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ABSTRACT Cell growth and polyhydroxyalkanoate (PHA) biosynthesis are two key
traits in PHA production from lignin or its derivatives. However, the links between
them remain poorly understood. Here, the transcription levels of key genes involved
in PHA biosynthesis were tracked in Pseudomonas putida strain A514 grown on
vanillic acid as the sole carbon source under different levels of nutrient availability.
First, enoyl-coenzyme A (CoA) hydratase (encoded by phaJ4) is stress induced and
likely to contribute to PHA synthesis under nitrogen starvation conditions. Second,
much higher expression levels of 3-hydroxyacyl-acyl carrier protein (ACP) thioes-
terase (encoded by phaG) and long-chain fatty acid-CoA ligase (encoded by alkK)
under both high and low nitrogen (N) led to the hypothesis that they likely not only
have a role in PHA biosynthesis but are also essential to cell growth. Third, 40 mg/li-
ter PHA was synthesized by strain A, ., (overexpression of pha/4 and phaCl in
strain A514) under low-N conditions, in contrast to 23 mg/liter PHA synthesized un-
der high-N conditions. Under high-N conditions, strain A,kpnacc: (Overexpression of
phaG, alkK, and phaC1 in A514) produced 90 mg/liter PHA with a cell dry weight of
667 mg/liter, experimentally validating our hypothesis. Finally, further enhancement
in cell growth (714 mg/liter) and PHA titer (246 mg/liter) was achieved in strain
Al alkkphaccr Via transcription level optimization, which was regulated by an induc-
ible strong promoter with its regulator, XylR-P, ,,, from the xylose catabolic gene
cluster of the A514 genome. This study reveals genetic features of genes involved in
PHA synthesis from a lignin derivative and provides a novel strategy for rational en-
gineering of these two traits, laying the foundation for lignin-consolidated biopro-
cessing.

IMPORTANCE With the recent advances in processing carbohydrates in lignocellu-
losics for bioproducts, almost all biological conversion platforms result in the forma-
tion of a significant amount of lignin by-products, representing the second most
abundant feedstock on earth. However, this resource is greatly underutilized due to
its heterogeneity and recalcitrant chemical structure. Thus, exploiting lignin valoriza-
tion routes would achieve the complete utilization of lignocellulosic biomass and
improve cost-effectiveness. The culture conditions that encourage cell growth and
polyhydroxyalkanoate (PHA) accumulation are different. Such an inconsistency repre-
sents a major hurdle in lignin-to-PHA bioconversion. In this study, we traced and
compared transcription levels of key genes involved in PHA biosynthesis pathways
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in Pseudomonas putida A514 under different nitrogen concentrations to unveil the
unusual features of PHA synthesis. Furthermore, an inducible strong promoter was
identified. Thus, the molecular features and new genetic tools reveal a strategy to
coenhance PHA production and cell growth from a lignin derivative.

KEYWORDS Pseudomonas putida, lignin-consolidated bioprocessing,
polyhydroxyalkanoate synthesis

olyhydroxyalkanoates (PHA) are a class of natural biopolymers that are accumu-

lated by microbes as carbon and energy storage materials (1). They can be used as
alternatives to petroleum-based plastics due to their environmentally friendly aspects
of sustainability and low CO, emissions. In addition, their biocompatibility and biode-
gradability allow them to be bioimplant materials for medical and therapeutic appli-
cations (2). Moreover, their controllable thermal and mechanical properties, as well as
diverse molecular weights, allow PHA to function as chemical precursors and methyl
ester-based fuels (1, 3, 4). The high PHA content (21% of the cellular dry weight)
observed in Escherichia coli was biosynthesized from fatty acids as early as 1997 (5).
However, due to the high cost of fatty acids and their toxicity to bacteria, researchers
have attempted to bioproduce PHA from inexpensive and renewable unrelated carbon
sources, e.g., glucose and glycerol (6-8). Lignocellulose is the most abundant resource
for sustainable fuels and chemical production. With the development of cellulosic
biofuel production, substantial quantities of lignin by-products are expected to be
generated, representing the second most abundant feedstock on earth (9). However,
the recalcitrant nature of lignins and certain technological barriers limit lignin mainly to
production of process heat and power via combustion during cellulosic biofuel pro-
duction (10-12). Thus, finding an efficient conversion route for lignin to PHA would
offer a significant opportunity for the viability and sustainability of modern lignocel-
lulosic biorefineries and offset global energy shortages and climate change (13). A few
studies have investigated the feasibility of lignin-to-PHA bioconversion routes, includ-
ing bacterial screening for lignin-consolidated bioprocessing (14, 15) and integrated
biological funneling and chemical catalysis for lignin-to-PHA production (3). However,
few studies have attempted to study the PHA biosynthetic pathways when strains are
grown using either lignin or its derivatives as a sole carbon source (16), most likely
because the complex process of lignin depolymerization in lignin-to-PHA bioconver-
sion has hampered investigations and comparisons between PHA biosynthesis path-
ways. Thus, the molecular mechanisms of PHA biosynthesis, in which various metabolic
pathways of fatty acids interact to mediate carbon flux to PHA biosynthesis pathways
under conditions where strains are grown on lignin (or its derivatives), remain elusive.

Pseudomonas species are well-known medium-chain-length PHA (mcl-PHA)-producing or-
ganisms (17), and recent studies have shown that they are capable of lignin degrada-
tion (18). They secrete oxidative enzymes (e.g., laccases and dye peroxidases) to trigger
lignin decomposition and generation of lignin oligomers (e.g., B-aryl-ether and co-
niferyl aldehyde), which are subsequently catabolized via versatile aromatic compound
pathways (19-21). In addition, they adapt easily to different environments and have
readily available genetic manipulation systems (16, 22). Taken together, these traits
indicate they could play a profound role in lignin-to-PHA conversion. Pseudomonas
species readily accumulate mc/-PHA under nutrient imbalances, e.g., nitrogen starvation
conditions (1). Under nitrogen limitation, strains usually exhibit poor growth (e.g., lower
cell density, lighter cell dry weight, or lower growth rate) (14, 23). It should be noted
that cell growth (cell biomass in particular) is a critical factor for total PHA production
(7). Such an inconsistency between cell growth and PHA production represents one of
three major hurdles in lignin-to-PHA bioconversion, the others being lignin depoly-
merization and aromatic compound degradation. In fact, numerous studies have
investigated the PHA biosynthesis pathways in Pseudomonas, where PHA is synthesized
via either the B-oxidation pathway or by the de novo fatty acid biosynthesis pathway
when the organisms are grown on related (e.g., fatty acids) or unrelated (e.g., glucose
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and glycerol) carbon sources, respectively (1, 24, 25). Moreover, a large number of
strategies have been developed to enhance PHA production, such as reconstructing
PHA synthetic pathways in model hosts without the ability for PHA accumulation (e.g.,
E. coli) (6, 7, 25-27). However, simultaneous improvement of both cell growth and PHA
production in Pseudomonas has not been demonstrated, especially when lignin or its
derivatives are used as sole carbon sources. Devising a rational strategy to counter this
hurdle may require a mechanistic understanding of the links between the two traits.

Here, we employed the previously identified lignin-utilizing Pseudomonas putida
strain A514 as a research model to investigate the PHA biosynthesis pathways. To
simplify the lignin depolymerization process, we utilized a lignin substitute, vanillic
acid, a key intermediate metabolite that connects several peripheral pathways to the
central pathway (B-ketoadipate pathway) during lignin depolymerization, as the sole
carbon source (Fig. 1A) (16, 18). The transcription levels of key genes involved in PHA
biosynthesis were tracked and compared when A514 cells were grown on M9 medium
with low (65 mg/liter) and high (1 g/liter) nitrogen (N) concentrations, unveiling
unusual features of PHA synthesis. Exploiting these molecular features and developing
genetic tools enabled us to devise a rational strategy to coenhance PHA production
and cell growth.

RESULTS

Transcriptional comparison revealed specific features of PHA synthesis in A514
when a lignin derivative was used as the sole carbon source. P. putida A514 was
grown on either high-N or low-N M9 medium, supplemented with 15 mM vanillic acid
as the sole carbon source. First, it was observed that the doubling time of A514 cells
grown on high-N medium (4.8 h) was higher than that of cells grown on low-N medium
(3.8 h) during the exponential phase (Table 1 and Fig. S1 in the supplemental material).
Second, cell dry weight (CDW) under high-N conditions was approximately 6-fold
higher than under low-N conditions (Table 1). Third, 15 mM vanillic acid was completely
consumed under high-N growth conditions, whereas only 6.5 mM vanillic acid was
utilized under low-N conditions (Table 1 and Fig. S1). Taken together, these results
indicate a likely change in gene expression in A514 between the high-N and low-N
growth conditions. Thus, the transcription levels of genes involved in PHA synthesis
under these two conditions were subsequently examined by reverse transcription-
quantitative PCR (qRT-PCR) (Table 2).

Similarly to that of P. putida strain KT2440, the A514 pha gene cluster consists of
phaC1 and phaC2, encoding two polymerases, phaZ, encoding a depolymerase, phaD,
encoding a transcriptional regulator, and two genes encoding polyhydroxyalkanoate
granule-associated proteins (phafF and phal) (see Fig. S2 in the supplemental material).
The organization of these genes in the A514 genome is also similar to that of P. putida
KT2440, consistent with previous studies showing that the PHA biosynthetic gene
cluster is well conserved among the Pseudomonas PHA producer strains (17) (Fig. S2).
Comparison of gene transcription under high-N and low-N conditions revealed several
characteristics of PHA synthesis in A514 when employing a lignin derivative (vanillic
acid) as the sole carbon source. First, genes located in the PHA synthesis cluster were
upregulated, including phaCl (PputA514_5834), phaC2 (PputA514_5836), phaD
(PputA514_5837), phaF (PputA514_5838), and phal (PputA514_5839) (Fig. 1D and G),
confirming the phenotype that PHA synthesis was induced under nitrogen deprivation
(Fig. S1). Second, phaG (PputA514_1318) and alkK (PputA514_1839) were induced (Fig.
1B and E). phaG (encoding 3-hydroxyacyl-ACP thioesterase), combined with alkK (en-
coding fatty acid-CoA ligase), provides 3-hydroxyacyl-CoA, the precursor for PHA
synthesis (6), thus connecting the de novo fatty acid biosynthesis pathway and the PHA
biosynthesis pathway. The induced phaG gene demonstrated its role in PHA synthesis
in the presence of vanillic acid as the carbon source. In addition, nine paralogs that are
homologous to the alkK gene from P. putida KT2440 were identified in A514, and their
transcription levels were examined (6, 28). Among them, PputA514_1839 (encoding a
long-chain fatty acid-CoA ligase) was prominent in that it not only encoded the highest
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FIG 1 Proposed metabolic pathways for lignin-to-PHA bioconversion. Key genes and metabolic intermediates are highlighted in red. Identifications (IDs) of the
corresponding genes in A514 are shown. (A) Lignin degradation pathways. Dashed arrows indicate multiple steps. (B) De novo fatty acid biosynthesis. (C)
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TABLE 1 Cell growth and mc/-PHA accumulation in the recombinant P. putida A514 strains

Doubling VA< utilization cbwd PHA titer PHA content
Culture? Strain Relevant plasmid time® (h) (mM) (mg/liter) (mg/liter) (wt %)
High N (1 g/liter) A514 WT None 48 = 0.2 14.9 = 0.01 664.1 = 3.6 11 =20 1.7 =03
Apvan pPvan 47 *+03 14.8 = 0.01 664.6 = 2.2 12*+12 1.8*+0.2
Aphasact pTJ4aC1 46*+03 15.0 = 0.02 668.0 == 3.5 23+1.0 34+0.2
AalkkphaGe pTphaGC1 45=*0.2 14.9 = 0.01 667.5*+ 48 90 * 2.1 13503
A pyia PTRP, 1 49+ 04 15.0 + 0.01 6947 = 11.1 12+ 0.6 17 %02
A,(prhaJ4C1 pTPXylAphaGC1 48 = 0.1 15.0 = 0.02 702.7 =194 26 £1.7 3.7*03
Alyl_alkkphaGC PTP.yiaphatac 48 £0.2 15.0 = 0.01 7148 =129 246 £17.3 344 03
Low N (65 mg/liter) A514 WT None 38*03 6.5 £ 0.03 133.8 £10.9 23*1.0 173 =18
Apvan pPvan 37+0.2 6.6 = 0.06 135.5+5.8 23 +3.8 17.1 £ 2.1
Aphasact pTJ4CT 3.7%0.2 7.4 = 0.05 133.0£78 43 =15 326 1.2
AalkkphaGe pTphaGC1 39*+0.1 7.6 = 0.05 1452 73 62 = 6.1 424+ 2.2
ARinyIA pTRPXy|A 38=*0.2 7.5 £0.04 148.7 £ 6.1 24 £ 0.6 16.6 = 1.1
Ayl phasact PTP,,iaphaGC1 37+03 7.9 £ 0.04 1413 +123 6323 445+ 49
Ayl akkphacct  PTPsyiaphasact 35+0.1 8.7 £ 0.04 1753 =133 116 =45 66.3 + 4.7

aThe strains were grown in 15 mM vanillic acid-M9 medium under either high-N (1 g/liter) or low-N (65 mg/liter) conditions.
bThe doubling time (DT) was calculated during the exponential phase, based on the formula DT = t - [log 2/(log N, — log No)I.
<VA, vanillic acid.

dCDW, cell dry weight.

protein identity (89%; E value, 0) to AlkK of P. putida KT2440, but also showed the
highest level of transcription (Fig. 1E), suggesting its probable contribution in the
production of 3-hydroxyacyl-CoA for PHA production. Third, phaJ4, which connects the
B-oxidation pathway and the PHA synthesis pathway, was highly upregulated (~54-
fold) (Fig. 1C and F). phaJ [encoding (R)-specific enoyl-CoA hydratase] produces
3-hydroxyacyl-CoA from fatty acid oxidation as the precursor for PHA biosynthesis (7).
A514 harbors three phal paralogs, namely, phali (PputA514_4070), phaJ3
(PputA514_5233), and phaJ4 (PputA514_4767). Among them, phal4 exhibited the
highest induction (Fig. 1F), suggesting an important role for this gene in directing
carbon flux from the B-oxidation pathway to PHA biosynthesis. This is consistent with
our previous study, where overexpressing phaJ4 and phaC1 increased PHA production
when lignin was used as the sole carbon source (16). Fourth, compared to phaJ4, phaG
and alkK sustained much higher expression levels under both high- and low-N condi-
tions, indicating that, in addition to PHA synthesis, they were likely to be important in
cell growth (Fig. 1H). Furthermore, comparison of low-N and high-N conditions showed
that phaJ4 was highly induced (~54-fold), in contrast to phaG and alkK, which showed
only ~6-fold activation (Fig. 1E and F). This was distinct from the PHA-producing model
strain, P. putida KT2440, where it was phaG that presented the greatest induction
(~220-fold versus 3.8-fold for phaJ4) when grown on low-N medium compared to
high-N medium (6), suggesting specific features of PHA synthesis in A514 when
utilizing vanillic acid as the carbon source.

Increasing carbon flux from de novo fatty acid biosynthesis to PHA synthesis
can simultaneously improve PHA production and cell growth. Our previous study
demonstrated that phaJ4 and phaC1 are important for PHA biosynthesis from lignin
under nitrogen starvation conditions in A514 cultures (16). However, the unique
transcriptional feature of phaG and alkK, in this study, suggested their role in both PHA
biosynthesis and cell survival, thus raising the feasibility of enhancing PHA production
without impairing cell growth. To validate this hypothesis, the plasmid pPvan, plasmid
pPROBE-TT carrying the P, promoter, was employed as the expression vector (Table
3) (29). phaG (PputA514_1318), alkK (PputA514_1839), and phaC1 (PputA514_5834) were
cloned into pPvan to construct the plasmid pTphaGC1, while pha/4 (PputA514_4767) and

FIG 1 Legend (Continued)

conditions. The ratios that were >1 were defined as induced. (H) Expression levels of the phaJ4, phaG, and alkK (PputA514_1839) genes in A514 under both
high-N and low-N conditions. The inset in panel H shows the expression level of phaJ/4 at an appropriate scale. The expression levels and expression ratios are
defined in Materials and Methods.
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TABLE 2 Primers used in qRT-PCR

Primer Sequences

PputA514_5834 F: 5'-TCACCGCCGACATCTACTC-3"; R: 5'-CTGCTGGACAACACGAACTC-3'
PputA514_5836 : 5'-CACTTCGCATTCGCCTTGT-3"; R: 5'-TGTTGCCGCCTGAGTTGA-3'
PputA514_5834 1 5'-GCGACCGTATCCTTGAATGT-3'; R: 5'-GAAGTGGTAGTAGAGGTTGCC-3’
PputA514_5838 1 5'-GCGTCTCAACAGTGCTAT-3'; R: 5'-TTTGCTTGGTCAGGGTATC-3’
PputA514_5839 : 5'-AGTAATGTCTCAAGCGTCAA-3'; R: 5'-TGCCGATTCGATTCAAGG-3’
PputA514_4767 1 5'-ATTATGTCGGCAAGGAACT-3'; R: 5'-GACGTGGATGAACTGATGA-3’
PputA514_4070 1 5'-TGTTCAAGGAGCGTATCG-3’; R: 5'-GGCTTCTGGAAGGTCATC-3’
PputA514_5233 : 5'-CAAAGGTCTTTGGCTTTCGC-3'; R: 5'-CAGGAAGATTGGCAGCTTGA-3’
PputA514_1318 : 5'-GCCTGTATCCGCAATTCAAC-3'; R: 5'-CCTTCGTCAGCATCTTCTCAT-3'
PputA514_1839 : 5'-CCAGATCGCCGTTGTTACT-3'; R: 5'-GCCTGCCATTCAATGATGTC-3’
PputA514_2970 : 5'-TCAGGATCAGGACCTTGC-3'; R: 5'-GCGTAACACAGCGACATA-3’
PputA514_4067 1 5'-CCACATCTATGCCTTCACCTT-3; R: 5'-CTTCCACTTCGACAGTTCCTT-3'
PputA514_4068 1 5'-GGTTCGTGAGCATTGTTG-3'; R: 5'-CGTCTTCGATCTCGTTGG-3’
PputA514_5230 : 5'-CAAAGACCCGAACCTGACTC-3'; R: 5'-TGCTGCGAAACTCCACATAC-3'
PputA514_3207 1 5'-ACCACAACATCCTCAACAA-3'; R: 5'-ATACCGAAGCAGTGATACAA-3’
PputA514_0580 : 5'-TGTGGAACTGGCTGGTGTC-3’; R: 5'-GCTGATTGTCTCGGCATCG-3'
PputA514_3979 : 5'-TGAAGATGGCTACTGGTGGAT-3'; R: 5'-TCGGCGACTTTAGGGTGAG-3’
PputA514_2337 1 5'-CCATCCGATCACCTTCTACGA-3'; R: 5'-GGCAATCAGCAGGCGATAC-3’
PputA514_4978 : 5'-GGCAACGAAGTGGATGAA-3’; R: 5'-CTGGCAACGGATGATGTC-3’

DL A i A A e i B M M e

phaC1 (PputA514_5834) were cloned into pPvan, generating the pTJ4C1 vector. The three
plasmids were subsequently transformed into strain A514, generating the recombinant
Strains Apyans Aaikkphacct AN Appajacy, respectively (Table 3). A,yypnacer Was subsequently
characterized for cell growth and PHA production, while A, 4, and A, were used as
reference strains.

Under nitrogen excess conditions, A, phacer Showed significant improvement in
PHA titer, which increased to 90 mg/liter, although levels of cell growth and vanillic acid
utilization for all three strains were similar (Table 1 and Fig. S3A). Under nitrogen
limitation conditions, A,jpnacc1 Showed improvement in cell biomass compared to
that of Ap,,,, (P = 0.016; Table 1 and Fig. S3B). In addition, A, kphaccr Produced 54%
and 166% more PHA than did A, j.c; and Ap,,,, respectively, reaching ~62 mg/liter
(Table 1 and Fig. S3B). Corresponding to the higher CDW and PHA titer, more vanillic
acid was consumed by A, kpnacer than by Ap, ., (P = 0.006, Table 1 and Fig. S3B).

These data demonstrate two aspects of the mechanism for PHA biosynthesis from
vanillic acid. First, although increasing 3-hydroxyacyl-CoA from either the de novo fatty
acid biosynthesis pathway or B-oxidation pathway improved PHA production, overex-

Pvan

TABLE 3 Plasmids and bacterial strains used in this study

Strain or plasmid Relevant characteristic(s) Source and/or reference
Plasmids
pPROBE-TT 30
pPvan pPROBE-TT derivative, P. putida A514 promoter of vanAB (P,,,) This study
pTJ4Ci pPROBE-TT derivative, P,,,, phaJ4, and phaC1 This study
pTphaGC1 pPROBE-TT derivative, P, phaG, alkK, and phaC1 This study
PTPyia pPROBE-TT derivative, P. putida A514 promoter of xylA (P,ys) This study
PTRP,yia pPROBE-TT derivative, Py, and xylR This study
PTP,yaPhaGC1 pPROBE-TT derivative, P, phaG, alkK, and phaCl This study
PTP.yiaphatact pPROBE-TT derivative, Py, phal4, and phaCl This study
Strains
P. putida A514 Wild type Dennis Gross lab (TAMU) (17)
A; A514 carrying pPROBE-TT This study
Apyan A514 carrying pPvan This study
Aphasact A514 carrying pTJ4C1 This study
Aalkiphacc A514 carrying pTphaGC1 This study
Apyyin A514 carrying pTP, This study
A pxyia A514 carrying pTRP, This study
Asyt_phasact A514 carrying pTP,yiaphasact This study
Asyl_alkikphaGC A514 carrying pTP,;,phaGC1 This study
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pression of phaG and alkK contributed more to PHA production in strain A514,
especially under conditions of excess nitrogen (Table 1 and Fig. S3). Second, when A514
cells were grown under conditions favoring PHA accumulation (nutrition imbalance),
enhancing the expression levels of phaG and alkK coimproved cell growth and PHA
biosynthesis. On the basis of these results, we experimentally validated the role of phaG
and alkK in PHA production and cell growth, and we suggest that this property could
be further exploited to coenhance cell growth and PHA production.

Screening an inducible strong promoter to regulate the transcription levels of
phaG and alkK from strain A514. In A« naccrr the PHA synthetic gene cluster from
pTphaGC1 was constitutively expressed in the presence of vanillic acid, as the promoter
P,an Was induced by vanillic acid (Table 3). PHA synthesis, thereby, was turned on
during the initial cell growth period, likely causing a burden on A, «phaccr- Conse-
quently, to further increase PHA production, an alternative inducible strong promoter
was required to regulate the relevant gene expression.

For this purpose, a putative xylose catabolism gene cluster (xylAFGH), which ap-
peared to be specifically induced by xylose, was targeted based on our previous
genomics data (Fig. 2A) (16). The promoter sequence (P,,,,) is located in the 160-bp
intergenic region shared by the xyIR (xylose operon regulatory protein) and xylA (xylose
isomerase) genes. It was predicted by the PePPER webserver and cloned into the
promoter probe vector pPROBE-TT, with a gfp (green fluorescent protein gene) reporter
gene, generating the pTP,4 construction (29, 30) (Table 3). When A;, 5 (carrying
pTP,yia in A514) was grown in M9 medium supplemented with 15 mM vanillic acid
(rather than with xylose), the measured green fluorescence was close to background
levels observed in A514 cells harboring the plasmid pPROBE-TT (designated A;) (Fig. 2B,
bars 1 and 2, and Table 3). In contrast, an obvious green fluorescent signal was detected
with the addition of xylose, confirming that the activity of P, was specifically induced
by xylose (Fig. 2B, bar 3).

To maximize the activity of P,,,, three crucial factors were investigated, as follows:
the regulator, induced expression time, and inducer concentrations. First, xyIR
(PputA514_3011) enhanced the activity of P, . xyIR is located immediately upstream
of the xylAFGH cluster, with its transcription oriented in the opposite direction, sug-
gesting a role in modulating xylAFGH expression in response to xylose (Fig. 2A).
Therefore, we created a recombinant strain, Ag p,,1a, bearing pTRP,,, (Table 3). When
assayed in Ag p,,ia the promoter activity was distinctly enhanced, 2.4-fold higher than
that with P, (Fig. 2B, bars 3 and 5), confirming that XyIR is a positive regulator for
P,yia- Second, a higher promoter activity was found when xylose was added during the
mid-exponential phase. To examine the effect of the induced expression time on the
P.yia activity, 0.2 mM xylose (final concentration) was added at three time points
(during the early-to-mid exponential phase), and the level of green fluorescence was
measured from time of addition to stationary phase. When xylose was added during the
early exponential phase (optical density at 600 nm [ODg,], ~0.36), promoter activity in
Apyyia Was quickly switched on, reaching highest activity at 3 h and sustained at this
level until stationary phase (15 h after induction began). In contrast, when xylose was
added during the mid-exponential phase (ODgy,, ~0.56 and ~0.78), promoter activity
increased along with the induced expression time and reached the highest activity at
12 h (stationary phase). Since higher green fluorescence intensity was detected in Ap,
when xylose was supplemented at the mid-exponential phase than at the early
exponential phase, xylose was added at the mid-exponential phase (e.g., at ODg,, of
~0.78) for the following study (Fig. 2C). Third, there was an inducer concentration-
dependent effect on promoter activity, with a final concentration of 2 mM xylose being
determined as the appropriate concentration. To assess the effect of different xylose
concentrations, Ag_p,,ia Was grown in M9 medium with 15 mM vanillic acid, reaching an
ODg(, of ~0.78, and then exposed to various inducer concentrations (from 0.02 mM to
20 mM) for 6 h (Fig. 2D). It was determined that 2 mM xylose was sufficient to activate
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FIG 2 Effect of the regulator, regulator-induced expression time, and inducer concentrations on the activity of the promoter P, .. (A) Organization of the
putative A514 xylose catabolism locus, as well as reporter constructs used to detect activity of P, ,,. P, promoter; gfp, green fluorescent protein gene. (B)
Activities of P, and P, under various inducing conditions. For bars 1 to 5, either 0 mM or 0.2 mM (final concentration) xylose was added when strains were
at the mid-exponential phase. After 6 h of induction, green fluorescence intensity was measured to determine the promoter activity. Bars 6 and 7 represent
the P, activity in A;,,, at the mid-exponential phase and the stationary phase, respectively. Bars 8 and 9 represent the XyIR-P,,,, activity in Ag ;s at the
stationary phase, which was exposed to 0 mM or 2 mM xylose for 12 h, respectively. pTT, pPROBE-TT; Con, concentration. (C) Time point-dependent induction
of XyIR-P,, activity. Response of XyIR-P,,,, to different growth phases at which 0.2 mM xylose (final concentration) was added. Fluorescence intensity was
measured every 3 h until Agp, a entered the stationary phase. (D) Xylose concentration-dependent induction of XyIR-P, . activity. Agp, s at the mid-
exponential phase was exposed to different concentrations of xylose for 6 h. For panels B, C, and D, all of the strains were cultivated in M9 medium
supplemented with 15 mM vanillic acid. Fluorescence intensity, which was detected to determine the promoter activity, is expressed in arbitrary units
normalized for 10° CFU.

Therefore, the optimized promoter activity of XylR-P,;» in the expression vector
pTRP,,1a Was achieved when adding 2 mM xylose at an ODg,, of ~0.78 and was
approximately 4-fold higher than that of Ap,,, under 15 mM vanillic acid conditions
(Fig. 2B, bars 7 and 9).

PHA production was further enhanced via transcription level optimization.
Next, the expression vector pTRP, ,;, was employed to coexpress the two PHA synthetic
gene clusters in A514. Thus, two recombinant strains, A, phasaci and Ay aikphaccts
were generated. Substrate utilization, cell growth, and PHA titers of these two strains
were assessed (Table 1 and Fig. S4). (i) More vanillic acid was utilized by A, .ikphacc
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TABLE 4 GC compositional analysis of mcl-PHA produced by recombinant P. putida A514 strains?

PHA composition (mol%)®

Strain Culture 3HHXx (Cy) 3HO (Cy) 3HD (C,0) 3HDD (C,,) 3HTD (C,,)
Apyan High N (1 g/liter) 56.0 = 4.8 ND 21712 223+1.0 ND
Aohasach 53.6 = 2.1 ND 257+15 207 1.7 ND
Aikicphacc 150+ 1.0 200+ 1.9 478+ 3.1 149+ 22 23+06
Arpxyin 574 +50 ND 19.9 + 0.6 22710 ND

At phasacy 56.8 = 1.0 ND 206+ 08 226+ 1.1 ND

Ayt alkiphaGCl 102+08 309+18 412+15 15207 2501
Apyan Low N (65 mg/liter) 442 +03 83+10 202+ 12 134+ 20 139+ 06
Aohasach 332+05 11.9+ 038 25823 12115 170+ 1.0
Alkicphacc 170+ 1.1 183+1.0 34121 121+ 29 185+ 03
Arpryin 454+28 7302 16.6 = 2.0 149+ 0.7 15.8 = 0.4
At phasact 325+09 9.8+09 247 +23 13.8+12 19.2 = 0.1
Al alkkphacc 160+ 0.8 152+ 2.6 328+ 17 13.1+04 229 +0.1

aVanillic acid (15 mM) was used as the carbon source.
b3HHXx, 3-hydroxyhexanoate; 3HO, 3-hydroxyoctanoate; 3HD, 3-hydroxydecanoate; 3HDD, 3-hydroxydodecanoate; 3HTD, 3-hydroxytetradecanoate; ND, not detected.

than by A, jkphacer Under nitrogen deprivation conditions (P = 6 X 1076, Table 1 and
Fig. S3 and S4). A similar trend was observed in A, ohajaci, in contrast to in Agp,jacq (P =
1 X 1074). (i) In comparison with A, onacer cell growth was further improved in
Asyi_alkkphaccrs €specially under nitrogen starvation conditions. The growth rate and cell
biomass of A, Likkphacc1 Were both enhanced under the low-N conditions (P = 0.008 for
doubling time and P = 0.019 for CDW; Table 1). In addition, a higher cell biomass of
Asyi_alkkphaccn Was also obtained under the high-N conditions (P = 0.003; Table 1). (iii)
Al akkphacer aNd Ay pnajacq Produced more PHA titer than A jwphacer @nd Agpaacts
respectively (P values < 0.05), whereas Ap,,,, and Ag p,,4 produced PHA titers similar to
that of A514 (P values > 0.05; Table 1 and Fig. S3 and S4). This indicated that the PHA titer
was improved by regulating the transcription levels of key genes. A514 and Ay, ,,, cultures
(carrying promoter P, in the plasmid pPROBE-TT) were grown in vanillic acid-M9 medium,
while Agp,ia cells (carrying promoter R-P,, in the plasmid pPROBE-TT) were grown in
vanillic acid-M9 medium with 2 mM xylose inducer added at the mid-exponential phase
(ODggo ~0.78). The similar PHA titers among the three strains (P values > 0.05) suggested
that 2 mM xylose has very little contribution to PHA synthesis. (iv) Although the highest
PHA content (wt %, 66) was reached in A, ,ixpnaccr Under low-N conditions, the greatest
PHA titer was produced by A, ,ikkphaccr Under high-N conditions, reaching ~250 mg/liter
in a single fermentation batch (Table 1 and Fig. S4B). This would be the result of more cell
biomass being obtained in A,y .ikphacer Under high-N conditions, demonstrating the role
of the cell biomass in PHA production. (v) Gas chromatography-mass spectrometry (GC-MS)
composition analysis revealed that the PHA produced were medium-chain-length PHA
(mcl-PHA) (Cq to C,,). Compared to that in Ag p,y the major units in A, upnacer PHA
polymers were shifted from shorter-carbon-chain units to longer-carbon-chain units. Un-
der nitrogen starvation conditions, 3-hydroxydecanoate (3HD, C,,) (~33%) and
3-hydroxytetradecanoate (3HTD, C,,) (~23%) were the major units in A, ikphaccr, While
the 3HD and 3HTD content in mcl-PHA synthesized in A, jpajacq also increased. In
contrast, the major PHA component of Ag 14 Was 3-hydroxyhexanoate (3HHx, Cy), ~45%
(Table 4). Under nitrogen excess conditions, 3HD (~41%) and 3-hydroxyoctanoate (3HO,
Cg) (~31%) were the major monomers in A, ikphacer: While 3HHx accounted for ap-
proximately ~57% of the PHA polymers of Ag 4. In particular, 3HTD (~3%) was detected
in mcl-PHA produced by A, ,ikphaccr Whereas it was not found in mcl-PHA produced by
Ar-pxyin OF Ayl phasact (Table 4).

DISCUSSION

PHA are polyesters that are synthesized by microbes as storage materials and are
substantially accumulated under conditions where fatty acids are employed as the
feedstock, without the requirement of inorganic ion deprivation. However, the high
cost of fatty acids hinders commercialization of PHA production. Therefore, lignin, a
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by-product generated in large volumes by lignocellulosic biorefineries, is the ideal
substrate for PHA production. When lignin is utilized as a carbon source, PHA accu-
mulation usually occurs under conditions of fluctuating nutrient availability due to its
function as a carbon and energy storage molecule. However, this nutrition imbalance
generally limits cell growth, which is a critical factor for the total PHA titer and thus
represents one of the major hurdles in a consolidated lignin-to-PHA bioconversion
scheme. Previous studies have reported strategies for heterologous PHA production
without compromising cell biomass in E. coli, with either glucose or glycerol as the sole
carbon source (6, 7, 31-33), but not, as yet, with lignin or its derivatives. This is probably
due to E. coli's inability to degrade lignin, restricting it to glycerol or other carbohy-
drates. Therefore, testing and comparing the PHA synthetic pathways when lignin or its
derivatives are provided as the main source of carbon may serve as an essential
foundation for engineering these two traits in Pseudomonas species, organisms known
to be capable of both lignin degradation and PHA accumulation.

First, our work extended molecular tools for Pseudomonas strains by identifying a
xylose-inducible promoter, P,,,, which is specifically induced by xylose at a concen-
tration (2 mM) that is sufficient to stimulate its activity without interfering with cell
growth when a lignin derivative is utilized as the sole carbon source. Moreover, the
adjacent xylose operon regulatory protein, XyIR, was validated to stimulate its activity.
Thus, XylIR-P,;» might be superior for the control of strongly transcribed genes,
complementary to an inducible weak promoter, P, (16, 34).

Second, our study unveiled unique features of the P. putida A514 mcl-PHA biosyn-
thetic genes when this strain is grown on a lignin derivative. Comparison of low-N
versus high-N conditions revealed that phaJ4 exhibited the highest induction (Fig. TF).
This contradicts the current notion that phaG, but not phaJ4, is significantly upregu-
lated when P. putida KT2440 is grown with glycerol (6). The stress-induced phaJ4 gene
should play an important role in PHA biosynthesis under low-N conditions, which is
consistent with the result where A, ;.5aci generated more mcl-PHA under low-N
conditions than did A p,,ia (Table 1). In addition, comparison of the expression levels
of phaG and alkK to phaJ4 leads to the hypothesis that phaG and alkK not only have a
role in PHA biosynthesis but are also likely to be essential in cell growth (Fig. 2). This
hypothesis was validated by the experiment where A, ,phace1 COenhanced the PHA
titer and cell growth under both low-N and high-N conditions (Table 1). Furthermore,
total PHA titer reached the highest level (~250 mg/liter) under high-N conditions,
although the PHA content in A, Likphaccr Was not the highest (~35 wt% CDW),
possibly a consequence of A, .ikpnacc: having the highest cell dry weight.

Third, the mcl-PHA, synthesized in A, Lnajaci and A, iphacer, have a greater
number of longer-chain monomers (Table 4). This phenotype may be ascribed to the
functions of phaJ4, phaG, and alkK. phal4,, in P. aeruginosa encodes an (R)-specific
enoyl-CoA hydratase that shows specificity for the hydration of longer-chain-length
enoyl-CoAs (C4 to C;,) (35). The higher contents of 3HO, 3HDD, and 3HTD in A, ,najaca
cells under nitrogen deprivation indicated the homologous phaJ4 gene in A514 likely
has greater preference for Cg, C,,, and C,, substrates. In addition, the function of PhaG
(in P. putida KT2440) has been shown as a 3-hydroxyacyl-ACP thioesterase to produce
3-hydroxy fatty acids, while AIkK (in Pseudomonas oleovorans) is involved in catalyzing
the conversion of 3-hydroxy fatty acids to the PHA precursor 3-hydroxyacyl-CoA (6, 28).
The closest homolog in A514 to the AIkK gene is the gene encoding a long-chain fatty
acid-CoA ligase (PputA514_1839). Thus, the longer chain PHA monomers (C,, and C,,)
produced in A, .iphaccr @Ppear to be the result of alkK substrate specificity in A514.
This is consistent with the previous report that the mc/-PHA synthesized in recombinant
E. coli, carrying the vector to coexpress PhaG, PhaC1l, and the medium-chain fatty
acid-CoA ligase (AlkK-like protein in KT2440), mainly contain Cg and C,, (6).

Finally, compared to other studies on PHA biosynthesis from lignin or its derivatives,
higher PHA production (246 mg/liter) and cell dry weights (715 mg/liter) were gener-
ated in batch cultivation (Table 5). Although a slightly higher PHA titer (252 mg/liter)
was produced by P. putida KT2440 from alkaline pretreated liquor, it was obtained
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through fed-batch fermentation and high substrate concentrations (including those of
glucose, acetate, coumaric acid, and ferulic acid) (3). Additionally, the monomeric
composition and content of PHA produced by bacterial strains from lignin or its
derivatives are very important, as they can greatly affect the properties of PHA
copolymers (36). Both Cupriavidus basilensis B-8 and Pandoraea sp. strain ISTKB produce
short-chain-length PHA (scI-PHA, C; to Cs), whereas the monomeric content of mc/l-PHA
generated by P. putida KT2440 from alkaline pretreated liquor was not reported (Table
5) (10, 37, 38). In contrast, longer-chain monomers produced by A514 in general and
the large amount of longer monomers (e.g., 3HTD) synthesized by A, Liphacer iN
particular would have higher crystallinity and better tensile strength (36), which may
endow mcl-PHA with novel mechanical properties and wider array of potential appli-
cations. This demonstrated that increasing the expression levels of phaG and alkK is a
more efficient strategy to coenhance PHA titer and cell growth, and that P. putida
Ayl alkkphacct 1S @ very competitive strain for the production of PHA from lignin
derivatives.

Conclusions. In summary, this study revealed specific features of the PHA synthesis
pathways for P. putida A514 when grown using a lignin derivative and demonstrated a
rational strategy to coengineer cell growth and PHA production. As improvements in cell
growth and bioproduct production are crucial and shared goals in the sustainable devel-
opment of lignocellulosic biorefineries (11), our findings should be valuable not just to the
production of PHA, but also to that of a wide variety of biofuels and biochemicals. Further
genetic strategies, including optimization of the carbon flux either from de novo fatty acid
biosynthesis or B-oxidation pathways to PHA synthesis (e.g., deletion, insertion, or substi-
tution of the genes involved in fatty acid metabolism, global nitrogen regulation, and so
on), and fermentation optimization at flask level or bioreactor level in the near future would
further improve the PHA content in cells, which then could be integrated into lignin-
consolidated bioprocessing to promote the production of bioproducts.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The strains and plasmids used in this study are summa-
rized in Table 3. E. coli DH5« was used for all molecular manipulations to construct plasmids. This strain
was grown on Luria-Bertani (LB) medium at 37°C. During recombinant plasmid construction, 15 ug/ml
tetracycline was added to the medium. For P. putida A514 and cultivation of its recombinant strains, all
strains were grown on LB agar for 24 h at 30°C. A single colony was inoculated into 5 ml of 15 mM vanillic
acid-M9 mineral medium (with a high concentration NH,Cl [1 g/liter]) and grown at 30°C with shaking
at 200 rpm (39). When the stationary phase was reached, 0.2 ml of culture solution was transferred into
20 ml of fresh vanillic acid-M9 mineral medium with either high-concentration NH,CI (1 g/liter) or
low-concentration NH,Cl (65 mg/liter) at 30°C, 200 rpm, and passaged two times (with 1% [vol/vol]
inoculation) under the same culture condition. Subsequently, 1% (vol/vol) of seed inoculum for shake
flask cultivation was incubated in 100 ml of vanillic acid-M9 mineral medium with high-N or low-N
conditions at 30°C and 200 rpm. Tetracycline (15 ug/ml) was added to the medium when culturing P.
putida A514 recombinant strains. Cell growth was spectrophotometrically monitored by measuring the
optical densities at 600 nm (ODyq,). For the cultivation of strains Ag g, iar Axi_phasactr @3N Ay aikphaceis
xylose was introduced to a final concentration of 2 mM when the ODy,, was either ~0.78 (in the
high-nitrogen culture medium) or ~0.22 (in the low-nitrogen culture medium). The doubling times
(DT) of all the strains were calculated during the exponential phase, based on the formula DT = t -
[log 2/(log N, — log N,)], where t = duration, N, = final cell concentration, and N, = initial cell concentration.
To determine the number of living cells of N, and N,, 100 ul of fermentation culture was serially diluted and
plated on LB agar plates. CFU/ml was assessed as cell concentration. All of the experiments were performed
in biological triplicate and technical duplicate.

Determination of gene transcription levels by qRT-PCR. qRT-PCR was performed as previously
described (40). Briefly, a total volume of 10 ml of P. putida A514 cell culture was harvested from either
high-nitrogen (ODg, ~0.78) or low-nitrogen (ODgy, ~0.22) culture medium during the mid-exponential
phase. The total RNA was isolated using a TransZol Up Plus RNA kit (Transgen Biotech). cDNA libraries were
synthesized with a TransScript one-step genomic DNA (gDNA) removal and c¢cDNA synthesis supermix kit
(Transgen Biotech), employing 0.5 ug of total RNA as the template for each sample. The gRT-PCRs were
performed using the SYBR Premix Ex Tagq Il kit (TaKaRa) with the real-time PCR detection system (Applied
Biosystems VII A7). The primers used in qRT-PCR are listed in Table 2. Gene expression levels were assessed
by comparing the ratios of the housekeeping gene rpoD (PputA514_4978, encoding the housekeeping o7°
factor) threshold cycle (C;) values to target gene C; values using the following equation: ratio of rpoD/
target = 2€TepoD) — CTttarget) (6). The n-fold induction was determined by the expression levels of the genes of
cells grown on low-N M9 medium versus those of cells grown on high-N M9 medium. All of the samples were
prepared and analyzed in biological triplicate and technical duplicate.
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Plasmid and strain construction. A 315-bp PCR fragment containing the promoter fragment of the
vanAB genes (encoding vanillate demethylase A and vanillate O-demethylase oxidoreductase in the vanillic
acid degradation pathway), P, ., was amplified from P. putida A514 genomic DNA and subsequently ligated
into the plasmid pPROBE-TT (29) through Hindlll and EcoRI, to generate the plasmid pPvan. pPvan was used
as the expression vector for coexpression of PHA synthesis genes. The putative 3-hydroxyacyl-ACP thioes-
terase gene (phaG, PputA514_1318), long-chain fatty acid-CoA ligase gene (alkK, PputA514_1839), enoyl-CoA
hydratase gene (phaJ4, PputA514_4767), and poly(3-hydroxyalkanoate) polymerase 1 gene (phaCl,
PputA514_5834) were amplified by PCR from the genome of A514. These three DNA fragments (phaG, alkK,
and P,,.) were fused by gene splicing by overlap extension (SOE) PCR to produce a 2.8-kb PCR fragment,
whereas the DNA fragments of phaJ4 and P, were fused to produce a 0.78-kb PCR fragment. The two
overlap PCR fragments were digested with Hindlll and Kpnl, respectively, while the phaC7 fragment was
digested with Kpnl and EcoRI. DNA fragments containing P, phaG, alkK, and phaC1 were cloned into the
PPROBE-TT to construct plasmid pTphaGC1. Similarly, DNA fragments containing P,,,,, phaJ/4, and phaCl were
cloned into the pPROBE-TT to construct the pTJ4C1 vector (Table 3).

For the inducible promoter investigation, a chromosomal fragment comprising the 140-bp xy/R-xylA
intergenic region was PCR amplified and cloned into the plasmid pPROBE-TT through Hindlll and Xbal,
generating the pTP, ,, vector (29). To construct pTRP, ,,, @ genomic fragment containing the ORF region
of xyIR and the xylR-xylA intergenic region was PCR amplified, digested by Hindlll and Xbal, and then
ligated into the pPROBE-TT (Table 3).

The plasmid pTRP,,, was used as the expression vector to coexpress the PHA synthesis genes. A DNA
fragment containing phaC1 and either phaG and alkK or phaJ4 was amplified and cloned into pTRP,
to construct pTP,,,phaGC1 and pTP,,,phal4Cl, respectively (Table 3).

All plasmids were verified by DNA sequencing and were subsequently transformed into A514 cells
through chemical transformation (41), followed by selection on LB agar supplemented with 15 ug/ml
tetracycline.

Green fluorescence signal detection. Cells from 15 mM vanillic acid-M9 medium cultures were
harvested, centrifuged, washed once with 10 mM phosphate buffer, and then resuspended in phosphate
buffer. Fluorescence was measured on an LS50B luminescence spectrometer (PerkinElmer Instruments,
Norwalk, CT) at an excitation wavelength of 490 nm, an emission wavelength of 510 nm, and emission/
excitation slit widths of 8 nm. Intensity readings are represented by arbitrary units and were normalized
to a cell density of 106 CFU/ml. All of the experiments were performed in biological triplicate and
technical duplicate.

Analytical procedures. To measure the concentration of vanillic acid in the medium, 1-ml cell
samples were centrifuged for 5 min at 16,000 X g, and the concentration of vanillic acid in the
supernatant was measured via absorbance at 289 nm, as previously described (16). For PHA
production analysis, PHA biosynthesis and monomer compositions were analyzed by gas
chromatography-tandem mass spectrometry (GC-MS/MS; Agilent, Santa Clara, CA). PHA titer was
defined as the PHA concentration (mg) per one liter of shake flask batch culture, while PHA content
was defined as the percentage of PHA concentration (mg) to cell dry weight (mg). Liquid cultures
(100 ml) were harvested at the stationary phase and centrifuged at 9,000 X g for 15 min at 4°C,
washed twice with 15 ml Nanopure water, lyophilized (Lyophilizer Alpha 1-4 LSC; Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) at —59°C and 0.140 X 10° mPa for
a minimum of 24 h, and weighed. The lyophilized cells were dissolved in 2 ml of methanol-sulfuric
acid (85:15) solution and 2 ml chloroform (containing a final concentration of 0.01 mg/ml
3-methylbenzoic acid as the internal standard) and then incubated at 100°C for 4 h to methanolysis.
After cooling, 1 ml of demineralized water was added to the organic phase, which contained the
resulting methyl esters of monomers. The organic phase was filtered and analyzed by GC-MS/MS
(Agilent series 7890B GC system; Santa Clara, CA), coupled with a 7000D MS detector (extractor ion
[EI]; 70 eV). An aliquot (1 ul) of the organic phase, which was properly diluted, was injected into the
gas chromatography column. Separation of compounds was achieved using an HP-5 capillary
column (5% phenyl-95% methyl siloxane, 30 m by 0.32-mm inside diameter [i.d.] by 0.25-um film
thickness). Helium was used as the carrier gas at a flow rate of 1.1 ml/min. The injector and transfer
line temperatures were set at 280°C and 300°C, respectively. The oven temperature program was as
follows: initial temperature of 60°C for 3 min, then from 60°C to 200°C at a rate of 5°C per min, then
200°C for 1 min, and finally from 200°C to 280°C a rate of 15°C per min. The El mass spectrum was
recorded in full scan mode (m/z 40 to 550). PHA standard samples (3HHx, 3HO, 3HD, 3HDD, and
3HTD), which were purchased from Sigma-Aldrich, Larodan, and TRC, were also analyzed by
GC-MS/MS according to the method above. The retention time (RT), patterns of fragment ion peaks
for known PHA standards, and resulting mass spectra available compared with the GC-MS library
database (NIST08s) were all employed to determine the PHA monomers in the study samples (7, 23).
All of the experiments were performed in biological triplicate and technical duplicate. Differences
between groups (including cell dry weight, vanillic acid concentration, and PHA titer) were evaluated
using two-tailed unpaired t tests. Those with P values of <0.05 are considered significant.
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