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Microbial terephthalic acid (TPA) catabolic pathways are conserved among the few bacteria known to turnover
this xenobiotic aromatic compound. However, to date there are few reported cases in which this pathway has
been successfully expressed in heterologous hosts to impart efficient utilization of TPA as a sole carbon source. In
this work, we aimed to engineer TPA conversion in Acinetobacter baylyi ADP1 via the heterologous expression of
catabolic and transporter genes from a native TPA-utilizing bacterium. Specifically, we obtained ADP1-derived
strains capable of growing on TPA as the sole carbon source using chromosomal insertion and targeted ampli-
fication of the tph catabolic operon from Comamonas sp. E6. Adaptive laboratory evolution was then used to
improve growth on this substrate. TPA consumption rates of the evolved strains, which retained multiple copies
of the tph genes, were ~0.2 g/L/h (or ~1 g TPA/g cells/h), similar to that of Comamonas sp. E6 and almost 2-fold
higher than that of Rhodococcus jostii RHA1, another native TPA-utilizing strain. To evaluate TPA transport in the
evolved ADP1 strains, we engineered a TPA biosensor consisting of the transcription factor TphR and a fluo-
rescent reporter. In combination with whole-genome sequencing, the TPA biosensor revealed that transport of
TPA was not mediated by the heterologous proteins from Comamonas sp. E6. Instead, the endogenous ADP1
muconate transporter MucK, a member of the major facilitator superfamily, was responsible for TPA transport in
several evolved strains in which MucK variants were found to enhance TPA uptake. Furthermore, the IcIR-type
transcriptional regulator DcaS was identified as a repressor of mucK expression. Overall, this work presents an
unexpected function of a native protein identified through gene amplification, adaptive laboratory evolution,
and a combination of screening methods. This study also provides a TPA biosensor for application in ADP1 and
identifies transporter variants for use in metabolic engineering applications focused on plastic upcycling of
polyesters.

1. Introduction

Terephthalic acid (TPA) is a commodity chemical for which world-
wide consumption in 2018 was >65 million metric tons (IHS Markit,
2019). TPA is most commonly used in the ubiquitous polyester, poly-
ethylene terephthalate (PET), a synthetic polymer generally employed
in the production of fibers (~60% of total TPA market), single-use

beverage bottles, and packaging. Despite being the most widely recy-
cled plastic, the majority of used PET is discarded, ending up in landfills
or leaking to the environment (NAPCOR Report, 2018). Currently, most
PET recycling consists of mechanical approaches, which result in
down-cycling to products of lesser value due to the loss of polymer
properties with each reprocessing cycle (Rahimi and Garcia, 2017).
Therefore, there is growing interest in the deconstruction of PET into its
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constituent monomers TPA and ethylene glycol, or other processable
intermediates, for their subsequent repolymerization or conversion into
new materials (Kenny et al., 2012, 2008; Rorrer et al., 2019; Wierckx
et al., 2015). Known PET chemical recycling methods include catalytic
processes such as glycolysis, methanolysis, or hydrolysis (Garcia and
Robertson, 2017; Sinha et al., 2010). Similarly, the biological depoly-
merization of PET to TPA and ethylene glycol can be mediated by hy-
drolytic enzymes (Herrero Acero et al., 2011; Miiller et al., 2005;
Ribitsch et al.,, 2012; Ronkvist et al., 2009; Sulaiman et al., 2012;
Yoshida et al., 2016). In this context, the combination of PET chemical
recycling with the biological assimilation of released monomers has
gained significant attention, as this technology could enable use of this
waste plastic as feedstock for the microbial conversion into value-added
products.

Bacterial pathways for the catabolism of ethylene glycol (Franden
etal., 2018; Li et al., 2019; Miickschel et al., 2012) and TPA are known,
although not comprehensively studied to date. In particular, the genes
responsible for converting TPA to protocatechuate (PCA), a common
intermediate in aromatic catabolic pathways, are reported in the liter-
ature for only a few bacteria, including several species of Comamonas
(Sasoh et al., 2006; Wang et al., 1995) and Rhodococcus (Choi et al.,
2005; Patrauchan et al., 2005), Paraburkholderia xenovorans (formerly
Burkholderia xenovorans, Chain et al., 2006), Delftia tsuhuratensis (Shi-
gematsu et al., 2003), and Ideonella sakaiensis (Yoshida et al., 2016).
Genome mining studies have also identified other potential
TPA-utilizing bacteria (Salvador et al., 2019). In these bacteria, TPA is
first converted by a three-component TPA 1,2-dioxygenase (TPADO)
into a non-aromatic cis-dihydrodiol compound. Subsequently, this
product is decarboxylated by a dehydrogenase to PCA, a common sub-
strate for ring cleavage through which bacteria typically funnel diverse
aromatic compounds such as those derived from lignin into central
metabolism (Fuchs et al., 2011; Linger et al., 2014).Whereas the genes
responsible for TPA conversion to PCA and their organization within the
operon are surprisingly conserved in the known catabolic pathway to
date, bacteria have been reported to employ two different mechanisms
for TPA import. In Comamonas sp. And L. sakaiensis, TPA is imported by a
tripartite tricarboxylate transporter (TTT), composed of a periplasmic
substrate binding protein (SBP) and two transmembrane proteins. While
the gene encoding the SBP is found upstream of the TPA catabolic genes
within the operon, genes coding for transmembrane proteins are located
elsewhere in the chromosome (Hosaka et al., 2013; Yoshida et al., 2016).
Conversely, Rhodococcus sp. and P. xenovorans exhibit genes coding for
major facilitator superfamily (MFS) transporters downstream of the
catabolic genes within the operon (Chain et al., 2006; Choi et al., 2005;
Patrauchan et al., 2005).

Given that it is a dicarboxylic acid, TPA likely cannot readily diffuse
through the cell membrane at neutral pH (Vermaas et al., 2019).
Therefore, the expression of TPA transporter genes is expected to be
essential to enable TPA catabolism in heterologous hosts. To date, the
only reported example of an engineered microorganism that grows on
TPA as a sole carbon source was obtained by expressing the SBP and
catabolic genes from Comamonas sp. E6 in a closely related Comamonas
testosteroni strain (Sasoh et al., 2006). However, growth on TPA was not
conferred in a more distant Pseudomonas putida strain by the expression
of both the TTT and catabolic genes from Comamonas sp. E6, although
such expression was sufficient for TPA uptake and conversion (Hosaka
et al., 2013).

In this work, we aimed to engineer and evolve Acinetobacter baylyi
ADP1 (wild-type strain hereafter referred to as ADP1) for rapid transport
and consumption of TPA using the Evolution by Amplification and
Synthetic biology (EASy) method (Tumen-Velasquez et al., 2018). EASy
allows the amplification of defined segments in the chromosome and has
been previously used to evolve engineered strains in which expression of
heterologous genes, in single copy, were insufficient to support growth
on a non-native substrate. First, genes encoding the TPA transporter and
catabolic proteins from Comomonas sp. E6 were chromosomally inserted
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in ADP1. Next, gene dosage of the catabolic genes was increased with
EASy, and, following adaptive laboratory evolution (ALE),
whole-genome sequencing (WGS) was used to identify mutations in
evolved isolates (Dragosits and Mattanovich, 2013; Portnoy et al., 2011;
Sandberg et al., 2019). The results indicated that MucK, a native MFS
transporter known to import muconate in ADP1 (Williams and Shaw,
1997), could be responsible for TPA uptake in several evolved isolates.
To examine this possibility, we engineered a transcription factor-based
TPA biosensor coupled to a fluorescent reporter to evaluate TPA
import. The biosensor confirmed that MucK was indeed capable of
transporting TPA, and further identified MucK variants that were more
efficient in TPA uptake. Finally, the regulation of MucK expression by a
previously uncharacterized transcription factor, DcaS, was also
elucidated.

2. Materials and methods
2.1. Strains and culture media

A. baylyi ADP1 (American Type Culture Collection ATCC 33305) and
derived strains were routinely grown aerobically at 30 °C in minimal
medium (MM) (Shanley et al., 1986), consisting of 0.5 M KHyPOj4, 0.5 M
NayHPO4, 10% (NH4)2SO4, and 1 mL concentrated base solution.
Concentrated base solution contained (per liter): 20 g nitriloacetic acid
(dissolved in 600 mL H,O with 14.6 g KOH); 28.9 g MgSOy; 6.67 g
CaCly-2H50; 18.5 mg Mo07024-4H20; 198 mg FeSO4-7H50; and 100 mL
of Metals 44 solution. The Metals 44 solution contained (per liter): 2.5 g
EDTA; 10.95 g ZnSO4-7H20; 5 g FeSO4-7H20; 1.54 g MnSO4-7H20; 392
mg CuSO4-5H50; 250 mg Co(NO3)2-6H20; and 177 mg NagB407-10H20.
Minimal medium was supplemented with 20 mM pyruvate (hereafter
MMP) or 5 or 10 mM TPA as carbon sources, unless otherwise indicated.
For growth on plates, 1.5% w/v agar was added. When noted, the media
was adjusted to pH 6 by changing the ratio of phosphate salts. Coma-
monas sp. E6 (Biological Resource Center, NITE, strain number 107749)
and Rhodococcus jostii RHA1 (kindly provided by Dr. Lindsay Eltis from
the University of British Columbia) were grown in lysogeny broth (LB)
or MM supplemented with 10 mM TPA. Escherichia coli NEB 5-alpha F’I4
and NEB 5-alpha cells (New England Biolabs) were grown in LB broth.
Antibiotic concentrations used for ADP1 were 25 pg/mL (standard) or 1
mg/mL (high) kanamycin (Km), and 25 pg/mL streptomycin (Sm). For
E. coli, 100 pg/mL ampicillin (Ap), and 50 pg/mL Km or Sm were used.

2.2. Plasmid construction

Routine PCR amplifications were carried out using Phusion High-
Fidelity DNA polymerase (New England Biolabs) and primers synthe-
sized by Integrated DNA Technologies (IDT) or Eurofins. Synthetic,
double-stranded DNA fragments (gBlocks) were also synthesized by IDT.
Plasmids were constructed either by NEBuilder HiFi DNA assembly or by
ligation with T4 DNA ligase (both from New England Biolabs). Plasmids
containing P, were transformed and maintained in NEB 5-alpha F’I4
cells. All plasmid inserts were verified by Sanger sequencing, performed
by GENEWIZ. Details on plasmid construction and primer and gBlock
sequences can be found in Supplementary Tables 1-3.

2.3. Strain construction

Chromosomal modifications were engineered in A. baylyi by natural
transformation of recipient strains with linear DNA fragments (Biggs
et al., 2020). These DNA fragments were obtained by PCR or from re-
striction enzyme digestion of plasmids. To increase transformation ef-
ficiency, cells were grown in MMP instead of LB broth. To facilitate
efficient homologous recombination, the transforming DNA carried 1-2
kbp of sequence that was identical to the chromosomal target on each
side of the mutated region (de Berardinis et al., 2008; Metzgar et al.,
2004). A. baylyi mutants were selected on MMP plates with the
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appropriate antibiotic, or on YT+25% sucrose (10 g/L yeast extract, 20
g/L tryptone, 250 g/L sucrose, and 18 g/L agar) in the case of sacB
counterselection (Johnson and Beckham, 2015). Genotypes were
confirmed by colony PCR with MyTaq HS Red Mix (Bioline) and, in some
cases, Sanger sequencing of localized regions. A brief description of the
strains used in this study is provided in Table 1 and Fig. 1. Details on
strain construction can be found in Supplementary Table 4.

Table 1

Description of A. baylyi strains, isolates, and lineages used in this work. For the
purpose of standardized nomenclature, tphA genes are numbered in subscript to
differentiate them from mutated alleles. More details on the genotype and strain
construction can be found in Supplementary Table 4.

Strains, isolates, and Relevant features

lineages
Strains

ADP1 Wild type

1P115 PObA:P o :tphCA,A3BA 1:QKm™

1P130 PODA:P,:tphCA A 3BA 1:tpiBA:QKm®

IP148 PObA:P o tphCAA3BA 1:QKmR:P,,:1piBA1481:1piA1482
[tpiA1481 encodes TpiA(W366*); tpiA1482 encodes TpiA
(A1-370)]

1P297 PODA:P 1 :tphC:QKm™:P,,:tpiBA1481

1P313 pobA:PmE:tphC:QKmR:PM:tpi.BA

1P337 PObA:P 1 :tphC:QKm®:P,,:tpiBA1481:tphA1482 (obtained by
deletion of tphA;A3BA; genes in IP148)

1P348 PObA:P 1, :tphC:QKm™:P,,:tpiBA1481:tphA1482 (obtained by
de novo integration in ADP1)

1P367 1P148-derived mutant, AmucK::Sm®:sacB

1P378 1P148-derived mutant, AdcaS

1P387 1P148-derived mutant, AdcaS AmucK::Sm~:sacB

1P398 1P148-derived mutant, AmucK::mucK258 [encodes MucK
(M34I E53G)]

1P400 1P148-derived mutant, AmucK::mucK243 [encodes MucK
(M34L T3421)]

1P402 1P148-derived mutant, AmucK::mucK255 [encodes MucK
(W150C 1403T)]

1P411 1P148-derived mutant, AmucK::mucK246 [encodes MucK
(Y1330)]

1P413 1P148-derived mutant, AdcaS AmucK::mucK258

1P415 1P148-derived mutant, AdcaS AmucK::mucK243

1P417 1P148-derived mutant, AdcaS AmucK::mucK255

1P419 1P148-derived mutant, AdcaS AmucK::mucK246

1P461 ADP1-derived mutant, AdcaS

1P492 ADP1-derived mutant, AmucK::mucK258

1P493 ADP1-derived mutant, AmucK::mucK243

1P494 ADP1-derived mutant, AmucK::mucK255

1P495 ADP1-derived mutant, AmucK::mucK246

1P496 ADP1-derived mutant, AdcaS AmucK::mucK258

1P497 ADP1-derived mutant, AdcaS AmucK::mucK243

1P498 ADP1-derived mutant, AdcaS AmucK::mucK255

1P499 ADP1-derived mutant, AdcaS AmucK::mucK246

Tpa™ isolates and ALE lineages (multiple copies of tph genes)

TPA_1 1P148-derived isolate, used to initiate ALE

TPA_2 1P148-derived isolate, used to initiate ALE

TPA_3 1P148-derived isolate, used to initiate ALE

TPA 4 1P148-derived isolate, used to initiate ALE

TPA_1.6 ALE lineage derived from TPA_1, evolved at pH 6
TPA_1.7 ALE lineage derived from TPA_1, evolved at pH 7
TPA_2.6 ALE lineage derived from TPA_2, evolved at pH 6
TPA_ 2.7 ALE lineage derived from TPA_2, evolved at pH 7
TPA_3.6 ALE lineage derived from TPA_3, evolved at pH 6
TPA_3.7 ALE lineage derived from TPA_3, evolved at pH 7
TPA 4.6 ALE lineage derived from TPA_4, evolved at pH 6
TPA 4.7 ALE lineage derived from TPA_4, evolved at pH 7
1P243 Isolate from lineage TPA_1.6 after ~750 generations
1P246 Isolate from lineage TPA_1.7 after ~750 generations
1P247 Isolate from lineage TPA 2.6 after ~750 generations
1P250 Isolate from lineage TPA_2.7 after ~750 generations
1P251 Isolate from lineage TPA_3.6 after ~750 generations
1P254 Isolate from lineage TPA 3.7 after ~750 generations
1P255 Isolate from lineage TPA 4.6 after ~750 generations
1P258 Isolate from lineage TPA_4.7 after ~750 generations
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2.4. Chromosomal gene amplification and adaptive laboratory evolution
by EASy

Chromosomal amplification was achieved by natural transformation
of IP148 with a synthetic bridging fragment (SBF) and selecting on high-
Km (Tumen-Velasquez et al., 2018). The SBF defines the chromosomal
region to be amplified and promotes duplication and further amplifi-
cation through homologous recombination. For the construction of a
SBF, the first and last ~1000 bp of the synthetic Py:tphCA2A3BA1:Q
Km® cassette were amplified by PCR and fused tail-to-head by overlap
extension PCR (see Supplementary materials and methods). The
resulting ~2 kbp SBF was transformed into strain IP148 and mutants
with increased gene copy number were selected on MMP plates sup-
plemented with 1 mg/mL Km. Growth on high-Km is presumably due to
multiple copies of the Km® gene, resulting from the chromosomal
amplification of a region encompassing it. This region (the amplicon)
also encompasses the genes needed for TPA consumption. Individual
colonies confirmed by colony PCR to have integrated the SBF were
re-streaked on a new high-Km plate and grown at 30 °C. By scraping
cells from the high-Km plate and streaking on a MM plate with 5 mM
TPA as the carbon source (and no antibiotic pressure), selection for
optimal copy number of the tandemly arrayed amplicon is altered, and
changes in gene dosage can thereby enable the new phenotype, i.e.
growth on TPA (Tpa'). In this fashion, four Tpa® colony isolates,
designated TPA_1 to TPA_4, were selected and confirmed to contain the
SBF by colony PCR.

After growth on a second TPA plate, each isolate was used in adap-
tive laboratory evolution (ALE) conducted by serial transfer in MM with
5 or 10 mM TPA as the carbon source. Each isolate was evolved at pH 6
and pH 7 in parallel (8 lineages in total). Two-mL cultures (in 13 mm test
tubes) were grown at 30 °C with shaking (225 rpm). When cultures
reached stationary phase, cells were diluted 100 or 200-fold in 2 mL of
fresh medium. Weekly, glycerol stocks were prepared, and genomic
DNA from each culture was extracted with the Quick-DNA Miniprep Plus
kit (Zymo Research) for quantitation of the average gene copy number.

2.5. Gene copy number analysis by quantitative PCR

Quantitative PCR (qPCR) was carried out using 6FAM-MGBNFQ
labelled TagMan probes and TagMan Gene Expression Master Mix
(Thermo Scientific) in a Bio-Rad CFX96 thermocycler. Primer and probe
sequences are provided in Supplementary Table 5. To evaluate changes
in amplicon copy number during ALE, relative amounts of the Km® gene
were calculated with respect to rpoA, as previously described
(Tumen-Velasquez et al., 2018). For spontaneous amplification mutants
not obtained by transformation with the SBF, primers and a probe spe-
cific for the synthetic tphA, gene were used. All reactions were carried
out with four technical replicates per genomic DNA sample, with
single-copy parent strain IP148 included as control.

2.6. Whole-genome sequencing and variant analysis

After ~750 generations of ALE, cells from each individual lineage
were diluted 107-fold and 100 pL plated on MM agar with 5 mM TPA.
Two individual colonies from each lineage were selected and the
amplicon copy number verified by qPCR. The clone with the lowest copy
number from each linage was selected for whole-genome sequencing
and phenotypic characterization. Approximately 1 pg of genomic DNA
was fragmented by sonication to an average size of 300-500 bp. End
repair, A-tailing, and adapter ligation reactions were performed on the
fragmented DNA using the NEBNext Ultra II kit (New England Biolabs).
[llumina paired-end sequencing was performed on a NextSeq500 device
at the Georgia Genomics Facility (University of Georgia). Sequence
analysis and variant calling (minimal frequency set at 0.25) was per-
formed with Geneious Prime software against the theoretical genome
sequence of IP148 parent strain and a modified sequence presenting two
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Fig. 1. Dendrogram of A. baylyi strains and isolates used in this work. Mutations introduced during strain construction relevant to TPA catabolism and transport

are indicated.

copies of the amplicon (partial sequences provided in Supplementary
Files 1 and 2). The wild-type ADP1 genome sequence (National Center
for Biotechnology Information accession number NC_005966) was used
as reference.

2.7. Evaluation of growth and TPA consumption by cultures grown in
microtiter plates and shake-flasks

To evaluate growth of A. baylyi mutants, cultures in microtiter plates
were analyzed with a Bioscreen C MBR plate-reader (Growth Curves
USA). Cells for inoculation were grown overnight in MMP at 30 °C and
225 rpm. After collection by centrifugation, cells were washed with MM
(no carbon source) and added to 300 pL media to an ODggg of 0.05 (per
well). Cells were incubated at 30 °C with shaking and OD420.580
measured at 15-min intervals.

For shake-flask cultures, cells for inoculation were grown overnight
in MMP (A. baylyi) or LB broth (Comamonas sp. E6 and R. jostii RHA1) at
30 °C and 225 rpm. After collection by centrifugation, cells were washed
with MM (no carbon source). For wild-type ADP1 and single-copy mu-
tants, cells were inoculated to an ODggg of 0.02 in 25 mL MMP supple-
mented with 5 mM TPA (pH 6 and 7) in 125-mL flasks. For Tpa™ A. baylyi
mutants, Comamonas sp. E6, and R. jostii RHA1, cells were inoculated to
an ODggp of 0.02 in 50 mL MM with 10 mM TPA (pH 6 or 7) in 250-mL
flasks. In all cases, cells were grown at 30 °C, 225 rpm, and sampled
regularly by removing 1 mL aliquots for ODgoo measurements and HPLC
analysis. Standard curves were made to correlate cell dry weight to
ODgo for strains A. baylyi IP148, Comamonas sp. E6, and R. jostii RHA1.
More detail is provided in the Supplementary materials and methods.

2.8. HPLC analysis

HPLC analysis of samples was performed on an Agilent 1260 LC
system (Agilent Technologies) equipped with a G7117C diode array
detector (DAD). All samples and standards were injected at a volume of
10 pL onto a Phenomenex Luna C18(2), 5 pm, 4.6 x 150 mm column.
The column temperature was maintained at 30 °C and the buffers used to
separate the analytes of interest were (A) 20 mM phosphate buffer in
water and (B) methanol. The separation was carried out using a gradient
program of: (A) = 80% and (B) = 20% at time t = 0; (A) = 35% and (B)
= 65% at time t = 15 min; and (A) = 80% and (B) = 20% at t = 15.01
min through 20 min. The flow rate was held constant at 0.6 mL/min for a
total run time of 20 min. DAD wavelength of 240 nm was used for
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analysis of TPA while pyruvic acid signal was collected at 210 nm.
Calibration curve concentration for each analyte varied between the
ranges of 0.1-2500 pg/L. A minimum of 5-6 calibration levels was used
with an R? coefficient of 0.995 or better for each analyte. A check
calibration standard was analyzed every 10-20 samples to ensure the
integrity of the initial calibration.

2.9. Building plasmid libraries encoding TPA sensors

The sensor plasmids were constructed using a modified pBAV1K
backbone (Addgene plasmid #26702; Bryksin and Matsumura, 2010) in
which Km® was replaced with Sm®, as described in Supplementary
Table 1 for pIP055. The tphR coding sequence and the intergenic
tphR-tphC regulatory region from Comamonas testosteroni (American
Type Culture Collection strain number 700441D-5), together with the
superfolder green fluorescent protein (sfGFP) gene (Pédelacq et al.,
2006), were assembled into the vector backbone by NEBuilder HiFi DNA
assembly. Targeted diversification in different sites of the tphR-tphC
regulatory region was achieved by PCR amplification with primers
randomized at specific positions. PCR products, along with the genes
coding for TphR and sfGFP, were assembled into the vector backbone.
Following assembly, the mix was purified using a QIAGEN PCR clean up
kit and transformed into electrocompetent NEB 5-alpha cells. The
transformants were grown on LB + Sm agar at 37 °C, pooled, and used
for plasmid DNA extraction with a commercial kit. The extracted DNA
was used for transformation into A. baylyi.

2.10. Transformation of biosensor plasmid libraries into A. baylyi

For the transformation of biosensor plasmid libraries, the natural
transformation protocol (Biggs et al., 2020) was used, with slight
modifications. A. baylyi cultures were started from glycerol stocks in 1
mL MMP and grown overnight at 30 °C under constant shaking. A small
volume of the overnight culture (70 pL) was then added to 1 mL fresh
MMP and mixed with ~100 ng of plasmid DNA. The cells were incu-
bated at 30 °C under constant shaking for 2-6 h, spun down at 5000 rpm
for 3 min in a tabletop centrifuge at ambient temperature, and the
concentrated pellet plated on MMP + Sm. In order to cover a large li-
brary diversity, overnight cells were concentrated 10-fold. Then, 70 pL
of the concentrated cells were mixed with up to 300 ng of plasmid DNA
in 1 mL MMP and incubated as described above. Multiple parallel
transformations were carried out for larger libraries. Plates were
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incubated overnight at 30 °C. Colonies from plates were then scraped
and resuspended in 2 mL of liquid media, rotated gently for 15 min for
homogeneity, and subsequently saved as glycerol stocks.

2.11. Flow cytometry and cell sorting

A. baylyi mutants transformed with biosensor plasmid libraries were
pooled by scraping from plates and diluted to an ODggg of ~0.05. After
growth for 2-4 h, TPA was added at various concentrations (in the range
of 0-3 mM) to induce expression of the sfGFP gene. The cultures were
grown overnight at 30 °C and analyzed by fluorescence-activated cell
sorting (FACS) on a FACSAria III flow cytometer (BD Biosciences), using
the standard settings for GFP fluorescence (488 nm excitation laser and
530/30 nm bandpass emission filter). The cells were gated based on
forward and side light scatter (FSC/SSC). Based on the theoretical di-
versity of the libraries, two to three rounds of sorting were performed.
These rounds consisted of positive (top 1-3% fluorescent cells from an
induced population) and negative (bottom 50-80% low fluorescent cells
from an uninduced population) cell sorting. In any round of sorting,
25-50 thousand cells were collected. Finally, the sorted cells were
grown on MMP + Sm plates and colonies picked for individual clone
verification.

Individual colonies were inoculated into 600 pL of MMP in a 96 deep-
well v-bottom plate (Agilent) and grown for 6 h at 30 °C and 1000 rpm in
a deep-well maximizer shaker (Taitec Bioshaker MBR-022UP). The
cultures were then split into replicate wells, after which one of the two
sets was provided with 0.3 mM TPA to induce expression of the sfGFP
gene. After overnight growth, cells were diluted 20- to 50-fold in
phosphate buffer saline (PBS) and analyzed on an Accuri C6 flow cy-
tometer (BD Biosciences) under the standard settings for GFP mea-
surements (excitation 488 nm and emission 533/30 nm). The cells were
gated based on FSC/SSC, and the clones with the highest contrast ratios
(induced/uninduced fluorescence response) were selected for further
evaluation.

2.12. Dose response and specificity testing of the TPA sensor

A. baylyi mutants were transformed with selected plasmids and
grown on MMP + Sm plates. Three colonies were picked and grown
overnight as seed cultures. These cultures were diluted 50-fold into 10
mL MMP + Sm and grown for 2-4 h in a 50-mL conical tube to an ODggg
of ~0.6. The culture was then split into triplicate wells in a 96 deep-well
v-bottom plate. Into each well (containing 270 pL of culture), 30 pL of
10x stock solutions of possible inducers of sfGFP gene expression were
added (in the range of 0-100 mM for each). Cultures were grown
overnight and analyzed using an Accuri C6 flow cytometer (BD Bio-
sciences), following the protocol described above.

2.13. Evaluation of TPA transport in A. baylyi with the TPA sensor

A. baylyi mutants were naturally transformed with plasmids encod-
ing the TPA biosensors. After selection on MMP + Sm plates, trans-
formants were grown overnight in the same medium at 30 °C with
shaking, collected by centrifugation, and washed with MM. Cells were
then used to inoculate, to an ODggg of 0.05, 200 pL of medium per well of
96-well black, clear flat-bottom plates (Corning). Cultures contained
MMP + Sm with varied concentrations of TPA. Plates were incubated at
30 °C with shaking in an Infinite®F500 Tecan plate reader for 24 h. The
ODggp and fluorescence at 520 nm (excitation at 488 nm) were measured
at 15-min intervals. The gain used for fluorescence reads was adjusted
manually.

2.14. Gene expression analysis by reverse transcriptase-quantitative PCR
(RT-gPCR)

Wild-type ADP1 and AdcaS mutant IP461 were grown overnight in
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MMP at 30 °C, 225 rpm. Cells were harvested by centrifugation, washed
with MM, and inoculated in triplicate to an ODggg of 0.1 in 25 mL MM
with either 20 mM pyruvate, 5 mM muconate, or 5 mM PCA as the
carbon source, in 125-mL flasks. Cells were grown at 30 °C, 225 rpm, to
an ODggg of ~0.6, after which cells were harvested by centrifugation,
flash-frozen in liquid nitrogen, and stored at -80 °C. For RNA extraction,
cells were lysed by bead-beating and RNA purified with a QIAGEN
RNeasy Mini kit. Genomic DNA was digested with a TURBO DNA-free kit
(Thermo Scientific) and cDNA was synthesized with iScript Reverse
Transcription Supermix using random primers (Bio-Rad). qPCR was
performed in triplicate for each biological sample with 6FAM-MGBNFQ
labelled TagMan probes and TagMan Gene Expression Master Mix
(Thermo Scientific). Primer and probe sequences are provided in Sup-
plementary Table 5. Expression of mucK relative to rpoA was calculated
using the 224C method (Livak and Schmittgen, 2001).

3. Results

3.1. Heterologous expression of genes encoding TPA transport and
catabolism in ADP1

To confer growth on TPA, we introduced genes needed to convert
this substrate to PCA, a metabolite that is consumed via the native
B-ketoadipate pathway, into ADP1 (Fig. 2A, B). The first step of this
conversion, i.e. the hydroxylation of the aromatic ring, is catalyzed by
TPADO. This multicomponent enzyme consists of a two-subunit Rieske
non-heme iron oxygenase, encoded by tphA; and tphAs, and a multi-
domain reductase component, encoded by tphA;. The second step in
forming PCA is catalyzed by a diol dehydrogenase, encoded by tphB.
Furthermore, we predicted that growth on TPA would require a trans-
porter. For this purpose, we also introduced the genes coding for the
TPA-TTT, consisting of a periplasmic substrate binding protein, encoded
by tphC, and two cytoplasmic transmembrane proteins, encoded by tpiA
and tpiB. In Comamonas sp. E6, all the tph genes are organized in an
operon, whereas tpiBA form a distinct transcriptional unit. Here, the
Comamonas genes of the tphy; operon and the tpiBA genes were codon
optimized for expression in ADP1 and synthesized as a polycistronic
DNA cassette (Fig. 2B).

Initially, high expression of all genes was targeted by replacing the
native promoter with a constitutive tac promoter (Py.) and by inserting
synthetic ribosome binding site (RBS) sequences with high predicted
translation initiation rates (TIR, ~10,000 arbitrary units, a.u.) (www.
denovodna.com; Espah Borujeni et al., 2014; Salis et al., 2009). How-
ever, attempts to integrate this large cassette into the ADP1 chromosome
were unsuccessful. This fragment had 9 kbp of synthetic sequence,
flanked on either side by 2 kbp of DNA identical to the chromosomal
target for integration downstream of pobA. To reduce the size of the
transforming DNA, the synthetic cassette was split into three fragments
for use in a stepwise integration plan (Supplementary Fig. 1). The results
suggested that the difficulty with integration of the foreign DNA was
specific to the tpiBA genes. Since high-level synthesis of the trans-
membrane proteins might be toxic to the cell, the DNA sequence was
modified to lower the expression of these genes. First, the RBS sequences
for these genes were redesigned to match the predicted TIRs for the
native tpiBA genes in Comamonas sp. E6 (2841 and 333 a.u. for tpiB and
tpiA, respectively). Additionally, the initial ATG in tpiB was replaced
with GTG to match that of the native Comamonas sp. E6 gene. In this
way, the tphCA2A3BA;1:tpiBA genes were integrated into the ADP1
chromosome to generate strain IP130 (Fig. 2B).

Sasoh et al. had previously reported that in a C. testosteroni mutant
expressing only the tphA2A3BA; catabolic genes from Comamonas sp. E6,
TPA consumption was favored at pH 6 over pH 7. This was attributed to
the partial protonation of carboxylic groups, which would favor passive
diffusion of the substrate through the cell membrane (Collier et al.,
1997; Vermaas et al., 2019). Therefore, we evaluated the effect of pH on
TPA consumption by wild-type ADP1, IP130, and a strain lacking tpiBA
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Fig. 2. TPA transport and catabolism, genetic organization, and TPA turnover in A. baylyi strains with a single copy of heterologous genes integrated in the
chromosome. (A) TPA transport and catabolic proteins from Comamonas sp. E6. (B) Schematic representation of the synthetic tph:tpi operons integrated in the
chromosome of ADP1, downstream of pobA. Catabolic genes are shown in light orange (tphA genes, encoding TPADO) or dark orange (tphB, encoding dihydrodiol
dehydrogenase). Transport genes are shown in light blue (tphC, encoding periplasmic SBP) or dark blue (tpiBA, encoding transmembrane proteins). The kanamycin
resistance gene is shown in green. Synthetic RBS sequences are shown in gray (high predicted TIR) or white (low predicted TIR). Black arrows indicate transcription
initiation and direction. The black “T”’s indicate transcription terminators (rrnB T1 upstream tphC and prophage T4 transcription/translation termination signal
flanking the Km® gene). The EASy amplicon is bound by a dotted line for strain IP148. (C-F) Growth (ODgg0) and consumed TPA (mM) for (C) wild-type ADP1, (D)
IP115, (E) IP130, and (F) IP148, grown in MMP + 5 mM TPA at pH 6 and pH 7. Pyruvate (20 mM) was supplemented every 24 h to support growth and completely
consumed in all cases (120 mM in total). Consumed TPA values shown are corrected with respect to non-inoculated flasks to account for the increased TPA con-
centrations caused by evaporation. Error bars indicate the standard deviation for three replicates.

(IP115, Fig. 2B-E). In contrast to wild type and IP115, IP130 turned over
small amounts of TPA (~10%) when pyruvate, which minimizes cata-
bolic repression of aromatic metabolism (Dal et al., 2002; Fischer et al.,
2008; Siehler et al., 2007), was provided as a growth substrate. How-
ever, all strains presented a Tpa™ phenotype —i.e. were unable to grow on
TPA as the sole carbon and energy source (Supplementary Fig. 2). As
observed by Sasoh et al., the amount of TPA consumed by IP130 was
higher at pH 6 than at pH 7 (p-values < 0.05 for a two-tailed t-test be-
tween TPA consumed at pH 6 and at pH 7 for 48- through 120-h time-
points). Since no significant consumption of TPA was observed for
IP115, these results suggest that, although minimally, TPA uptake might
be enhanced when tpiBA genes are expressed.

3.2. Gene amplification and adaptive laboratory evolution by EASy

With the aim of developing Tpa™ strains (i.e. capable of growing on
TPA as sole carbon and energy source), we next amplified the chromo-
somal gene dosage of the tph genes to initiate ALE. Given the potential
toxicity to the cell of synthesizing the transmembrane proteins at a high
level, we first reorganized the synthetic operon so that the tpiBA genes
would not be part of the amplicon (boundaries shown for IP148 in
Fig. 2B). As observed for strain IP130, IP148 turned over small amounts
of TPA when grown on pyruvate, but remained Tpa~ (Fig. 2F, Supple-
mentary Fig. 2).

1P148 was transformed with the SBF (see Subsection 2.4 for details),
which serves as a platform for homologous recombination and precise
duplication of chromosomal segments. This duplication enables changes
in the number of tandemly arrayed amplicon copies under selective
pressure. In this way, transformants with increased gene dosage were
first selected on MMP plates with high Km. Selective pressure was then
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changed to growth on TPA as the sole carbon source, and Tpa™ colonies
arose after ~10 days (in the absence of antibiotics). When these colonies
were re-streaked, Tpa™' colonies appeared more rapidly, after only 2-3
days. Although individual colonies each represent a clonal population,
the proclivity of the tandem copies to increase or decrease via recom-
bination suggests that different cells within the colony may differ in
amplicon copy number. Frequent recombination also promotes addi-
tional genetic change, so that all cells in any Tpa™ colony may not be
genetically identical. Therefore, we hereafter refer to these Tpa™ mu-
tants as isolates.

Four isolates, designated TPA_1 to TPA_4, were selected to initiate
ALE. These were grown in liquid MM with 5 mM TPA, and cultures were
serially transferred to enrich for mutations enabling faster growth.
Given that lower pH values could advantageously favor diffusion of TPA
into the cell, serial transfers for ALE with these isolates were conducted
at pH 6 and pH 7 in parallel (8 lineages, designated by .6 or .7 after the
isolate name to indicate the pH of the medium used for serial transfer,
Fig. 3). The copy number of the amplicon was monitored regularly by
gPCR of the Km® gene to assess whether a reduction in gene dosage
resulted from the selection of beneficial mutations that improve cell
fitness. After initial serial transfers inoculated by 100-fold dilution every
48 h in 5 mM TPA, the selection pressure for ALE was gradually
increased with the aim of improving tolerance, growth, and TPA con-
sumption rates. This was first done by diluting cells 100-fold every 24 h
in 5mM TPA, and then 200-fold every 24 h in 10 mM TPA. The evolution
of the gene copy number over time for the eight lineages is shown in
Fig. 2.

In parallel with ALE, we also sequenced PCR products amplified from
the tpiBA genes from IP148 and isolates TPA_1 to TPA 4, to test whether
early acquisition of beneficial mutations in the transporter genes could
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Fig. 3. ALE of IP148-derived amplification mutants on TPA. Symbols indicate changes in amplicon copy number over time (values indicated on the right-side axis).
Error bars indicate the standard deviation for four technical replicates. Cumulative generations are shown as dashed lines (values indicated on the left-side axis).
Changes in serial transfer conditions (culture dilution, frequency, and TPA concentration) during ALE are indicated.

have enabled growth on TPA. Sequencing revealed that all of them,
including parent-strain IP148, carried an unexpected mutation in tpiA
that would result in a premature stop codon (GAG — UAG, Fig. 4A and
Supplementary Fig. 3). This tpiA1481 allele is predicted to encode a 365-
residue peptide [TpiA(W366*)] with an early termination disrupting the
7th transmembrane helix (TMH), in contrast to the 503-residue TpiA
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protein of 11-12 predicted TMHs. Further inspection of the sequence
also revealed that translation could be re-initiated from an in-phase start
codon (AUG) only 12 bp downstream of the premature stop codon, with
a predicted TIR of 437 a.u. This new coding sequence, referred to as
allele tpiA1482, would encode a peptide corresponding to the last 133
residues of TpiA [TpiA(A1l-370)]. Interestingly, no mutations were
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Fig. 4. Biosensor-based evaluation of TPA uptake. (A) Schematic representation of engineered mutants encoding variants of the TPA-TTT, which consists of
transmembrane proteins (TpiB and TpiA) and a periplasmic SBP (TphC). (B) Fold-increase of normalized fluorescence at 520 nm (Fs20/ODggo, as measured in a plate-
reader; 100 gain, 12-h timepoint) for A. baylyi strains carrying pTPA1 and grown in MMP with increasing TPA concentrations. (C) Mean fluorescence, as measured by
flow cytometry, for population TPA_4.6 and strain IP313 harboring different generations of TPA sensor plasmids, using increasing concentrations of TPA to induce
fluorescence. (D) Specificity of pTPA3 in IP313, using increasing concentrations of TPA, 4-hydroxybenzoate, PCA, benzoate, or catechol to induce fluorescence, and
measured by flow cytometry. (E) Fold-increase of normalized fluorescence at 520 nm (Fs30/ODggo, as measured in a plate-reader; 50 gain, 8-h timepoint) for A. baylyi
strains carrying pTPA3 and grown in MMP with increasing TPA concentrations. Error bars indicate the standard deviation for three biological replicates.
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found in the tpiBA genes in strain IP130.
3.3. Engineering a fluorescent biosensor to evaluate TPA transport

The results from sequencing raised the question of whether the TPA-
TTT was still functional in IP148 and the four Tpa® isolates, despite the
mutation in tpiA. Two possibilities were contemplated. The first was
that, due to the internal homology in TpiA, two TpiA(W366*) peptides,
each encompassing TMHs 1-6, could form a homo-dimer that enabled
TPA transport. Evolutionary studies of TTTs have shown that in homo-
logs of TpiA, the transmembrane helices 1-6 are homologous to TMHs
7-12, suggesting that these proteins originated as a result of gene
duplication and fusion (Winnen et al., 2003). The second possibility was
that, if re-initiation of translation were to occur downstream of the
premature stop codon, the two individually translated peptides, TpiA
(W366*) and TpiA(A1-370), could associate to restore function.
Reconstitution of function of transmembrane proteins expressed from
separate gene segments has been reported in the literature (Bibi and
Kaback, 1990; Schmidt-Rose and Jentsch, 1997; Zen et al., 1994).
Consequently, we sought to evaluate TPA uptake in strains expressing
different alleles of tpiA.

To evaluate TPA transport, we required a rapid assay that would
allow us to screen multiple mutants at the same time. Hence, we
embarked on a parallel effort to develop a biosensor for intracellular
TPA based on the transcription factor TphR, an IclR-family member
which regulates expression of the tph operon in Comamonas sp. (Kasai
et al., 2010). For this purpose, a DNA cassette was constructed with the
native tphR sequence and its upstream regulatory region that separates
its coding sequence from the divergently oriented tphC. In place of tphC,
the gene encoding the sfGFP reporter was inserted in this cassette, such
that TphR controls its transcription (Supplementary Fig. 4). For this
plasmid-borne biosensor construct, the regulatory region sequence was
modified slightly from the native sequence found immediately upstream
of the tphC coding sequence. The latter contains a derivative of the ca-
nonical RBS (AAGGAGA) followed by a short CAAG spacer. In E. coli and
P. putida, we have found that this RBS, coupled with a longer spacer
(TATACAT), is effective for engineering biosensors (Jha et al., 2018,
2014). Therefore, we constructed the same combination (AAGGAGA-
TATACAT) for the current TPA biosensor.

The first version of this biosensor plasmid (pTPA1) was transformed
into ADP1-derived mutants expressing tphC, tpiB, and different tpiA al-
leles (Table 1, Figs. 1 and 4A). The synthetic operons were designed to
resemble the organization in IP148, except that the catabolic genes were
not present. The different tpiA alleles evaluated included full-length tpiA
in strain IP313; tpiA1481 [encoding TpiA(W366*)] in strain IP297; and
tpiA1481 in combination with tpiA1482 [encoding TpiA(A1-370)] in
strains IP337 and IP348. Strain IP337 was constructed by deleting the
catabolic genes from [P148, whereas IP348 was constructed by de novo
integration of DNA in a wild-type ADP1 background. The different TpiA
variants are referred to as full-length TpiA, truncated TpiA, or split TpiA
in Fig. 4A.

When strains carrying pTPA1 were grown in the presence of TPA, a
weak fluorescent response (fold-increase in fluorescence relative to
uninduced cultures) was observed with increasing TPA concentrations
(Fig. 4B). However, the fluorescence signal for most strains was close to
the baseline fluorescence obtained in the absence of TPA. The exceptions
were the parent-strain IP148 and the strain derived from it by deleting
the catabolic genes (IP337). For these strains, there was a 1.5 to 2-fold
increase in fluorescence at the highest TPA concentrations (mM
range). However, these strains also exhibited higher fluorescence signals
relative to the other mutants even in the absence of TPA (Supplementary
Fig. 5A), which suggested there could be an unintended mutation in the
genome that affected sfGFP expression (Subsection 3.5).

Since the first-generation sensor pTPAl exhibited a low dynamic
range, we optimized it by creating mutated plasmid libraries with
changes in the regulatory DNA region upstream of the sfGFP coding
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sequence. These mutated plasmid libraries were transformed into
A. baylyi strains expressing different versions of the TPA-TTT in parallel.
In previous work we showed that the promoter region (-35 and -10
sites), the RBS, the transcription initiation site (TI), and the distance
between the operator and the -35 site constitute the tunable elements
that can affect biosensor activity (Jha et al., 2018). Hence, we designed
focused libraries targeting different positions in these sites for
randomization.

For the second generation of the sensor, we created a library in which
both the -35 site (TTAACA) and the -10 site (CATACT) were partially and
simultaneously randomized to NTNANA and NANANT, respectively.
The variants were evaluated by multiple rounds of FACS with induced
and uninduced populations to isolate those with the highest contrast
ratios (induced/uninduced fluorescence signal). The best performing
variant, hereafter referred to as pTPA2, had three mutations in the -10
site (CATACT — TACAAT) and showed high specificity for TPA (Sup-
plementary Fig. 6).

For the third generation of the sensor, two different libraries were
constructed, each one targeting the complete randomization of either
the -35 site or the -10 site in pTPA2. Parallel strategies that included
three FACS rounds combining the positive sorting from a 0.3 mM TPA-
induced population and the negative sorting from the uninduced pop-
ulation converged to a single sequence with improved TPA response
over the rest. The selected variant, hereafter pTPA3, had 4 mutations in
the -35 site (TTAACA — GTACAC) relative to pTPA2, as well as a
deletion between the operator and the -35 site that was unintended in
this library but known to affect the dynamic range (Jha et al., 2018,
2014). Conversely, the library where the -10 site was fully randomized
did not result in any improvements over pTPA2.

A comparison of the performance of the three generations of sensors
pTPA1, pTPA2, and pTPA3 is shown in Fig. 4C. These were simulta-
neously tested in IP313 and the ALE lineage TPA_4.6 (mixed population
evolved for ~600 generations), as the Tpa® phenotype of TPA_ 4.6
ensured that the substrate could be imported into the cell. Attempts to
transform the biosensors into other ALE lineages were unsuccessful,
most likely due to the loss of competency that occurs in ADP1-derived
strains during ALE (Bacher et al., 2006; Renda et al., 2015). The rela-
tive improvements observed for pTPA1, pTPA2, and pTPA3 were similar
for both strains, with a gradual increase in the maximum fluorescence
signal at the expense of a slight increase in the baseline signal. However,
the requirement of a higher TPA concentration to elicit a comparable
response for TPA_4.6 relative to IP313 most likely reflects its ability to
degrade TPA, thereby lowering the effective internal concentration of
TPA as an inducer. As with pTPA2, pTPA3 also showed a negligible
response towards aromatic compounds similar to TPA, such as benzoate,
4-hydroxybenzoate, PCA, and catechol, confirming the high specificity
of the sensor for TPA (Fig. 4D).

We then re-evaluated A. baylyi strains encoding the different variants
of the TPA-TTT using the improved pTPA3 sensor (Fig. 4E). In contrast
to our expectation, the fluorescent response in all strains were compa-
rable. In fact, wild-type ADP1, which does not encode a TPA-TTT, also
responded to increasing TPA concentrations. Nevertheless, the reduced
response of [P148 with respect to IP337 and IP348 (all encoding the split
TpiA variant) suggested that the biosensor was sufficiently sensitive to
detect the turnover of small amount of TPA when the tph catabolic genes
were expressed from a single copy in IP148. It should also be noted that,
in the absence of TPA, IP148 and IP337 still exhibited higher fluores-
cence signals relative to other strains (Supplementary Fig. 6B), as
observed with pTPA1. This observation supported the hypothesis that
the increased fluorescence signal in these two strains was independent of
TPA uptake or the sensor plasmid, and instead was likely due to a mu-
tation in the genome that affected expression of the sfGFP gene.

In all, no significant differences were found between ADP1-derived
strains expressing different alleles of tpiA (ie. I1P297, IP313, and
IP348). Furthermore, their fluorescent response was barely above that of
wild type. We also note that no differences in growth rates were
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observed for any of the strains at the TPA concentrations tested. These
results suggest that the heterologous TPA-TTT would have a minimal
role in TPA uptake in A. baylyi, and that the evolved TPA™ isolates could
instead be importing this substrate through an unidentified, native
transporter.

3.4. Phenotypic characterization of evolved A. baylyi isolates

After ~100 transfers of ALE (~750 generations), the copy number of
the amplicon stabilized at 15-25 copies without substantial changes in
growth rates (Fig. 3, Supplementary Fig. 7). Therefore, single colonies
were isolated from each lineage for phenotypic characterization and
WGS. The copy-number ratio of tphA, over the Km® gene for the selected
isolates was confirmed to be of ~1, suggesting that qPCR of the latter
accurately estimates the copy number of the entire amplicon defined by
the SBF (Supplementary Fig. 8). Shake-flask cultures of early ALE pop-
ulations (~30 generations) and post-evolution isolates showed that
growth rates and TPA consumption rates were enhanced (Fig. 5), except
for populations TPA_2.6 and TPA 2.7 and their respective evolved iso-
lates IP247 and IP250 (Fig. 5C, D). However, it is notable that the
amplicon copy number in these populations had decreased from ~40 to
~20 copies during ALE (Fig. 3, Supplementary Fig. 7). An important
decrease in the lag-phase was also observed, especially in the case of
IP254 with respect to early population TPA_3.7 (Fig. 5F). Moreover,
tolerance to increasing TPA concentrations was enhanced in several
evolved strains (Supplementary Fig. 9). No important phenotypic dif-
ferences were observed between isolates derived from the parallel
evolution at pH 6 compared to that at pH 7, although growth and TPA
utilization appeared to be slightly faster at pH 6 than at pH 7.

We also compared the evolved A. baylyi isolates to the native TPA-
utilizing bacteria Comamonas sp. E6 and R. jostii RHA1, both grown at
the standard pH 7 (Fig. 6 and Supplementary Table 6). Growth and TPA
consumption rates of the evolved Tpa " isolates were slightly lower than
those of Comamonas sp. E6 (an average of 0.40 h! and 0.20 g/L/h,
respectively, in the evolved A. baylyi isolates, compared to 0.50 h'! and
0.26 g/L/h in Comamonas sp. E6), which was the source of the catabolic
and TTT genes expressed in the engineered A. baylyi strains. In contrast,
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the evolved isolates out-performed R. jostii RHA1, which had a 12-h lag
phase, a 0.26 h™! growth rate and a 0.13 g/L/h TPA consumption rate.
Specific consumption rate values for the evolved isolates (~1 g TPA/g
cells/h in average) were also between those of Comamonas sp. E6 (1.55
g/g/h) and R. jostii RHA1 (0.46 g/g/h) (Supplementary materials and
methods and Supplementary Table 6).

3.5. Whole-genome sequence analysis of evolved A. baylyi isolates

To identify mutations that might be responsible for their improved
growth on TPA, WGS was performed for each of the evolved isolates
selected from the eight lineages. A complete list of the mutations found
in the IP148 parent strain, relative to the published sequence for wild-
type ADP1, and in each evolved isolate is provided in Supplementary
Excel-1. Results are summarized in Supplementary Table 7. The
increased coverage for certain regions of the chromosome revealed
unexpected duplications and amplifications different than the one tar-
geted by EASy. For example, a region of ~10 kb (corresponding
approximately to positions 1,849,000-1,858,000 in NCBI reference
sequence NC_005966), comprising several duplicate genes coding for
hypothetical proteins, is amplified in the parent strain IP148 and
maintained in all evolved derivatives. IP251 and IP254 (both derived
from TPA_3) show a spontaneous amplification of a ~56 kb fragment
(corresponding approximately to positions 1,670,000-1,727,000 in the
reference sequence) directly upstream of the insertion site of the syn-
thetic tph:tpi operon, that includes the dca, pca, qui, and pob gene clus-
ters. These gene clusters are respectively involved in the metabolism of
saturated C—Cj dicarboxylic acids, PCA, quinic acid, and 4-hybroxybe-
nozoic acid, all of which are metabolized via the p-ketoadipate pathway
(Fischer et al., 2008; Young et al., 2005).

As observed in the phenotypic characterization of the evolved iso-
lates, there were no clear trends in the mutations found for the lineages
evolved at pH 6 or at pH 7, except for an in-phase tandem repeat in the
gene coding for an EpsG family protein (ACIAD_RS00385) that was
present in 3 out of the 4 isolates evolved at pH 6 and absent in all those
evolved at pH 7 (Supplementary Table 7). The mutation in tpiA, initially
identified in the parent-strain IP148 and the amplified derivatives that
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Fig. 6. Comparison of A. baylyi EASy line-
ages after ~30 generations and isolates after
~750 generations to native TPA-utilizing
bacteria. (A-B) Growth (ODggo) and TPA
concentration (mM) over time for (A)
Comamonas sp. E6 and (B) R. jostii RHA1
cultures grown at pH 7. (C) Growth rates
(h™Y), calculated from In(ODgg) as a func-
tion of time. (D) TPA consumption rates (g/
L/h) calculated from TPA concentration as a
function of time in log growth phase. Error
bars indicate the standard deviation from

in brackets. Average and standard deviation for biological triplicates are shown.
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were used to initiate ALE (TPA_1 to TPA_4), was maintained in all
evolved isolates. This fact suggests that this mutation, potentially
encoding a truncated or split TpiA, was not disadvantageous for growth
on TPA. Unexpectedly, no mutations were found in the tph genes, except
for a single nucleotide change in the synthetic RBS sequence preceding
tphAs in IP251 and IP254, both derived from TPA_3. Nevertheless, it
should be noted that the short reads provided by the Illumina
sequencing method do not allow the detection of mutations that might
be present in only one of the multiple copies of the amplicon and that
could be beneficial for growth on TPA.

Another mutation identified in the parent-strain IP148 encoded a
variant of the RNA polymerase sigma-70 factor, RpoD(A87E). This
mutation was maintained in all evolved isolates except IP246 (Supple-
mentary Table 7). A different mutation in rpoD results in a growth deficit
in ADP1 (Sudrez et al., 2017). However, a growth competition experi-
ment showed that RpoD(A87E) was only minimally detrimental to
growth (Supplementary materials and methods and Supplementary
Fig. 10). Residue A87 is located in region 1.1 of RpoD, which is involved
in promoter binding (Bowers et al., 2000). Therefore, this mutation
could potentially affect transcription efficiency in the cell. Indeed, when
the mutated rpoD was replaced by the wild-type allele in IP148 de-
rivatives, the high baseline fluorescence observed when transformed
with the biosensor plasmid pTPA3 was reduced (Subsection 3.3 and
Supplementary Fig. 10). As RpoD is the primary or “housekeeping”
sigma factor in many bacteria, it is possible that this mutation alters the
gene expression profile in ADP1 (Choe et al., 2019). Additional experi-
ments to confirm this possibility are needed.

Further analysis of WGS data revealed that 4 out of the 8 isolates
(derived from TPA1 and TPA4) had mutations in mucK
(ACIAD_RS07750) in combination with mutations in dcaS
(ACIAD_RS07760), which are two genes in close proximity in the
chromosome (Fig. 7A). Moreover, the spontaneous amplification of the
dca-pca-qui-pob supraoperonic cluster in IP251 and IP254 (derived from
TPA_3) included the mucK and dcaS genes. These two isolates also had a
mutation in the mucK-caiB intergenic region. The prevalence of muta-
tions in these loci suggested that MucK and DcaS may have a relevant
role in the Tpa™ phenotype.

A DcaS homolog from Brucella abortus, also an IclR-type regulator,
has been identified as a repressor of adipic acid metabolism therein, and
its crystal structure has been solved (Herrou et al., 2018). Using this
structure as template (PDB 5WHM, 62% sequence identity),
three-dimensional structure models of DcaS were built to examine the
location of the amino acid replacements encoded by the different
evolved isolates (Supplementary Fig. 11). In the case of IP243 and
IP246, these replacements are located in the predicted a-helical linker
involved in dimerization (V101G) and the ligand-binding pocket
(A134E). In IP255 and IP258, the deletion of bases 499 and 500 in the
dcaS coding sequence causes a shift in the open reading frame. The
resulting Dca$ variant would lack residues 169-282, which form part of
the ligand-binding domain. Based on this analysis, these amino acid
changes are predicted to disrupt Dca$S function.

While there were conserved dcaS mutations in evolved isolates
derived from the same initial Tpat mutant, mucK mutations were
different in all cases, suggesting that mutations in dcaS appeared before
those in mucK (Fig. 7A). MucK is a MFS muconate transporter in ADP1
(Williams and Shaw, 1997), and it belongs to the same superfamily as
the TPA transporters from Rhodococcus species and P. xenovorans.
Therefore, we hypothesized that MucK and its variants are capable of
transporting TPA in A. baylyi. Furthermore, the potential loss of DcaS
function in the evolved isolates, seemingly preceding the mutation of
mucK, suggested that DcaS acts as a repressor of mucK transcription.

A similar combination of mutations in genes encoding a transcrip-
tional regulator and a MFS transporter is found in evolved isolates [P247
and IP250 (both derived from TPA_2). These isolates share a ~100 bp
deletion in a gene encoding a FadR-family transcriptional regulator
(ACIAD_RS00620 locus). In contrast, they have two different mutations
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in a neighboring gene predicted to encode a glucarate/galactarate MFS
transporter (gudP, ACIAD_RS00595 locus). These mutations lead to
amino acid replacements R289C in IP247 and R447L in IP250 (Sup-
plementary Table 7). However, we decided to focus on mucK and dcaS
for further evaluation, as they had apparently co-evolved in separate
lineages.

3.6. Evaluation of MucK as a TPA transporter and its regulation by DcaS

To test our hypothesis that MucK was importing TPA, we first
attempted to knock out its coding gene in the eight evolved isolates.
However, due to a presumed loss of natural competency, we were only
able to knock out mucK in IP243 and IP255, 2 out of the 4 isolates that
had mutations in this gene. Consistent with our hypothesis, these mu-
tants lost the ability to grow on either muconate (Muc™ phenotype) or
TPA (Supplementary Fig. 12).

We then tested whether the deletion of dcaS and/or replacement of
wild-type mucK with the four alleles selected during ALE enabled growth
of the [P148 parent strain on TPA (Table 2). The resulting IP148-derived
mutants were inoculated in MM with 10 mM TPA as a sole carbon and
energy source. After an incubation of 1-2 weeks, 8 out of 9 mutant
cultures started growing and reached saturation in 24-48 h, indicating
that each of these genetic modifications was sufficient to enable growth
on TPA. The exception was strain IP402, carrying the allele encoding
MucK(W150C I403T), which unexpectedly also presented a Muc™
phenotype. However, when this allele was expressed in a AdcaS back-
ground (strain IP417), Muc' and Tpa' phenotypes were observed,
indicating that MucK(W150C I1403T) was still functional. As expected,
control mutants IP367 and IP387 with mucK knocked out were Tpa™ and
Muc, even if dcaS was deleted in the latter. Consistent with previous
observations, no growth on TPA was observed for parent-strain [P148
after 2 weeks of incubation.

Given the natural propensity of bacteria to undergo spontaneous
gene duplication and amplification to increase gene expression under
selective pressure (Andersson and Hughes, 2009; Elliott et al., 2013), we
tested whether these IP148-derived Tpa™ mutants still retained a single
copy of the synthetic tph operon or if it had been duplicated. For this
purpose, we collected the Tpa™ cells from the TPA cultures indicated in
Table 2 to evaluate the copy number by qPCR. Unlike the case of the
Tpa' strains obtained by transformation with an SBF to delimit the
amplicon, it was possible that in these new mutants an amplified chro-
mosomal region may not include the Km® gene. Therefore, we used
primers and a probe specific for tphA,. We found that, indeed, all Tpa™
mutants had 6-14 copies of tphAy (Supplementary Fig. 13). This result
indicates that the deletion of dcaS and/or expression of different mucK
alleles is sufficient to enable growth on TPA, but that multiple copies of
the tph catabolic genes are needed to sustain growth of A. baylyi on TPA
as sole carbon and energy source.

Table 2
Growth on muconate (Muc phenotype) and TPA (Tpa phenotype) of 1P148-
derived dcaS and mucK mutants.

Strain Mutations MucK variant Phenotype
Muc Tpa

1P148 None Native + -
1P367 AmucK::Sm®:sacB None - -
1P378 AdcaS Native + +
1P387 AdcaS AmucK::Sm®:sacB None - -
1P398 AmucK::mucK258 M34I ES3G + +
1P400 AmucK::mucK243 M34L T3421 + +
1P402 AmucK::mucK255 W150C 1403T - -
1P411 AmucK::mucK246 Y133C + +
1P413 AdcaS AmucK::mucK258 M341 E53G + +
1P415 AdcaS AmucK::mucK243 M34L T3421 + +
1P417 AdcaS AmucK::mucK255 W150C 1403T + +
1P419 AdcaS AmucK::mucK246 Y133C + +
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The apparent sequential emergence of dcaS and mucK mutations in
the EASy lineages derived from TPA_1 and TPA_4, and the observation
that deletion of dcaS alone enabled a Tpa™ phenotype in IP148-derived
mutants, strongly suggested that DcaS acts as a repressor of the tran-
scription of mucK. To test this hypothesis, we used RT-qPCR in wild-type
ADP1 and a AdcaS mutant (IP461) grown on 20 mM pyruvate, 10 mM
muconate, or 10 mM PCA. In wild-type ADP1, transcription of mucK is
induced in the presence of muconate when compared to an unrelated
carbon source, i.e. pyruvate (Fig. 7B). Conversely, transcription of mucK
is constitutive for all conditions in the AdcaS strain IP461, confirming
our hypothesis that DcaS is a transcriptional repressor of mucK. Addi-
tionally, a slight repression of mucK transcription in the presence of PCA
was observed in wild-type ADP1, suggesting that the generation of this
intermediate during TPA catabolism could impede further uptake of TPA
by MucK. This effect might explain why mutations that inactivate DcaS
were selected early on during ALE.

Next, we evaluated how deletion of dcaS affected TPA uptake using
our biosensor. For this assessment, we transformed the third-generation
TPA biosensor pTPA3 into IP461 and compared the fluorescent response
to increasing TPA concentrations to that of wild-type ADP1 (Fig. 7C).
Indeed, the AdcaS strain IP461 exhibited higher fluorescence at lower
TPA concentrations, and a significant fluorescent response above base-
line (no TPA) was detected for this strain in as low as 0.01 mM TPA (p-
value <0.001 for a two-tailed t-test). The results obtained for IP461 are
in clear contrast to those presented in Fig. 4 for the TPA-TTT mutants,
further supporting the hypothesis that the heterologous transporter has
a minimal impact in TPA uptake in ADP1.

Finally, we sought to assess how mutations in mucK affected uptake
of TPA in the presence or absence of DcaS. Hence, we replaced the native
mucK gene in either wild-type ADP1 or IP461 backgrounds, transformed
all strains with pTPA3, and evaluated fluorescence in the presence or
absence of TPA. In order to detect differences in uptake efficiency be-
tween the different MucK variants, we induced expression of the sfGFP
gene with 0.01 mM TPA, the lowest concentration tested at which wild-
type ADP1 did not exhibit a fluorescent response but IP461 did (Fig. 7C).
As shown in Fig. 7D, the expression of all mutated mucK alleles, except
that encoding MucK(W150C [403T), resulted in an increased extent of
fluorescence in the presence of TPA. These results demonstrate that at
least 3 of the 4 MucK variants that arose during ALE are more efficient in
TPA uptake than native MucK. Furthermore, the increased fluorescent
response was synergistic with the deletion of dcaS, which is consistent
with our finding that deletion of this transcription factor increases
expression of mucK.

4. Discussion

In this work, our goal was to engineer A. baylyi ADP1 to grow on TPA
as a sole carbon and energy source using EASy with the tph catabolic
genes from Comamonas sp. E6, a native TPA-utilizing bacterium. To that
end, we successfully evolved A. baylyi strains for improved growth and
consumption rates on this substrate. However, in contrast to our previ-
ous work (Tumen-Velasquez et al., 2018), ALE through serial transfer
did not lead to the isolation of Tpa™ strains with less than ~15 copies of
the tph catabolic operon. While WGS of evolved isolates identified
beneficial mutations that enabled growth of ADP1 mutants on TPA (i.e.
in dcaS and mucK), none of these were found to lie within the exogenous
catabolic or transporter genes. Furthermore, the reintroduction of these
beneficial mutations in the parent strain IP148 still led to the sponta-
neous amplification of the tph genes upon selection for growth on TPA
(Table 2 andSupplementary Fig. 13). These results demonstrate that
ADP1 requires multiple copies of these genes to support growth on TPA
as sole carbon and energy source, and highlight the benefit of gene
amplification as a natural mechanism employed by microorganisms to
rapidly increase gene expression in response to an abrupt selective
pressure (Andersson and Hughes, 2009; Elliott et al., 2013; Seaton et al.,
2012; Tomanek et al., 2020).
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Interestingly, the TPA catabolic gene clusters in TPA-utilizing bac-
teria Comamonas sp. E6, R. jostii RHA1, and Rhodococcus sp. DK17 are
duplicated in the genomes of these organisms (Choi et al., 2005; Hara
et al., 2007; Sasoh et al., 2006). Additionally, the presence of trans-
posable elements and DNA modifying genes (integrases, recombinases,
and reverse transcriptases) in the immediate vicinity of the TPA operons
in these three bacteria and in D. tsurhuratensis (de visu inspection of
publicly available sequences) suggest that these may have been acquired
through horizontal gene transfer (McLeod et al., 2006). Considering the
xenobiotic nature of TPA, it is likely that TPA catabolism has appeared
recently, and that it has not yet fully evolved to be as efficient as the
catabolism of other aromatic compounds that are ubiquitous in nature,
such as those derived from lignin. In this sense EASy, by combining
increased gene dosage and ALE, mimics how new catabolic pathways
can evolve in nature: acquisition of exogenous genes through horizontal
gene transfer, duplication of the acquired genes to overcome limitations
in expression, and/or selection of mutations in the acquired or native
genes that enable new functions.

In particular, here we have identified variants of the ADP1 muconate
MEFS transporter MucK that are more efficient at importing TPA. It
should be stressed that this discovery would not have been possible
without amplification of the tph catabolic genes by EASy, which enabled
the growth on TPA that was needed to initiate ALE. Of note, WGS data
hint that GudP, another MFS transporter predicted to transport gluta-
rate/galactarate, could have also evolved to transport TPA in the engi-
neered strains. The fact that both transporters are involved in the uptake
of dicarboxylic acid suggests that they have a latent activity towards
TPA that was improved through ALE (Guzman et al., 2019). As there are
no predicted TTTs in ADP1, it is possible that the transmembrane pro-
teins TpiBA from Comamonas sp. E6 are not properly folded or suffi-
ciently active in the heterologous host, and that ADP1 would instead
favor MFS transporters to import TPA. However, alignments for MucK
and GudP against known TPA MFS transporters (i.e. TpaK) from Rho-
dococcus sp. or P. xenovorans show sequence identities below 26%
(Supplementary Fig. 14). Therefore, the prediction of this latent function
by sequence analysis alone would have been improbable. The improved
MucK variants identified here expand the known toolset of transporters
that can be expressed in heterologous hosts to enable TPA uptake.

In this work, we have also discovered that the transcription factor
DcasS represses expression of MucK and that PCA, a metabolite generated
during TPA catabolism, could also inhibit the expression of this trans-
porter. Cross-regulation between the catechol (cat gene cluster) and PCA
(pca gene cluster) branches of the p-ketoadipate pathway in ADP1,
which will favor the former, are well documented in the literature
(Bleichrodt et al., 2010; Brzostowicz et al., 2003; Siehler et al., 2007).
However, their interaction with the dca gene cluster, involved in the
catabolism of saturated C¢—Cj¢ dicarboxylic acids (Parke et al., 2001),
has not been extensively studied. It should be noted that the dca gene
cluster encodes another IclIR-type regulator, DcaR (Fischer et al., 2008),
that could add another layer of regulation that has not been elucidated
in the present study (Fig. 7A). Further analysis of the cross-talk between
the different branches of the p-ketoadipate pathway would be of interest
when engineering the metabolism of ADP1 towards substrates that are
funneled through this pathway such as TPA, as cross-regulation could
affect productivity and yields in bioprocesses aimed at the conversion of
these substrates into value-added bioproducts (Beckham et al., 2016;
Johnson et al., 2019).

Finally, we also report the development of a highly sensitive and
specific TPA biosensor. The use of biosensors in combination with FACS
is becoming an increasingly more frequent approach in metabolic en-
gineering efforts, as it allows the in vivo, ultra-high throughput screening
of vast mutant libraries and the isolation of top producing cells for the
metabolite of interest (Bentley et al., 2020; Rogers and Church, 2016;
Zhang et al., 2015). These transcription factor-based sensors, which can
respond to intracellular concentrations of a molecule of interest, are also
a powerful tool for the discovery of transporters (Genee et al., 2016).
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While here we have used the TPA biosensor to study TPA uptake in
ADP1, we further propose its potential use for the evaluation of TPA
biosynthetic pathways (Luo and Lee, 2017) or the screening of enzymes
that generate TPA as a degradation product, such as PET-hydrolyzing
enzymes, which we will report in future studies. To date, evaluation of
PETase and MHETase activity on their actual substrates, rather than a
surrogate, is limited to low-throughput and time-consuming analytical
methods (Austin et al., 2018; Han et al., 2017; Joo et al., 2018; Palm
et al., 2019). We posit that the biosensor developed in this work, in
combination with the ADP1 mutants with improved TPA uptake, could
enable fast and simple high-throughput screening of putative PETase
and MHETase genes, as well as of large variant libraries aimed at
improving the activity of these enzymes. Overall, this work emphasizes
the potential of ADP1 as a useful host for metabolic and protein engi-
neering, and provides valuable tools for future efforts in the biological
upcycling of PET.
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