucose and xylose 
concentrations were determined using the RI detector 
without subtraction of the respective sugar acid due to 
analytical limitations of the UV chromatograms.

For the calculation of 4-coumarate yields, the initial 
and final concentrations as well as the overall carbon 
source consumption were considered, as determined by 
HPLC. Growth rates were estimated by applying expo-
nential fits to the OD600 data during exponential growth 
(with R2 > 0.98). Statistical significance was assessed by 
t-test (two-tailed distribution, heteroscedastic) with the 
indicated significance levels. p values >0.05 were consid-
ered as not significant.
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