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Summary

Pseudomonas putida is a highly solvent-resistant
microorganism and useful chassis for the production
of value-added compounds from lignocellulosic resi-
dues, in particular aromatic compounds that are
made from phenylalanine. The use of these agricul-
tural residues requires a two-step treatment to
release the components of the polysaccharides of
cellulose and hemicellulose as monomeric sugars,
the most abundant monomers being glucose and
xylose. Pan-genomic studies have shown that Pseu-
domonas putida metabolizes glucose through three
convergent pathways to yield 6-phosphogluconate
and subsequently metabolizes it through the Entner–
Doudoroff pathway, but the strains do not degrade
xylose. The valorization of both sugars is critical
from the point of view of economic viability of the
process. For this reason, a P. putida strain was
endowed with the ability to metabolize xylose via the
xylose isomerase pathway, by incorporating heterol-
ogous catabolic genes that convert this C5 sugar
into intermediates of the pentose phosphate cycle.
In addition, the open reading frame T1E_2822,
encoding glucose dehydrogenase, was knocked-out
to avoid the production of the dead-end product
xylonate. We generated a set of DOT-T1E-derived
strains that metabolized glucose and xylose simulta-
neously in culture medium and that reached high
cell density with generation times of around 100 min
with glucose and around 300 min with xylose. The

strains grew in 2G hydrolysates from diluted acid
and steam explosion pretreated corn stover and sug-
arcane straw. During growth, the strains metabolized
> 98% of glucose, > 96% xylose and > 85% acetic
acid. In 2G hydrolysates P. putida 5PL, a DOT-T1E
derivative strain that carries up to five independent
mutations to avoid phenylalanine metabolism, accu-
mulated this amino acid in the medium. We con-
structed P. putida 5PLDgcd (xylABE) that produced
up to 250 mg l�1 of phenylalanine when grown in 2G
pretreated corn stover or sugarcane straw. These
results support as a proof of concept the potential of
P. putida as a chassis for 2G processes.

Introduction

Society is in favour of replacing polluting fossil fuels (the
main source of energy), and oil-derived chemicals with
alternative renewable sources to combat global climate
change (Ragauskas et al., 2006; Valdivia et al., 2016). A
variety of new green energy sources are currently being
used (bio-, eolic, thermosolar and photovoltaic energy);
however, the sole and main alternative for oil-derived
chemicals today is a new ‘green chemistry’ based on
plants as the only sustainable and renewable source of
organic carbon on earth. This so-called new chemistry is
expected to move the organic chemical industry towards
net zero emissions (Ragauskas et al., 2006, 2014;
Linger et al., 2014; Isikgor and Becer, 2015; Beckham
et al., 2016; Ramos et al., 2016; Duque and Ramos,
2019).
At present, the major source of plant-derived materi-

als to produce a number of chemicals is starch, whose
hydrolysis yields glucose, that in turn is converted into
different chemicals through fermentation processes. The
use of starch to obtain biofuels and biochemical com-
modities is, however, controversial because of the over-
lap with the food chain. This controversy provoked a
shift at the end of the last century when scientists
began working on replacing starch by non-edible plant
biomass such as lignocellulose, an attractive source of
raw material due to its abundance and because it does
not compete directly with foodstuffs. However, the use
of lignocellulosic materials to produce bioethanol and
biochemicals is challenging because biomass requires
intensive pretreatment (mainly physico-chemical) to
deconstruct it and for the release of cellulose,
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hemicellulose and lignin (Alc�antara et al., 2016). Sugars
can be obtained from cellulose and hemicellulose in a
process called saccharification, which involves enzy-
matic hydrolysis by a set of enzymes generically known
as cellulases that work synergistically to produce mono-
meric sugars (€Ohgren et al., 2007; �Alvarez et al.,
2016). Glucose (about 57–70%) is the major product
that results from the hydrolysis, followed by xylose
(about 9–23%), and other minority sugars such as ara-
binose, rhamnose and galactose (van Maris et al.,
2006; Rocha-Mart�ın et al., 2018; see Table S1 for data
from Rocha-Mart�ın et al., 2018). However, many indus-
trially relevant microorganisms only ferment glucose
and leave the other sugars untransformed. Techno-
economic studies by Valdivia et al. (2016, 2020)
revealed that the processing of the C5 xylose is a must
in order to profitably produce bioethanol or other chemi-
cals from biomass.
A number of xylose catabolic pathways have been

engineered for heterologous expression in industrially
relevant microorganisms. Recombinant xylose-utilizing
strains of yeasts (Garc�ıa-Sanchez et al., 2010) and var-
ious bacteria like Zymomonas mobilis (Zhang et al.,
1995), Corynebacterium glutamicum (Kawaguchi, et al.,
2006), Bacillus subtilis (Chen et al., 2013; Zhang et al.,
2016), Kluyveromyces marxianus (Suzuki et al., 2019)
and Pseudomonas putida (Meijnen et al., 2008, 2009;
Le Meur et al., 2012; Dvor�ak and de Lorenzo, 2018;
Bator et al., 2020) have been constructed and can be
considered as a first step towards efficient biomass uti-
lization. An aim of synthetic biology is to establish a
universal platform for the synthesis of ‘all chemicals’.
We are, however, far from that objective today and sev-
eral microbial platforms based on recombinant microbes
are being used to produce different chemicals (Calero
and Nikel, 2019; Liu and Nielsen, 2019). Bioprocess
yields depend on the metabolic route and on the stoi-
chiometry of the pathways, as well as on the intrinsic
properties of the chemicals and the microbial tolerance
to the high concentrations of substrates and products
that are demanded during the industrial production of
commodities (Bator et al., 2020). We have focused our
attention on the production of aromatic chemicals from
sugars. To this end, we have chosen P. putida DOT-
T1E as a production platform, because of its high resis-
tance to a wide range of aromatic compounds, includ-
ing aromatic hydrocarbons such as toluene, xylenes
and styrene (Rojas et al., 2003; Ramos et al., 2015).
This property confers significant advantage over other
P. putida strains that are only moderately tolerant to
solvents, for instance KT2440 (Segura et al., 2012).
DOT-T1E is a non-pathogenic strain of Pseudomonas

putida. The pangenome of the species revealed a set of
core genes common to all strains and which define the

basic physiological properties of these microorganisms.
The species has also a set of accessory genes that are
present in only two or more but not all the strains of the
species, which confer specific properties (e.g. biodegra-
dation of lineal and/or aromatic hydrocarbons), and the
ability to colonize different niches (Udaondo et al.,
2016). The pangenome showed that the species
P. putida is characterized by a limited ability to consume
sugars, that is glucose, gluconate and fructose, which
are mainly metabolized through the Entner–Doudoroff
pathway (Nelson et al., 2002; del Castillo et al., 2007;
Daddaoua et al., 2009; Daniels et al., 2010; Tiso et al.,
2014; Calero and Nikel, 2019). KEGG analysis revealed
that P. putida DOT-T1E, similarly to other strains of the
species, contains a set of genes that would allow xylose
catabolism if different peripheral modules are added to
transform xylose into central metabolic intermediates. In
fact, Bator et al. (2020) described that up to three
peripheral xylose pathways can be implemented in
P. putida KT2440 to allow growth on xylose. These path-
ways are known as the isomerase pathway and the
oxidative Dahms and Weimberg pathways (Meijnen
et al., 2008, 2009; Bator et al., 2020). Bator et al. (2020)
analysed the biotransformation of xylose into 14 different
chemicals by recombinant P. putida strains and showed
that the maximal product yields of 12 of the 14 metabo-
lites of xylose were produced by the isomerase pathway.
In this metabolic pathway, xylulose-5-phosphate is part
of the pentose phosphate cycle and is eventually trans-
formed into erythrose-4-phosphate, a starting metabolite
for the synthesis of aromatic amino acids via the shiki-
mate pathway (Fig. 1).
The isomerase pathway is characterized by the pres-

ence of a xylose isomerase (XylA) that transforms xylose
into xylulose and a xylulokinase (XylB) that subsequently
phosphorylates the latter to xylulose-5-phosphate, which
enters into the Pentose Phosphate (PP) cycle (Wilhelm
and Hollenberg, 1985; Amore et al., 1989; Mishra and
Singh, 1993; Hahn-H€agerdal and Pamment, 2004). The
xylA and xylB genes from the isomerase pathway of
E. coli have already been engineered into KT2440 and
S12 strains to allow the use of xylose (Le Meur et al.,
2012; Dvor�ak and de Lorenzo, 2018). In both strains, the
efficient use of xylose as a C source requires the inacti-
vation of glucose dehydrogenase (Gcd) to avoid the mis-
routing of xylose to dead-end xylonate. While S12 was
able to grow on xylose upon incorporation of xylAB (Mei-
jnen et al., 2008), Dvor�ak and de Lorenzo (2018) and
Elmore et al. (2020) described that KT2440 requires, in
addition to xylAB, the xylE gene encoding a proton-
coupled symporter to facilitate the entry of xylose into
the cell.
This study shows that the isomerase pathway together

with the xylE gene can be expressed in both P. putida
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DOT-T1E wild-type strain and its glucose dehydrogenase
(gcd) mutant derivatives. The recombinant strains not only
grew on xylose in minimal medium, but also on corn
stover and sugarcane straw 2G hydrolysates, consuming
>98% glucose and >96% xylose. Furthermore, P. putida
5PL, a mutant derivative of DOT-T1E that overproduces
L-phenylalanine (Molina-Santiago et al., 2016), was also
engineered to inactivate the gcd gene and transformed
with pSEVA633_xylABE. The resulting 5PLDgcd (xylABE)
strain produced L-phenylalanine from 2G hydrolysates
confirming the potential of Pseudomonas putida as a

chassis to produce value-added goods from agricultural
residues.

Results

Construction of Pseudomonas putida DOT-T1E
derivatives that use xylose and produce L-phenylalanine

Pseudomonas putida DOT-T1E (Table 1) does not use
xylose as a carbon source (Table 2); however, when
DOT-T1E is incubated with xylose, it consumes the
sugar and stoichiometrically converts it into the dead-

Fig. 1. Proposed synthesis of L-phenylalanine (L-Phe) from glucose and xylose in an engineered P. putida Dgcd (xylABE) strain. Exogenous
xylose transporter (blue) and xylose isomerase pathway enzymes (green) are highlighted. Green arrows indicate the exogenously supple-
mented xylose isomerase pathway. Brown arrows indicate native pentose phosphate pathway reactions. Dotted black arrows indicate native
shikimate pathway reactions. Dotted red arrows indicate the glucose dehydrogenase (gcd) deleted reaction. Abbreviations: PQQ, pyrrolo-
quinoline; G6P, D-glucose-6-phosphate; 6PG, 6-phosphogluconate; KDPG, 2-dehydro-3-deoxyphosphogluconate; G3P, D-glyceraldehyde
3-phosphate; FBP, fructose-1,6-bisphosphate; F6P, fructose-6-phosphate; X5P, xylulose-5-phosphate; D-Ri5P, L-ribulose-5-phosphate; R5P,
ribose-5-phosphate; S7P, sedoheptulose-7-phosphate; E4P, erythrose 4-phosphate; PEP, phosphoenolpyruvate; DAHP, 3-deoxy-D-arabino-
heptulosonate 7-phosphate; DHQ, 3-dehydroquinate; DHS, 3-dehydroshikimate; SHIK, shikimate; SH3P, shikimate 3-phosphate; EP5P,
5-enolpyruvoylshikimate 3-phosphate; CA, chorismate; PA, prephenate; PP, phenylpyruvate; Glu, glutamate; 2OG, 2-oxoglutarate; L-Phe,
L-Phenylalanine.
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end product xylonate (data not shown). In other P. putida
strains, xylonate synthesis proceeds in the periplasm in
a reaction catalysed by glucose dehydrogenase,
encoded by the gcd gene (T1E_2822). A DOT-T1E-
derivative strain devoid of this gene was constructed as
described in the Experimental Procedures section
(Table 1). This mutant did not transform xylose into xylo-
nate (data not shown), suggesting that Gcd is the only
apparent enzyme involved in xylose biotransformation in
DOT-T1E. As described in the Introduction, conversion

of xylose into xylulose-5-phosphate – an intermediate of
the PP cycle – allows metabolism of xylose as a C-
source in other Pseudomonas strains (Dvor�ak and de
Lorenzo, 2018; Elmore et al., 2020). To channel xylose
towards PP cycle intermediates, we amplified the xylAB
genes from E. coli (see Experimental Procedures),
cloned them into pBBRMCS5 which carries the gene
encoding gentamycin resistance (Table 1), and trans-
formed the recombinant derivative into the wild-type
DOT-T1E and its Dgcd isogenic mutant (Table 1;

Table 1. Strains and plasmids used in this study.

Strains/plasmids Genotype or relevant characteristics Reference

Escherichia coli
DH5a Cloning host: F-k-endA1 glnX44(AS) thiE1 recA1 relA1 spoT1 gyrA96(NalR) rfbC1 deoR

nupG Φ80(lacZDM15) D(argF-lac)U169 hsdR17(rK
–mK

+)
Hanahan (1985)

CC118kpir Cloning host: araD139 D(ara-leu)7697 DlacX74 galE galK phoA20 thi� 1 rpsE rpoB(RifR) argE
(Am) recA1, kpir lysogen

Herrero et al. (1990)

Pseudomonas putida
DOT-T1E Prototroph, CmR, RifR Ramos et al. (1995)
DOT-T1EDgcd DOT-T1E mutant generated by insertional inactivation of DOT-T1E_2882, KmR This work
DOT-T1E (xylABE) Wild type harbouring plasmid pSEVA633 This work
DOT-T1EDgcd
(xylABE)

DOT-T1E Dgcd mutant harbouring plasmid pSEVA633_xylABE This work

5PL DOT-T1E mutant that produces L-phenylalanine Molina-Santiago
et al. (2016)

5PLDgcd 5PL mutant generated by insertional inactivation of DOT-T1E_2882, KmR This work
5PL (xylABE) 5PL harbouring plasmid pSEVA633_xylABE This work
5PLDgcd (xylABE) 5PL Dgcd harbouring plasmid pSEVA633_xylABE This work
Plasmids
pMBL-T PCR product cloning vector, ApR Canvax Biotech
pBBRMCS5 Broad-host-range, cloning vector, GmR Kovach et al. (1995)
pBBRMCS5_xylAB pBBRMCS5 bearing xylAB genes This work
pSEVA2213_xylABE pSEVA2213 expression vector bearing xylABE genes, KmR Dvor�ak and de

Lorenzo (2018)
pSEVA633 Expression vector: oriV(pBBR1), lacZa-pUC18, GmR Silva-Rocha et al.

(2013)
pSEVA633_xylABE pSEVA233 with xylABE genes expressed from EM7 promoter This work
pMBL-T::
T1E_2822ΩKm

pMBL-T- bearing the DOT-T1E-2822 and the ΩKm cassette. ApR, KmR This work

pHP45ΩKm Source of a Km resistance cassette, KmR Fellay et al. (1987)

Table 2. Growth parameters of different P. putida strains on sugars.

Strain

Glucose Xylose Glucose + Xylose

tg Y Q tg Y Q tg Y Q

DOTDOT-T1E 102 0.35 0.25 n.g n.g n.d. 102 0.29 (0.17 + 0.06)
DOT-T1EDgcd 102 0.36 0.25 n.g n.g n.d. 96 0.34 (0.17 + 0.00)
DOT-T1E (xylABE) 101 0.35 0.24 299 0.32 0.22 100 0.35 (0.17 + 0.06)
DOT-T1EDgcd (xylABE) 105 0.37 0.24 288 0.40 0.22 101 0.39 (0.17 + 0.06)
5PL 105 0.26 0.22 n.g n.g n.d. 94 0.21 (0.18 + 0.06)
5PLDgcd 115 0.25 0.22 n.g n.g n.d. 112 0.22 (0.18 + 0.00)
5PL (xylABE) 99 0.38 0.22 279 0.39 0.22 102 0.36 (0.18 + 0.06)
5PLDgcd (xylABE) 100 0.39 0.22 274 0.40 0.22 102 0.35 (0.18 + 0.06)

tg, generation time expressed in min; Y, yield expressed as g cells g�1 sugar consumed within 24 h; Q, sugar consumption rate expressed in g
l�1�h�1. For glucose + xylose assay the first value correspond to glucose consumption while the second one corresponds to xylose consumption
rate; n.g, no growth; n.d, not determined.
Growth conditions and analytical determination are described in detail under Experimental procedures. The data in the Table are the average of
at least two independent assays done each in triplicate. Standard deviations are below 10% of the given values.
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Fig. S1). The transformants were spread on M9 minimal
medium plates supplied with gentamycin and glucose or
xylose as a C source; no transformants able to grow on
xylose were found, while the rate of gentamycin resistant
(GmR) transformants on glucose was 104 clones per µg
DNA. None of the glucose selected clones were able to
grow on xylose in spite of long-term incubation. This
result contrasts with those observed in P. putida S12
bearing the xylAB genes, which acquired xylose degra-
dation capacity upon enrichment in xylose (Meijnen
et al., 2008). However, they are in line with the results
observed in KT2440, which revealed that the mere incor-
poration of the catabolic genes was not sufficient to
allow growth of this strain on xylose (Dvor�ak and de Lor-
enzo, 2018). These authors showed that, in addition, a
xylose symporter was needed to facilitate uptake of
xylose and its metabolism (Dvor�ak and de Lorenzo,
2018; Elmore et al., 2020; Espeso et al., 2021). To
address this, we subcloned the synthetic xylABE operon
designed by Dvor�ak and de Lorenzo (2018) into the
GmR pSEVA633 plasmid. (This construction was made
to use a Gm resistant cassette compatible with the Km-
resistant marker present in the Dgcd strains). DOT-T1E
and DOT-T1EDgcd bearing xylABE constructs were
selected on Gm containing M9 minimal plates with glu-
cose as the sole C-source. These clones grew when
replicated onto Gm containing M9 minimal plates with
xylose, although at a slower rate than on glucose.
We then used liquid culture medium to compare the

growth rates, growth yields and sugar consumption rates
of DOT-T1E, DOT-T1EDgcd, DOT-T1E (xylABE) and
DOT-T1EDgcd (xylABE) on glucose, xylose and mixtures
of glucose and xylose (Table 2). We found that growth
of DOT-T1E and DOT-T1EDgcd on minimal medium with
glucose was similar, reaching a turbidity at 660 nm of
around 4 and ~ 1010 CFU ml�1. Doubling times were
about 100 min (i.e. see Fig. S2), and yields of both
strains on glucose were in the order of 0.35 to 0.36 g
dry weight g�1 glucose consumed (Table 2). This indi-
cated that the lack of the gcd gene did not significantly
affect the utilization of glucose in these strains. In fact,
the rate of carbon consumption of both strains was
0.25 g l�1 h�1. The two strains bearing the xylABE
genes grew on glucose at a similar rate (101–105 min
doubling time) to the strains without pSEVA633_xylABE,
suggesting that the xylABE gene load does not influence
growth rate.
On xylose, DOT-T1E (xylABE) and DOT-T1EDgcd

(xylABE) strains grew to reach 109 to 1010 CFU ml�1,
with doubling times of about 300 min (Table 2), and
yields in the range of 0.32 to 0.40 g dry weight g�1

xylose consumed. The rate of xylose consumption was
around 0.22 g l�1 h�1. Similarly to other P. putida strains
in which the xyl isomerase pathway had been

engineered, our recombinant strains also metabolized
xylose via the PP cycle. Elmore et al. (2020) showed
that increased expression levels of two genes (tal and
tkt) were needed for efficient channelling of xylose
through the PP cycle in KT2440. However, this might not
be the case with DOT-T1E, because high growth rates,
high xylose consumption rates and high yields were
obtained without exogenous increases in tal and tkt
expression. The growth parameters and C consumption
rates we achieved with DOT-T1E derivatives were
slightly higher than those described for KT2440 engi-
neered to use xylose (Dvor�ak and de Lorenzo, 2018).
As the major sugars in 2G hydrolysates are glucose

and xylose, we compared the growth characteristics on
glucose plus xylose (at a ratio 3:1) of DOT-T1E and
DOT-T1EDgcd with and without xylABE genes (Table 2).
As expected, with mixtures of glucose and xylose, all
clones grew with similar doubling times (Table 2). For
the two clones that used xylose as a C-source, we found
that cultures reached stationary phase after 24 h without
apparent diauxic growth. In fact, time course glucose
and xylose consumption with the DOT-T1E (xylABE) and
DOT-T1EDgcd (xylABE) strains revealed simultaneous
utilization of both sugars from the beginning, with glu-
cose assimilation rates of around 0.17 mmol l�1 h�1 for
both strains while xylose was assimilated at a rate of
0.06 g l�1 h�1. Therefore, C5 sugar utilization was not
under carbon catabolite control in the recombinant P.
putida strains. The yields of the strains using glucose
and xylose were in the range of 0.29 to 0.39 g dry
weight per g sugar consumed (Table 2).
Previous comparative analysis based on yields and

flux balances in Pseudomonas strains indicated that the
best pathway for synthesis of added value chemicals is
dependent on the stoichiometry of the reactions (Bator
et al., 2020) and these authors concluded that the iso-
merase pathway is the most favourable. We have previ-
ously described that the DOT-T1E 5PL mutant strain
was able to produce L-phenylalanine from glucose
(Molina-Santiago et al., 2016). The strain was engi-
neered to block phenylalanine catabolism and bore a
pheAbr mutation. The pheAbr allele encodes a variant of
the enzyme that catalyses the Claysen rearrangement of
chorismate to prephenate and its ulterior conversion into
phenylpyruvate, the first step in phenylalanine biosynthe-
sis, the mutant PheAbr is not susceptible to feed-back
inhibition due to accumulation of phenylalanine.
Then, strain 5PL was considered a potential useful

chassis for aromatic amino acid production from 2G sug-
ars. To explore this, we introduced the xylABE operon into
5PL and its isogenic Dgcd mutant. We tested growth of
5PL (xylABE) and 5PLDgcd (xylABE) on glucose, xylose
and a mixture of both sugars (Table 2). The 5PLDgcd
(xylABE) and 5PL (xylABE) strains grew with glucose until
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cell densities of 109–1010 CFU ml�1, with doubling times
in the range of 100–115 min, and growth yields of 0.25–
0.39 g dry weight per g glucose, respectively (Table 2).
Carbon consumption rates of 5PL (xylABE) and 5PLDgcd
(xylABE) with xylose were similar to those achieved by
equivalent constructions in DOT-T1E, even though they
only grew linearly, but reaching cell densities in the order
of 109–1010 CFU ml�1. Growth rates, growth yields and
C-consumption rates in the presence of glucose and
xylose were similar to those measured with only glucose.
We analysed L-phenylalanine production from glucose
and xylose by 5PL Dgcd (xylABE) and found that produc-
tion was higher with glucose (225 ppm) than with xylose
(10 ppm), but that the amount of L-phenylalanine pro-
duced with mixtures of both sugars was similar to that
measured with glucose (Table 3). The limited production
of L-phenylalanine from xylose arose not only from the
limited uptake of the carbon source, but also from limited
synthesis of shikimate, because exogenous addition of
1 mM shikimate to a xylose metabolizing strain enhanced
L-phenylalanine production to 75 ppm (Table 3). In agree-
ment with this series of results, the level of L-
phenylalanine produced with glucose plus xylose was
lower than with only glucose and approached those
reached with only glucose (Table 3). This supports the
idea that although xylose is directly channelled into the PP
cycle, the level of PP cycle intermediates was higher with
glucose than with xylose.
We envisaged that we would see improvements in the

L-phenylalanine production pathway through manipula-
tion of aro genes, as has been described for
L-phenylalanine production in E. coli (Liu et al., 2018)
and aromatic derivatives in P. putida (Loeschcke and
Thies, 2020; Schwanemann et al., 2020). In any case,
our set of results support that P. putida bearing the
xylABE genes is a potentially useful platform for

metabolism and biotransformation of 2G sugars into
added value chemicals.

Growth of Pseudomonas putida DOT-T1E strain on 2G
substrates derived from corn stover and sugarcane
straw

Because the ultimate aim of this work is to explore the
potential of Pseudomonas putida as a platform to pro-
duce added value chemicals from 2G substrates, we
decided to test the behaviour of the set of strains con-
structed in this study in hydrolysates of 2G lignocellu-
losic material upon saccharification. The lignocellulosic
material we choose was pretreated acid-diluted and
steam exploded corn stover (PCS) and sugarcane straw
(PSCS). PCS and PSCS were prepared at the York
(Iowa, USA) laboratory of Abengoa Bioenergy. Figure 2
top shows the structure of a corn stover and sugarcane
stalk with a set of fibrils in the centre that includes the
xylem and phloem tubes, characteristic of these plants.
Upon steam explosion in acidic medium, the cell material
was found to be disorganized and long fibres appeared
(Fig. 2 bottom). The composition for PCS (Table S1) is
about 35% glucan as cellulose, 7.8% xylan-
hemicellulose, 3% soluble glucose/cellobiose and 16%
soluble xylose (Rocha-Mart�ın et al., 2018). For PSCS,
the composition was glucan-cellulose 36%, 4.5% xylan-
hemicellulose, 3% soluble glucose/cellobiose and 8.2%
soluble xylose (Rocha-Mart�ın et al., 2018).
To release monomeric sugars from the polymers, a

suspension of 10% (w/v) of the pretreated lignocellulosic
materials was digested for 24 h with different amounts of
the commercial cellulase cocktail Viscozyme (Sigma-
Merck) at pH 5.5–6.0 in 1xM9 solution incubated at
50 °C with moderate agitation (50–70 rpm in an orbital
shaker). Upon digestion with Viscozyme, we found that
the highest glucose yield was about 6.7 g glucose l�1

and 3 g xylose l�1 in the case of PCS, and 5.8 g kg�1

glucose and 1.8 g xylose l�1 in the case of PSCS (see
Tables S2 and S3). The hydrolysates were neutralized
to pH 7 with phosphate buffer and used undiluted or
diluted to 5%, 3% and 1% substrate as a C-source.
These suspensions were inoculated with DOT-T1E,
DOT-T1E (xylABE), DOT-T1EDgcd and DOT-T1EDgcd
(xylABE) to reach an initial cell density of
106–107 CFU ml�1. We found that at a load of 10% of
2G hydrolysates from PCS or PSCS, none of the strains
grew in this medium; however, with lower substrate
loads, cell density in the 2G PCS and PSCS hydroly-
sates reached between 3x108 and 7x109 CFU ml�1. The
results shown in Table 4 reveal that with a substrate
charge of 3% (w/v) PSC or PSCS, all strains were able
to consume more than 99% of glucose and more than
70% of the xylose in 24 h (>96% in 48 h), except for

Table 3. Phenylalanine accumulation from 2G sugars by P. putida
5PLDgcd (xylABE).

C-source Phenylalanine (mg l�1)

Glucose 225
Glucose + shikimate (1mM) 230
Xylose 10
Xylose + shikimate (1mM) 75
Glucose plus xylose 175
Glucose plus xylose + shikimate (1mM) 211

Growth conditions and analytical determination are described in
detail under Experimental procedures. The data are the average of
at least two independent assays. Phenylalanine concentration in the
culture medium was determined at the start of the assay (concentra-
tion was negligible in all cases) and after 24 h incubation (given val-
ues in the Table). Standard deviations are below 15% of the given
values.
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DOT-T1EDgcd, as expected, that did not consume
xylose.
Elmore et al. (2020) reported that a KT2440 deriva-

tive carrying the xylABE genes was able to use xylose
but did not assimilate arabinose, this contrasted with
the results in S12 that uses xylose and arabinose
upon acquisition of xylAB genes and adaptation to
growth on xylose. We have not analysed arabinose
consumption by T1E derivatives in detail, but in our
2G hydrolysates assays, we determined the levels of
arabinose before and after growth of six recombinant
strains and found that arabinose levels remain
unchanged.

In addition, we determined if any of the strains
inoculated in 2G hydrolysates would consume acetic
acid present at concentration of 200–260 mg l�1. We
found that >85% of the initial acetic acid concentra-
tion was removed. This set of results suggests that
the 2G hydrolysates from pretreated lignocellulosic
material can be used for growth of Pseudomonas on
2G materials.
Similar assays to those described above with the

DOT-T1E (xylABE) and its isogenic Dgcd mutant were
carried out with the 5PL (xylABE) and 5PLDgcd (xylABE)
strains. We found that the strains grew to reach cell den-
sities of 2 to 3 9 108 CFU ml�1 and accumulated up to

Fig. 2. Scanning electron microscopy (SEM) of pretreated or untreated agricultural wastes. Top left, corn stover (100x); top right (500x), and
sugarcane straw (PSCS) or bottom left (100x) and bottom right (500x) images of these materials after steam explosion in the presence of
diluted acid.

Table 4. Utilization of 2G substrates by Pseudomonas putida derivatives and growth.

G0 G24 X0 X24 AcOH0 AcOH24 CFU ml�1
0 CFU ml�1

24

3% PSCS
T1E 1550 10 1780 60 260 18 3.53E+07 2.49E+09
T1EDgcd 1175 9 1424 1450 230 19 1.18E+08 3.48E+09
T1E (xylABE) 1230 0 897 1 223 9 3.17E+07 2.14E+09
T1EDgcd (xylABE) 1060 0 1300 13 210 3 6.17E+07 5.33E+09
3% PCS
T1E 1630 22 2770 505 232 34 1.55E+07 2.98E+09
T1EDgcd 1445 0 3050 3090 205 12 1.74E+08 4.40E+09
T1E (xylABE) 1405 7 2810 4 202 13 5.67E+07 2.72E+09
T1EDgcd (xylABE) 1490 0 2665 8 211 7 5.50E+07 3.17E+09

Assay conditions are described under experimental procedures. The data in the table are the average of at least two assays.
Concentration of substrates is in mg l�1. Standard deviations were below 15% of the given values.
X0: Xylose in solution at the start of the assay; X24: Xylose in solution after 24 h incubation.
G0: Glucose in solution at the start of the assay; G24: Glucose in solution after 24 h incubation.
AcOH0: Acetate in solution at the start of the assay. AcOH24: acetate in solution after 24 h incubation.
CFU0: Colony forming units at the start of the assay; CFU24: Colony forming units after 24 h incubation.
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200–250 ppm L-phenylalanine in the hydrolysed super-
natants (Table 5).

Discussion

2G cell factories and Pseudomonas

The increase in food prices due to the use of cereal
grain in the production of so-called first-generation (1G)
biofuels (including ethanol) led to the search of new
sources of sugars for bioethanol production. The new
source of raw material for the so-called 2G technology is
biomass, whose abundance allows for sufficient global
feedstock, that is in the United States alone, biomass
could reach more than 450 Mdryton/year and this
amount, in terms of bioethanol equivalence, is 67 Ggal
ethanol/year (www.energy.gov/sites). Bioethanol prices
are highly volatile and, as such, industry searches for
new opportunities in the production of added value prod-
ucts from 2G hydrolysates.
Frank (2010) estimated that the economic potential of

biochemicals produced from lignocellulosic residues
could reach a value of ~$1 trillion USD, and that more
than 60% of the world’s most-used chemicals could be
synthesized from lignocellulose. In spite of these promis-
ing prospects, over the last decade the number of ongo-
ing large-/medium-scale biosynthetic processes that use
biomass has remained rather limited (Aristodou and
Penttil€a, 2000; Chandel et al., 2018). Examples of chem-
icals produced from 2G hydrolysates at different scales
are as follows: ethanol, lactic acid, succinic acid, buta-
nol, acetone, sorbitol and itaconic acid (Valdivia et al.,
2016; Chandel et al., 2018). We now add to this list, the
production of phenylalanine, an aromatic amino acid that
can be transformed into other chemicals such as trans-
cinnamic acid and styrene (McKenna and Nielsen, 2011;
Molina-Santiago et al., 2016). A number of Pseudomon-
ads expressing heterologous genes produced surfac-
tants, organic acids, terpenoids, phenazines and
bioplastics from glucose (Rojas et al., 2003; Wittgens

et al., 2011; Loeschcke and Thies, 2015; Tiso et al.,
2017; Wittgens et al., 2018; Wynands et al., 2018). We
envisage that the production of this set of chemicals
from 2G sugars will be feasible once one of the xylose
catabolic pathways described by Bator et al. (2020) is
incorporated into these strains.
A true challenge in using 2G technology at the indus-

trial level is not only the conversion of highly recalcitrant
and low solubility lignocellulose into monomeric sugars
but also their efficient use for chemical production. This
requires a series of physico-chemical treatments to
deconstruct plant structures and make cellulose and
hemicellulose available for subsequent enzymatic hydrol-
ysis to yield soluble sugars. Figure 2 shows that dilute-
acid steam explosion pretreatment of herbaceous resi-
dues resulted in appropriate levels of biomass disorgani-
zation of corn stover and sugarcane straw. This specific
pretreatment released about 30% to 50% of xylose in
the polymers but less than 3% of the glucose (see
Table S1 and Rocha-Mart�ın et al., 2018). Subsequent
action of cellulase cocktails can release up 80% of total
sugars as monomers (�Alvarez et al., 2016). In addition
to sugars, the 2G hydrolysates contain acetic acid, fur-
fural and lignin monomers. It is known that some of the
chemicals generated from biomass during the pretreat-
ment process are inhibitors of growth. Industrial produc-
tion of biochemicals from 2G hydrolysates requires as
high as possible load of 2G hydrolysates to warrant high
production of commodities. The typical 2G bioethanol
production processes operate at a solid ratio of 20%
(Alc�antara et al., 2016); but to generate economic
returns, the yields should be close to the theoretical,
which in the case of 2G bioethanol production requires
that the strains of Saccharomyces used in the process
should consume > 96% glucose and > 90% xylose (Val-
divia et al., 2016).
Co-utilization of different sugars from lignocellulose by

industrial microbes is complex and often subject to
catabolite repression which most often prioritizes the use

Table 5. Utilization of 2G substrates by Pseudomonas putida 5PL derivatives and biosynthesis of L-phenylalanine.

G0 G24 X0 X24 A0 A24 Phe0 Phe24

PSCS
5PL (xylABE) 1490 20 1950 54 230 15 0 200
5PLDgcd (xylABE) 1490 10 1950 75 230 4 0 250
PSC
5PL (xylABE) 1780 10 3440 220 180 0 0 160
5PLDgcd (xylABE) 1780 30 3440 1560 180 22 0 220

Assay conditions are described under experimental procedures. The data in the table are the average of at least two assays.
Concentration of chemicals is in mg l�1.
Standard deviations were below 15% of the given values.
X0: Xylose in solution at the start of the assay; X24: Xylose in solution after 24 h incubation.
G0: Glucose in solution at the start of the assay; G24: Glucose in solution after 24 h incubation.
AcOH0: Acetate in solution at the start of the assay. AcOH24: acetate in solution after 24 h incubation.
Phe0: phenylalanine in solution at the start of the assay; Phe24: phenylalanine in solution after 24 h incubation.
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of glucose over other sugars. We have found that this is
not the case in our constructs as glucose and xylose are
simultaneously consumed. In fact, P. putida derivatives
bearing xylABE genes consumed >96% of the sugars
released in the saccharification step. The rates of sub-
strate utilization (0.22–0.3 g l�1 h�1) were superior to
those reported with engineered Saccharomyces to pro-
duce ethanol with 2G substrates (Heer and Sauer,
2008). This, in turn, resulted in the highest concentra-
tions of L-phenylalanine being generated in quite a short
time, which in industrial terms will lead to a reduction in
the number of fermenters per plant, with a consequent
saving in the initial investment, a relevant factor to make
the 2G technology economically viable (Valdivia et al.,
2016).
A current limitation in the use of Pseudomonas as a

2G platform is that P. putida growth in 2G hydrolysates
was inhibited when the initial substrate loads were > 5%
(w/v). Acetate – which is among the potential inhibitors
of growth – seems not to be the responsible for P. putida
growth inhibition, because the strain naturally uses
acetic acid as a C source and consumed > 85% of the
initial acetate in the 2G hydrolysates within 24 h. Other
inhibitors present in 2G hydrosylates are furfural, and
hydroxymethylfurfural, which are inhibitors of yeast
growth (Heer and Sauer, 2008). Mutant strains of Sac-
charomyces tolerant to furfural and able to thrive in lig-
nocellulose hydrolysates have been isolated. However,
our preliminary results indicate that T1E tolerates con-
centrations of up to 20 mM furfural which is higher than
those present in 2G hydrolysates; at present, we cannot
discard the additive effects of different chemicals as
being responsible for substrate toxicity. We are setting
up a Laboratory Adaptation Evolution programme to
select P. putida strains able to thrive in up to 20% (w/v)
2G hydrolysate load. These mutants are expected to be
profitable not only for synthesis of L-phenylalanine, as
determined in this study, but in general to exploit P.
putida industrially to achieve high product concentrations
from high initial substrate loads.
In summary, we show that P. putida DOT-T1EDgcd

(xylABE) is able to grow using the C-sources available in
2G hydrolysates. As P. putida can be easily manipulated
to express heterologous pathways, it has high potential for
further development as an industrial platform.

Experimental procedures

Bacterial strains, plasmids and growth conditions

All bacterial strains and plasmids used in this study are
listed in Table 1. Escherichia coli strains were grown in
LB medium, while Pseudomonas putida strains were
grown in LB medium or in M9 minimal medium routinely
with glucose 5 g l�1 (Abril et al., 1989). Liquid cultures

were incubated in a K€uhner incubator at 30 °C with agi-
tation (200 rpm).

DNA techniques and plasmid and strain constructions

General techniques. DNA was manipulated using
standard laboratory protocols (Sambrook and Russell,
2001). Genomic DNA was isolated using the Wizard
Genomic DNA purification Kit (Promega USA), while
plasmid DNA was isolated with the QIAprep Spin
Miniprep kit (Qiagen, USA). DNA concentration was
measured with a Nano Drop OneC (Thermo Scientific,
USA). PCR DNA amplification was performed with
appropriate primers (see Table S4), dNTPs and Q5 high
fidelity DNA polymerase (New England BioLabs, USA)
or Taq DNA polymerase (Roche, Germany), as
recommended by the manufacturers.

Electroporation. Electroporation of E. coli DH5a and
different Pseudomonas putida strains with ligation
mixtures or complete plasmids was performed as
described elsewhere (Aparicio et al., 2015), using a
MicroPulser electroporator and Gene Pulser Cuvettes
with 0.2 cm gap (Bio-Rad, USA). Transformants were
selected on LB agar plates with Km (25 µg ml�1) or Gm
(10 lg ml�1) incubated at 30 °C for 24 to 36 h.

Construction of xylose metabolic modules. The xylAB
genes of the E. coli xyl operon encoding xylose
isomerase (EC 5.3.1.5) XylA, and xylulokinase (EC
2.7.1.17) XylB, were amplified from genomic DNA of
E. coli DH5a using xylAB-KpnI and xylAB-HindIII primers
(Table S4). The PCR product was cloned into pMBL-T
vector and recombinant plasmid was digested with KpnI
and HindIII and ligated into pBBRMCS5 (GmR), giving
rise to pBBRMCS5_xylAB.
A synthetic operon made of xylose isomerase (xylA),

xylulokinase (xylB) and the xylose-proton symporter
(xylE) from E. coli was recovered from plasmid pSE-
VA2213_xylABE (Dvor�ak and de Lorenzo, 2018), after
digestion with PacI/HindIII. The fragment containing
xylABE genes and the constitutive EM7 promoter was
ligated into pSEVA633 to yield pSEVA633_xylABE.

Construction of mutants deficient in Gcd
activity. Inactivation of T1E_2822 encoding glucose
dehydrogenase (Gcd) was achieved as follows: a
1009 bp DNA fragment spanning the central part of this
ORF was amplified by PCR from P. putida DOT-T1E
genomic DNA using primers T1E_2822Fw and
T1E_2822Rv (Table S4). The resulting amplified DNA
was cloned into pMBL to yield pMBL::T1E_2822. This
plasmid was then digested with BamHI and then ligated
to the BamHI kanamycin Ω-interposon fragment from
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plasmid pHP45Ω-Km. The resulting chimeric DNA was
named pMBL::T1E_2822ΩKm. This plasmid was
electroporated into P. putida DOT-T1E and P. putida
5PL, respectively, and putative KmR recombinant
mutants were selected on kanamycin LB plates. A
number of KmR strains were retained, and Southern
blotting was used to verify the insertional mutation in the
gcd gene (see Fig. S2). A gcd mutant strain from DOT-
T1E and from 5PL parental strains, referred to as P.
putida DOT-T1EDgcd and 5PLDgcd, respectively, were
retained for further study (Fig. S2).

Growth parameters

For growth experiments with different carbohydrates,
overnight cultures of P. putida were grown in M9 minimal
medium with glucose as sole carbon source, harvested
by centrifugation (13 000 g, 5 min) and washed once
with M9 minimal medium (Abril et al., 1989). Then, cells
were suspended to an OD660 of ~0.1 in 30 ml of the test
medium. When required, kanamycin (25 µg ml�1) or
gentamicin (10 lg ml�1) were added. Doubling times
were determined during exponential growth as a slope of
the data points obtained by plotting CFU ml�1 or turbidity
at 660 nm against time.
For cell dry weight (CDW) determination, samples of

cultures grown in M9 minimal medium with 5 g l�1 car-
bon source, namely glucose, xylose or a mixture of glu-
cose:xylose (3:1, v:v), were transferred into 2 ml pre-
weighed Eppendorf tubes and pelleted at 13 000 g for
10 min. The pellets were washed once with 1xM9 buffer
and left to dry at 70 °C for 48 h. Substrate consumption
rates and specific carbon consumption rates (qs) were
determined during the initial 24 h of culture as described
(Dvor�ak and de Lorenzo, 2018).

Other analytical techniques

Cell growth was routinely monitored at 660 nm using a
Perking Elmer Lambda 20 UV VIS spectrophotometer
(USA). A turbidity of 1.0 is equivalent to 414 mg l�1 of
cell dry weight (CDW).
For determination of metabolites, cultures (1 ml) were

centrifuged (13 000 g, 4 °C, 10 min), and 0.5 ml of the
supernatants was stored at �20 °C until analysed. For
analysis of sugars and acetic acid, D-GLUCOSE-HK, K-
XYLOSE, K-ARGA and K-ACETRM Assays Kits (Mega-
zyme, Ireland) were used according to the manufac-
turer’s instructions. Measurements were performed using
a TECAN Sunrise 200 microplate absorbance reader
(Tecan GmbH, Austria).
L-Phenylalanine levels were determined in culture

supernatants using an Agilent/HP 1050 HPLC System
(Agilent/HP, USA), equipped with a Nova-Pak C18

column (4 µm, 3.9 mm 9 150 mm, Waters) and coupled
to a DAD detector. MilliQ H2O acidulated with 0.1% (v/v)
H3PO4 (A) and acetonitrile:H2O (90:10, v/v), also supple-
mented with 0.1% H3PO4 (B), were used as eluents.
Samples (20 µl) were injected for analysis at a constant
flow rate of 0.85 ml min�1 for isocratic separation using
a mixture of 75% (v/v) A and 25% (v/v) B. When an elu-
tion gradient was required, we used the same eluents
with the following ramp of solvents and times: Method
started with 2 min 100% A; then, mobile phase changed
to 30% B within 8 min, followed by a 2 min hold time.
Then, the composition changed to 100% B within 2 min,
followed by a 2 min hold time. Finally, the mobile phase
was returned to the initial conditions in a 2 min linear
gradient. Column temperature was 20 °C. L-
Phenylalanine was monitored at 215 nm.

Enzymatic hydrolysis

Pretreated Corn Stover (PCS) or Pretreated Sugarcane
Straw (PSCS) were prepared by steam explosion with
diluted sulfuric acid at the Abengoa Bioenergy Biomass
Pilot Plant in York (Iowa, USA), following the procedure
described by Alc�antara et al. (2016). Hydrolysis of PCS
or PSCS (10 g l�1) was performed in 100 mL borosili-
cate conical flasks containing 1xM9 with pH adjusted to
5.5. The enzymatic cocktail Viscozyme (Sigma-Merck)
was added as indicated in Table S3. Glucan content had
been previously determined according to the standard
biomass analytical procedures by NREL (Rocha-Mart�ın
et al., 2018). Samples were incubated in an orbital incu-
bator at 50 °C with shaking at 70 rpm for 24 h.

Scanning Electron Microscopy

Samples were fixed in a 2.5% (v/v) glutaraldehyde solution
in 0.1 M cacodylate buffer (pH 7.4) for 24 h at 4 °C. Sam-
ples were washed in the same buffer (3 times for 15 min, at
4 °C). Post-fixation was performed with 1% (w/v) osmium
tetroxide in the dark for 1 h at room temperature. Samples
were then washed 3 times for 5 min with distilled water.
They were then dehydrated in a gradient of increasing
ethanol concentrations from 50% to 100% ethanol and sub-
mitted to Critical Point (Anderson, 1951) with carbon diox-
ide in a Leica EM CPD300 desiccator. Finally, samples
were coated by evaporating them with carbon in an EMI-
TECH K975X Carbon evaporator and examined in a high-
resolution scanning electron microscope [HRSEM] Auriga
(fib-fesem)manufactured by Carl Zeiss.
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Fig. S1. Southern blot assay to check P. putida DOT-T1E
and P. putida 5PL gcd O-Km mutant strains. The gcd O-Km
mutant strains are represented with letter “M”, control strains
(P. putida DOT-T1E and P. putida 5PL) are represented
with letter “C”. Probe used for the southern blot assay was
the 1009 pb gcd-fragment amplified by PCR with
T1E_2822Fw and T1E_2822Rv primers, as described in
Experimental Procedures
Fig. S2. Growth curves of (A) P. putida DOT-T1E and (B)
P. putida DOT-T1E 5PL and their recombinant strains in
minimal medium with 5 g L-1 D-glucose. Experiments were
carried out as described in Experimental procedures. Blue
lines, wild-type strains; red lines, Dgcd mutant strains; green
lines, wild-type strains bearing pSEVA633_xylABE; purple
lines, Dgcd mutant strains bearing pSEVA633_xylABE.
Curves represent the average of at least two independent
assays performed in triplicate. Standard deviations are
below 10% of the given values.
Table S1. Xxxxxxxxx.
Table S2. Release of 2G sugars from PSCS by treatment
with Viscozyme.
Table S3. Release of 2G sugars from PCS by treatment
with Viscozyme.
Table S4. Primers used in this study.
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