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ABSTRACT

One primary objective of synthetic biology is to im-
prove the sustainability of chemical manufacturing.
Naturally occurring biological systems can utilize a
variety of carbon sources, including waste streams
that pose challenges to traditional chemical process-
ing, such as lignin biomass, providing opportunity
for remediation and valorization of these materials.
Success, however, depends on identifying micro-
organisms that are both metabolically versatile and
engineerable. Identifying organisms with this combi-
nation of traits has been a historic hindrance. Here,
we leverage the facile genetics of the metabolically
versatile bacterium Acinetobacter baylyi ADP1 to
create easy and rapid molecular cloning workflows,
including a Cas9-based single-step marker-less and
scar-less genomic integration method. In addition,
we create a promoter library, ribosomal binding site
(RBS) variants and test an unprecedented number of
rationally integrated bacterial chromosomal protein
expression sites and variants. At last, we demon-
strate the utility of these tools by examining ADP1’s
catabolic repression regulation, creating a strain with
improved potential for lignin bioprocessing. Taken
together, this work highlights ADP1 as an ideal host
for a variety of sustainability and synthetic biology
applications.

INTRODUCTION

A critical element of sustainability is creating a closed and
efficient carbon cycle by designing processes that utilize re-

newable resources and minimize or reclaim waste streams
(1,2). The emergence of synthetic biology has provided rev-
olutionary new opportunities to perform sustainable and
green chemistry (3). In addition to operating at ambient re-
action conditions and without the need for harsh reagents,
such as heavy metals, a key advantage for natural systems
is their ability to utilize and adapt to a wide variety of feed-
stocks as carbon sources. This metabolic flexibility is exem-
plified by the conversion of waste C1 gases to ethanol with
remarkable tolerance to real-time changes in feed gas con-
tent and quality using acetogens (4,5). Such demonstrations
highlight the potential for synthetic biology to expand and
improve waste remediation processes.

To integrate additional waste streams, though, metabol-
ically versatile micro-organisms must be identified that
are engineerable and capable of quickly undergoing many
Design-Build-Test-Learn (DBTL) cycles. Recent advances
in synthetic biology have identified numerous hosts with
advantageous traits such as solvent tolerance (6), novel
metabolic capabilities (7) and fast growth rates (8), but
progress with these hosts is often slowed by their genetic
intractability. Unlike model organisms such as Escherichia
coli and Saccharomyces cerevisiae, emerging hosts have
comparatively few genetic tools and require lengthy DBTL
cycles. Ideally, novel hosts would be identified that expand
current functional capabilities and are easily manipulated.

For these reasons, the bacterium Acinetobacter baylyi
ADPI1 represents an exciting emerging synthetic biology
host (9,10). ADPI has a small genome, grows quickly (dou-
bling time of as little as 35 min in rich medium) (11) and
is naturally competent (i.e. capable of taking up DNA dur-
ing standard growth conditions). The frequency of natural
transformation and allelic replacement in this bacterium is
exceptionally high and unrivaled in any other known mi-
crobe, a feature that has long been touted as an ideal basis
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for genetic engineering (12,13). Moreover, by way of the -
ketoadipate pathway, ADPI is able to convert renewable,
lignin derived aromatic compounds to simple carbon build-
ing blocks (14,15). Such catabolic versatility is significant
as lignin is a major and notably underutilized component
of non-food biomass (16). The heterogeneity and complex-
ity of lignin have precluded simple approaches for its up-
grading (17), and metabolic engineering has been proposed
as a solution (18). Though other bacteria including Pseu-
domonas and Rhodococcus species have been identified with
similar lignin consumption attributes to ADP1 (14), and
advances have been made to their genetic toolsets (19-21),
these hosts can be challenging to engineer. ADP1 provides
an opportunity to advance lignin bioprocessing through ac-
celerated engineering cycles.

Although the genetic tractability of ADPI has been ap-
preciated for decades, the previously insufficient develop-
ment of genetic tools and reliable procedures for high-
throughput workflow has proven to be an obstacle to the
widespread adoption of ADPI as a platform organism. To
address this critical need, we established simple and rapid
cloning workflows that show notable reductions in exper-
imental time compared to even established hosts such as
E. coli. We created a promoter library, RBS variants and
characterized an unprecedented number of targeted loca-
tions and promoter variants for chromosomal protein ex-
pression. In addition, we established a one-step marker-less
chromosomal integration technique leveraging Cas9. These
tools, which were reproducibly useful in different laborato-
ries, were instrumental in studying the regulated consump-
tion of aromatic monomers in ADPI. As demonstrated by
this application, strains with improved lignin bioprocessing
attributes can be created with tools that allow fine-tuned
gene expression. Our work highlights ADP1’s amenabil-
ity for biofoundry workflows (22) and should establish this
strain as a preferred option for numerous synthetic biology
applications, including lignin-based metabolic engineering.

MATERIALS AND METHODS
Cell culturing

In this study wild-type A. baylyi (ADP1) (23,24) and E. coli
DH5a were used for cloning and cell culture work. ADP1
was used for all expression tests and genetic part validation.
Liquid cultures were grown at 30°C, 250 rpm, unless other-
wise noted. Plate-based cultivation was carried out at 30°C,
150 rpm. Cultivations were run in Fisher’s LB Broth Miller
(LB) or Difco M9 Minimal Medium (M9), unless otherwise
stated. M9 was supplemented with various carbon sources
as indicated. Kanamycin (kan) at 25 wg/ml or Spectino-
mycin at 25 wg/ml were used for antibiotic selection. Agar
plates were made with 15 g of Teknova Agar per liter of
medium. Glycerol stocks were stored at —80°C and were
created by adding 750 wl of overnight cell culture medium
to 250 pl of 60% (v/v) glycerol for a final glycerol concen-
tration of 15% (v/v).

Cloning

Polymerase chain reactions (PCRs) were carried out with
PrimeSTAR Max 2x master mix from Takara Bio, follow-

ing manufacturer instructions for annealing temperatures
and extension times using the three-step protocol (dena-
ture, anneal, extend). An Excel file with a list of all primers
used in this study can be found with the supplementary in-
formation [Supplementary File S2 (Primers)]. In addition,
cloning files representing the final parts used for this study
can found with the Supplementary Data [Supplementary
File S1 (Tools Strains) and Supplementary File S3 (Tools
Plasmids)]. General cloning, primer design and in silico
Gibson assembly design were carried out with Benchling.
Gibson assemblies were run using NEB 2x Gibson mas-
ter mix, following manufacturer protocols. All mutagenic
primers were designed on the NEBaseChanger web inter-
face (https://nebasechanger.neb.com/). All blunt end liga-
tions following primer-based mutagenesis were carried out
using gel purified DNA and the ‘KLD’ mix from the NEB
Q5 Site-Directed Mutagenesis Kit, following manufacturer
protocols.

PCR templates for colony PCRs were obtained by pick-
ing individual colonies and resuspending them into 20 .l of
nuclease-free water, while patching them to a separate agar
plate for secondary validation and to obtain clonally pure
strains. For colony PCR, master mixes were prepared and
~10 pl colony PCRs were run with 9.8 pl of the master mix
and 0.5 pl of the water in which the colony had been resus-
pended as the template. All final genomic integrations were
sequenced via their colony PCR product.

Fluorescent measurement experiments

Fluorescent measurements were taken with a Synergy H1
Microplate Reader from BioTek. mCherry readings were
taken at both the top and bottom with excitation at 585
nM and emission at 615 nM. Gain was set at 100. The read
height was set at 7 mm. Reported fluorescent values were
exclusively taken from the top measurements. Plate reader
cell density measurements were taken by reading the ODgg.
Plate reader experiments were carried out in biological trip-
licate, except for the pBAV1k promoter library, pBAV1k
RBS (BCD) variants, chromosomal integration mapping,
chromosomally integrated promoter library and chromoso-
mally integrated RBS (BCD) variants, which were carried
out as biological triplicates run on three separate days (nine
replicates total).

To prepare plate reader fluorescent experiments,
overnight cultures were carried out in sterile 0.4 ml 96-well
flat bottom plates (Fisher Cat. No. 267576) at 30°C and
150 rpm, scraping glycerol stocks for inoculation into
200 wl of LB with appropriate antibiotic. Sub-culturing
(1:100 dilution) was carried out the following morning by
successive dilutions of first 40 wl of LB overnight culture
added to 160 wl of the final medium (LB or M9, with
corresponding antibiotic and carbon source, which was 8
mM protocatechuate (PCA) for the M9 medium) to make
an initial 40:200 (1:5) dilution plate. Then, 10 wl of this 1:5
dilution was added to 190 pl of the final medium (1:100
final dilution). The final cultures were run in sterile 0.4
ml optical bottom black 96-well plates. After 3 h, these
cultures were induced with 1 mM IPTG (5 pl of 40 mM
IPTG stock). Fluorescent measurements were taken the
next morning after gentle resuspension by pipetting up
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and down, being careful to not introduce any bubbles to
the culture. All cultures were covered with sterile AeraSeal
films. Films were replaced with a fresh sterile film each
time they were removed (for induction and for fluorescent
measurements).

Time course experiments were carried out similarly, but
with reads taken every 15 min after induction. Time course
experiments were carried out in both LB medium and an
adaptation of the Averhoff laboratory Acinetobacter Mini-
mal Succinate Medium from the Barrick laboratory at Uni-
versity of Texas at Austin. The recipe for this medium is
available online (https://barricklab.org/twiki/bin/view/Lab/
ProtocolsRecipesABMYS). Briefly, in a 1 L container, 880 ml
of deionized water, 20 ml of 1 M sodium succinate, 50 ml
of a 20x mineral solution and 50 ml of a 20x phosphate
buffer is prepared. The 20 x mineral solution consists of 10
g NH4Cl, 5.8 g MgSOy4 heptahydrate, 1 g KNO3, 0.67 g
CaCl, dihydrate, 20 mg of (NH4)sMo07024 tetrahydrate and
10 ml of SL9 solution added to 500 ml of deionized water.
The SL9 consists of 800 ml deionized water, 12.8 g nitrilotri-
acetic acid, 2 g FeSO4 heptahydrate dissolved in 2 M HCl,
104 mg anhydrous CoCl,, 122 mg MnCl, tetrahydrate, 70
mg ZnCl,, 36 mg Na,MoO, dihydrate, 13 mg NiCl, and 1
ml of solution B. Where solution B represents 60 mg H3BO;
and 20 mg CuCl, dihydrate dissolved into 10 ml of deion-
ized water. This SL9 solution is pH adjusted to 6.5 with | M
NaOH before being brought to volume (1 1). The phosphate
solution includes 68 g KH,PO4 and 132.5 g Na,HPOy hy-
drate per 500 ml of deionized water. The pH of the phos-
phate solution should be around 7.0 and can be adjusted
with 1 M NaOH.

Fluorescence per ODgg [FL/OD (AU)] was calculated by
first subtracting the values of fluorescence and ODg for the
blank medium from all wells. Next, fluorescence was divided
by ODgg. Following, the wild-type ADP1 average FL/OD
value for that medium context was subtracted from all wells.
Averages and standard deviations or standard error were
calculated, as indicated.

Natural transformation

Natural transformation was carried out by first inoculating
wild-type ADP1 from a glycerol stock into a 3 ml overnight
culture, grown at 30°C and 250 rpm in LB medium in a cul-
ture tube. The following day, 70 w1 of this culture was added
to 1 ml of fresh LB medium in a culture tube and incubated
for 3 h along with the transforming DNA (plasmid, PCR
product, Gibson product, ligation product). Transforming
DNA did not need to be purified by gel extraction or PCR
clean up kit before direct addition to the ADP1 culture, and
as little as 25 ng of transforming DNA added to the 1 ml of
culture was sufficient to obtain transformants. After the 3 h,
150 wl of the medium was plated on the appropriate selec-
tive plate, spread with glass beads, and allowed to dry briefly
before moving to the incubator.

Promoter library creation

The promoter library was created using the above natural
transformation workflow. A single set of mutagenic primers
was purchased with ‘NNN’ diversity 5 bp upstream of the
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bacterial consensus —35 box (TTGACA), in the 17 bp in
between the —35 and —10 box (TATAAT), and for the 5
bp after the —10 box [Supplementary File S2 (Primers),
primers BWB361, BWB362]. A single PCR was run with
the pBWB162 vector as the template. The product was gel
extracted and added into the KLLD NEB mix (Dpnl, kinase,
ligase) and allowed to react for 5 min at room temperature.
This product was then directly added into the ADP1 culture
for transformation. After 3 h, 150 .l of culture was plated
on two separate plates. Plates were incubated at 30°C. The
next day, 96 colonies were picked and inoculated into a 96-
well plate for fluorescence screening.

qPCR

gPCR was run on a Bio-Rad CFX96 Real-time System
C1000 Thermal Cycler using iQ SYBR Green Supermix,
Bio-Rad Hard-Shell® 96-Well PCR plates (high profile,
semi skirted, green/clear), and Bio-Rad Microseal ‘B’ ad-
hesive film covers. qPCRs were run using manufactur-
ers protocols for iQ SYBR Green Supermix, specified for
the CFX96 System. Based on previous qPCR work in
ADP1 with the pBAV 1k plasmid (25), the single copy gene
spoT/relA was used as a genomic reference with previously
identified primers (here BWB903 and BWB904). For plas-
mid qPCR of pBWB162, the primers BWB905, BWB906
were used. BWB905 and BWB906 were designed following
manufacturing guidelines in for annealing temperature and
gqPCR product size.

To obtain template DNA, cells were cultured overnight
in LB, and then diluted 1:100 into either LB or M9 with
8 mM PCA medium and grown overnight, mimicking the
expression testing workflow. The next morning, the cultures
were placed on ice and spun down at 4000 rpm for 10 min at
4°C. After decanting and aspirating the culture, a pipette tip
was touched to the cell pellet and resuspended into 100 w1 of
nuclease free water. Following, 1 wl of this water was added
to 9 pl of a master mix of iIQ SYBR Green Supermix and
the relevant primers to make a 10 .l PCR reaction. Relative
plasmid copy numbers were derived by dividing the C; value
of the plasmid by the C; value of the genomic PCR for the
same culture.

Genomic integration

For the genomic integration mapping, an insulated integra-
tion cassette was first constructed by the addition of two up-
stream terminators and one additional downstream termi-
nator. These insulators were added by successive PCR mu-
tagenesis via overhangs to create pBWB206. Once the ge-
nomic integration cassette was created, knock in cassettes
were constructed by overlap PCR. Overlap PCRs were run
in two stages. First, three PCRs were run to obtain two
~500 bp oligos with homology matching the upstream and
downstream regions of the ADP1 gene to be knocked out,
respectively, and the insulated genomic integration cassette.
Each part had 20-30 bp of overhang homology to the part
to which it would be assembled by overlap PCR. Approxi-
mately 1 pl of each gel extracted part was added to a 45 pl
PCR reaction and run for 14 cycles to create the full-length
knock in cassette. Following, outer primers were added to
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amplify the full-length knock in cassette for an additional
19 cycles. Knock in cassettes were either directly added to
the ADP1 medium or gel extracted first. Approximately 5 .1
of either PCR product, gel extracted or not, was added to
the medium. The same workflow was used for the promoter
library and RBS/BCD variant integrations, but these cas-
settes did not bear the insulator regions.

Flow cytometry

A BD LSRFortessa was used for flow cytometry analysis.
mCherry fluorescence was detected with a 552-nm laser us-
ing the Texas Red setting (610/620 nm). Cells were first
gated by forward and side scatter and then gated based on
fluorescence such that the wild-type strain with no fluores-
cent marker was only collected at 0.2-0.3%. A total of 100
000 events were captured for each run.

Cells were prepared by growth overnight (30°C, 250 rpm)
from a glycerol stock in LB medium with appropriate an-
tibiotic. The next morning, the cultures were diluted 1:100
and again grown at 30°C, 250 rpm. Cultures were induced
with 1 mM IPTG after 3 h. After overnight growth of
induced cells, cultures were place on ice, ODs measure-
ments were taken, the cells were spun down (4000 rpm,
10 min) and resuspended such that in 500 pl of cold 1x
phosphate-buffered saline there were ~1 000 000 cells with
an assumed OD of 1 equal to 8 x 10® cell/ml. Strains
sorted included wild-type ADP1 (BWB062), pBAV 1k-lacl-
Trc-mCherry (pBWB162) for plasmid-based expression and
AvanA B::kan-lacl-Trc-mCherry (BWB335) for chromoso-
mal expression.

Cas9-based marker-less integration method

The Cas9-based marker-less, scar-less integration method
utilized a modified version of the RSF1010-based broad-
host-range CRISPRi-ME plasmid developed by the Bar-
rick laboratory (26), for which dCas9 was reverted back to
an active Cas9. In addition, various substitutions for the
guide RNA (gRNA) were made. Marker-less integrations
were carried out in the ISx strain developed by the Bar-
rick lab where six of ADP1’s insertion sequences have been
removed (11). For this method a similar natural transfor-
mation workflow was utilized as described above, but with
two primary changes. First, >500 ng of DNA for both the
linear genomic transformation cassette and the Cas9 and
gRNA bearing plasmid (RSF1010) were added to the cul-
ture for transformation. Second, after adding the trans-
forming DNA, the culture was incubated for 6 instead of
3 h. Because of the significantly lower efficiency for co-
transforming two elements (~10 cfu/ml-pg), 900 wl of the
LB medium was plated as three separate 300 .l aliquots
on LB agar plates with spectinomycin. These plates were
allowed to grow for 2 days at 30°C to observe colonies.
Smaller colonies generally correlated with successful inte-
grations.

Colonies were screened by colony PCR and patched on
LB agar with spectinomycin and then screened by colony
PCR a second time to confirm clonal purity for the inte-
gration. After clonal purity was confirmed by colony PCR,
hits were streaked on LB agar plates with no antibiotic. The

following day, colonies were patched to both LB agar with-
out antibiotic and with spectinomycin to determine which
colonies had cleared the plasmid. Those that grew only on
LB agar without antibiotic were examined by colony PCR
to confirm presence of desired integration. The PCR prod-
uct of this colony PCR was sent for sequencing, and these
hits were inoculated into LB medium and grown at 30°C,
250 rpm overnight. The next morning strains were archived
as glycerol stocks.

gRNAs were designed using the ATUM design tool
(https://www.atum.bio/eCommerce/cas9/input) with the
settings for E. coli K12 MG1655, NGG PAM and wild-type
Cas9, searching on a supplied target sequence for the genes
to be knocked out of the ADP1 genome (here vanAB,
pcaHG and hcaB).

Media and growth conditions for studies of aromatic com-
pound consumption

Because catabolic studies were designed for comparison
with past results, the media and growth conditions matched
previous investigations. A defined minimal medium was
used for culturing A. baylyi strains (27). This medium
was supplemented with 2 mM benzoate and 2 mM p-
hydroxybenzoate (POB) for carbon source consumption ex-
periments and 20 mM pyruvate for natural transformation
culturing. Escherichia coli XLI Blue cells (Stratagene) were
used as plasmid hosts and grown in LB. All cultures were
incubated at 37°C with aeration (shaking at 250 rpm).

Strain and plasmid construction for studies of aromatic com-
pound consumption

DNA for plasmid construction was PCR-amplified with
a high-fidelity polymerase, PrimeSTAR Max (Takara Bio-
sciences) or Phusion (New England Biosciences), using the
primers listed in Supplementary File S2 (Primers). Plasmids
were assembled using an overlapping sequence method con-
ducted in vivo in E. coli XL1-Blue competent cells (Strata-
gene) (28). In some cases, standard restriction digestion
was followed by ligation (Quick Ligation Kit, New Eng-
land Biosciences). Plasmids are described further in Supple-
mentary Table S2. Chromosomal changes in A. baylyi were
constructed by allelic replacement (29,30) and are listed in
Supplementary Table S3. After transforming recipients with
donor DNA, desired transformants were selected for drug
resistance or growth in the presence of sucrose as previously
described (30). Alternatively, cells were screened to detect
transformants that lost the ability to metabolize POB by
plating on solid minimal medium with 2 mM succinate and
2 mM POB. Cells that can grow on both carbon sources
form larger colonies than those that can grow on succinate
but not POB. The small colonies were then patched to test
for growth on 5 mM POB as the sole carbon source. Isolates
that were unable to grow on POB as the sole carbon source
were further evaluated. All plasmids and strains were con-
firmed by PCR and/or regional DNA sequencing.

To create strains with altered PcaK expression, the pcaK
coding sequence was first deleted from its normal oper-
onic position (to generate ACN2451). ACN2451 was then
used as the transformation recipient for linearized plasmids
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carrying pcaK controlled by different constitutive promot-
ers. Each pcaK allele was introduced between convergently
oriented chromosomal genes (qui4 and ACIAD1717) with
independent transcription ensured by a transcriptional
terminator engineered downstream of quiA, as depicted
in Supplementary Figure S44. A drug resistance cassette
(RK52468) downstream of the plasmid-borne pcaK was
used to select transformants that had undergone allelic re-
placement.

Creating random changes in the CatM/BenM binding site

To prevent CatM and BenM from binding to a site upstream
of pcaU, changes were introduced by PCR with a muta-
genic primer (SRB368) designed to eliminate two conserved
features of this site important for interactions with CatM
and BenM: (31) (i) a conserved sequence (T-Nj;-A) and
(i1) a small region of dyad symmetry surrounding this se-
quence. The mutagenic primer was synthesized with ran-
dom nucleotides (NNNN) in place of the chromosomal se-
quences in ADP1 at positions 1 708 958-1 708 961 and 1
708 969—1 708 972 (NCBI entry NC_005966). PCR products
were cloned to generate plasmids (pBAC1794, pBAC1795,
pBAC1797, pBAC1798, pBAC1799 and pBACI1800) in
which there is an QK cassette downstream of pcaU. These
plasmids were linearized and used to transform ADPI to
create strains in which the plasmid-borne alleles replaced
the corresponding wild-type regions (ACN2529, ACN2496,
ACN2498, ACN2530, ACN2526 and ACN2499, respec-
tively). These strains were initially selected by the drug re-
sistance conferred by QK. DNA sequencing confirmed the
specific mutations that were introduced in these plasmids
and strains. In all cases, the two key features of the wild-
type BenM/CatM binding site (noted earlier) were elimi-
nated (see Supplementary Tables S2 and 3). These strains
retained the ability to use POB as the sole carbon source.

Alteration of sequences to prevent homologous recombination
between two different synthetic promoters used on the genome
of a single strain

DNA isidentical in the regions surrounding the critical pro-
moter sequences of different transcriptional constructs in
the tool kit. To use two promoters (F6C5 and T5) to con-
trol the transcription of two adjacent cat-gene chromoso-
mal regions, the DNA surrounding the promoter sequence
of one promoter was altered to avoid the possibility of re-
combination between identical sequences. The lac promoter
from pBTL-2 (32) was changed by site directed mutagene-
sis with primers SRB441 and SRB442 to generate the F6C5
promoter on plasmid pPBAC1682.

Carbon source consumption experiments

For each strain tested for aromatic compound catabolism,
cells were first grown in 5 ml minimal medium in test tubes
overnight and sub-cultured 100 pl into 5 ml fresh medium
to be grown overnight again. Then 1 ml of the second cul-
ture was used to inoculate 50 ml fresh medium in a 250 ml
Erlenmeyer flask from which hourly samples were taken.
For aromatic monomer co-consumption experiments, the
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inoculating cultures were grown on 2 mM POB or 2 mM
benzoate and 2 mM POB, as indicated. After experimental
samples were taken, cells were removed by filtration, and the
supernatant was analyzed to monitor metabolites by high
performance liquid chromatography (HPLC) as previously
described (33,34). Retention times for POB and benzoate
were 6 and 13.8 min, respectively. Data were plotted with the
0 time-point defined as being 1 h before depletion of any car-
bon source was first detected. Experiments were performed
in biological triplicate. The optical density was measured at
a wavelength of 600 nm on a spectrophotometer (Beckman
DU 640 or Eppendorf Biophotometer Plus 6132).

RESULTS
Evaluating and optimizing ADP1 transformations

To begin, we wanted to validate a simple standardized
cloning workflow. Previous works established varied trans-
formation protocols (11-12,35-37), a complete single-gene
deletion library (36) and an E. coli compatible broad-
host-range vector (pBAV1k) (25), but lacked consensus for
molecular cloning steps. Owing to ADP1’s natural com-
petency and native homologous recombination machinery,
transformation workflows follow a general outline of: (i) in-
cubation of ADP1 with transforming DNA in either lig-
uid or on solid medium and (ii) selection. Using a mod-
ified version of the available pBAV1k vector (pBWBI162,
pBAVI1k-kanR-lacl-Trc-mCherry), we tested the simplest
possible conditions (LB, liquid medium, short incubation
times) and identified 30°C, 3-h incubation with as little as 25
ng of transforming DNA as efficient (Supplementary Fig-
ure S1). Overnight incubations provided no improvement in
transformation efficiency compared to 3 h (Supplementary
Figure S2). In addition, experiments run at 37°C negatively
impacted transformation rates compared to 30°C (Sup-
plementary Figure S3). Using this workflow, we success-
fully transformed plasmid DNA, ligation products, Gibson
products and PCR products by natural competency (sum-
marized in Figure 1). Owing to ADP1’s growth rate (11),
these protocols not only require much less experimental ef-
fort (~10 min of experimental time) compared to E. coli
transformation protocols but provide colonies on the same
timeframe as E. coli (overnight).

Interestingly, ethanol precipitated pBWBI162
miniprepped from ADP1 gave a 4.8-fold improvement
in transformation efficiency compared to a miniprep from
E. coli (Supplementary Figure S4), with ~95 000 cfu/ml-pg
for this 5 kb plasmid using our 3-h incubation workflow.
In addition, we found that ADPI1, which has no native
plasmids, provides strong plasmid yields from a standard
miniprep kit (>3-4 g for a 5 ml overnight culture). Worth
noting, to obtain clarified lysates for a standard miniprep
kit, we needed to extend the centrifugation step after neu-
tralization to two >10 min spins at 17 000 g (max speed) to
obtain suitable DNA purity. In all, ADPI1 transformation
requires no specialized preparation or purchasing of
competent cells, involves a single 10-min hands-on step
compared to five steps of equal or greater complexity for E.
coli heat shock, gives high transformation efficiencies, does
not require extended time for colony growth and could be
easily parallelized with simple liquid handling equipment.
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Plasmid Mutagenesis, ligation
PCR ;
generated
pBAV1k mutation
Dpnl,
Kinase,
Ligase i

Gibson assembly

Overlap PCR

OO

-;

Overnight culture Tranformation culture
1 mL fresh LB
+ 70 plL overnight culture

+ Transformant DNA

=

~©

Incubation Plate/select

3 hours, 30°C

Figure 1. ADPI cloning workflow. Transformation of ADPI follows a simple process of sub-culturing an overnight culture grown in LB from a glycerol
stock, adding transforming DNA, incubating for a short period of time (3 h) at 30°C and then selecting. With this exact workflow for all cases listed, we
were able to transform plasmid DNA (pBWB162 transformations), ligation products (promoter library creation), Gibson products (initial construction to
insert mCherry into pBAV1k) and linear PCR products (chromosomal integration mapping).

Creating a promoter library and ribosome-binding site (RBS)
variants

Precise control of gene expression is critical for engineering
micro-organisms, so we next moved to construct expression
tools (38). We first sought to validate previous work (39)
with a set of common synthetic biology promoters. In addi-
tion, we wanted to compare these promoters to the bacterial
components of a newly developed set of broad-spectrum
promoters (40) along with potentially strongly expressing
native ADP1 promoters chosen based on ADP1 transcrip-
tomic data (41). Each promoter was put into the context of
pBWBI162, which was first tested for potential readthrough
and inducibility and found to have minimal leakiness and
to be stably induced with 1 mM IPTG (Supplementary Fig-
ures S5 and 6).

Testing this group of promoters (Supplementary Figure
S7), we found that bacterial consensus-based promoters
(Trc, Tac, T5) all gave strong expression. This result is per-
haps expected as ADP1 carries an RpoD/o70 homolog,
and previous in vitro work showed that E. coli 70 RNA

polymerase gave transcription of an ADPI gene with its
native promoter and transcription factor (42). T7 did not
give expression, in contrast to a previous study (39). The
synthetic broad-spectrum promoters gave expression, but
the relative expression strength of the four promoters did
not match order of strength found in the original work
(40) (Supplementary Figure S7). Though the native ADP1
promoter for g/tI, potentially the strongest native promoter
based on transcriptomic data (41), gave strong expression,
it was still not as strong as Trc (Supplementary Figure S7).
To confirm the expression results were not simply due to the
specific conditions for promoter screening, such as endpoint
measurement or the medium conditions, we ran time course
experiments in both LB and an ADPI minimal medium
with succinate as the sole carbon source. These experiments
confirmed expression from only the putative g/tI promoter
among the native ADP1 promoters tested (Supplementary
Figures S8-11).

Because of the expression results, in combination with
the promoter architecture of Trc being well understood



while the architecture of g/t is not, we chose to construct
a promoter library based on Trc. Leveraging ADP1’s nat-
ural competency, promoter library construction followed a
simple workflow (Supplementary Figure S12). Mutagenic
primers were used to introduce variability flanking and in
between the bacterial consensus —35 and —10 boxes, and
clones with a range of expression strength were isolated
(Supplementary Figures S13 and 14). Sequences for the pro-
moter library can be found in Supplementary Table S1, and
full plasmid sequence files are available with the Supplemen-
tary Materials.

We sought to identify genetic parts with robustness to dif-
ferent conditions, and, as promoter expression characteris-
tics can change depending on the growth medium, we re-
screened the promoters in both LB and unmodified M9 with
8 mM PCA as the sole carbon source (Figure 2, Supple-
mentary Figure S15 for OD dot overlay). Unless otherwise
stated, all M9 cultures used PCA as the only carbon source.
We chose PCA because it is a common intermediate in the
breakdown of lignin via the B-ketoadipate pathway. Our 15-
member promoter library shows 73-fold expression range in
LB and 60-fold expression range in M9 (Figure 2A).

Next, to test the effect of RBS modulation on expres-
sion, we picked a range of RBS variants from the previously
developed bicistronic design (BCD) library (43). Briefly,
this design involves two RBSs, where the first RBS initi-
ates the translation of a leader peptide for which the fi-
nal nucleotide of the stop codon overlaps with the start
codon of the gene of interest (TAATG). This design is
proposed to alleviate RBS performance variability due to
mRNA secondary structure by utilizing the helicase activ-
ity of the ribosome. These RBS/BCD variants were suc-
cessfully applied in ADP1 and showed a 2.4-fold range of
expression in LB and 2.3-fold range of expression in M9
(Figure 2B).

Certain promoter and BCD variants performed differ-
ently in LB compared to M9-based expression, highlighting
the need to screen in each medium before applying genetic
parts to metabolic engineering contexts. Examples include
Trc and TS switching order of strength (P-value for differ-
ence in LB 0.00064, P-value for difference in M9 0.040),
and C7D6 and B9E2 showing relatively greater expression
strength in M9. To determine if plasmid copy number in-
fluences the expression differences, we carried out real-time
qPCR for pPBWBI162 for both conditions (Supplementary
Figures S16-18). The results showed pBWB162 has 3.16-
fold higher relative copy number in LB compared to M9
(Supplementary Figure S18). Interestingly, averaging over
all promoter and RBS parts in Figure 2, the FL/OD for LB
is 3.17-fold greater than M9. This suggests plasmid copy
number likely has an influence, although it may not fully
account for the difference in expression. In addition, as dis-
cussed in the following sections, for chromosomal expres-
sion where the template copy number should be normal-
ized to approximately one, LB and M9 conditions show
much closer expression values. In summary, our promoter
library and RBS variants together provide access to >100-
fold range of expression strength in ADP1 in both media
conditions.
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Mapping genomic integrations

For industrial metabolic engineering applications, genomic
integration of a metabolic pathway is typically desirable
for stable long-term expression without a selective pres-
sure (44). Because ADPI1 readily incorporates DNA into
the genome, genomic integration was straightforward. Ac-
cordingly, we tested a variety of chromosomal locations in
ADP1 for their capacity for heterologous protein expres-
sion. To demonstrate the ease of ADP1 genomic integra-
tion, we chose 30 non-essential gene sites evenly spaced
throughout the genome based upon a previous complete
single-gene knockout study (36). In this approach our
knock in cassette directly replaced the non-essential gene
(GenBank files with the reporter cassette in a given locus
are available with the Supplementary Materials). This scale
of genomic integration, though not to the extent of ran-
dom integration techniques such as transposon insertion
(49), is greater than any other rational and targeted bac-
terial chromosomal expression screen, including previously
constructed E. coli and Bacillus subtilis libraries (46,47).

To generate homologous recombination cassettes, we uti-
lized an overlap PCR strategy to incorporate 500 bp of
homology on either side of an insertion cassette (Supple-
mentary Figure S19). Multiple attempts to use either 50
or 100 bps of flanking homology, introduced by PCR,
for knock ins using this 3.7 kb insertion cassette gave no
transformants in our hands. In addition, the \-red sys-
tem (48) appeared too toxic in ADP1, as multiple different
plasmid constructs for gam-f-exo expression could not be
stably maintained. To prevent transcriptional readthrough
from biasing analyzed expression, our integration cas-
sette bore three additional terminators to act as insula-
tors (pBWB206). These insulators consisted of two up-
stream terminators and one downstream terminator fol-
lowing the vector’s pre-existing terminator. Insulators were
chosen based on a previously designed orthogonal termina-
tor library (49). The inclusion of these insulators dampened
expression from this vector, lowering plasmid-based expres-
sion 20-fold compared to the parent plasmid pBWB162
(Supplementary Figure S20). After overlap PCR assembly,
linear PCR product was either directly added to the medium
or gel extracted and then added to the medium following the
established transformation workflow.

Of the 30 sites tested, 27 had correct transformants from
a single attempt, which were identified by screening eight
colonies by colony PCR for each. We tested these sites
for expression, plotting expression with respect to distance
from the origin of replication (Figure 3 for M9, Supplemen-
tary Figure S21 for LB). When a regression was plotted for
expression with respect to distance from the origin of repli-
cation it gave an R? 0.787, and all data points fell within one
standard deviation except the integration at ACIAD3068,
which represents the stringent response protein RelA (Sup-
plementary Figure S22). For consistency, the orientation of
all expression cassettes was away from the origin of replica-
tion, and interestingly the (—) strand generally gave higher
expression (Figure 3B). This was also true for two locations
where we integrated the expression cassette in both orien-
tations, although the expression difference was only statis-
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tically significant in LB and not M9 medium (Supplemen-
tary Figure S23). Overall, this mapping provides numerous
and diverse integration sites for stable and effective protein
expression in ADP1.

Integration of promoter library and RBS variants into the
genome

To further highlight the ease of genomic manipulation in
ADP1, we integrated the entire promoter library and set of
BCD variants at a single locus (ACIADO0980, genes vanAB).
These knock ins were constructed with a similar overlap
PCR strategy as the genomic integration mapping cassettes,
but on a cassette without additional insulators. Typically,
eight colonies were picked for screening by colony PCR and
at least four of the eight had successful integration. Upon
screening, the promoter library was found to give >80-fold
range of expression for both LB and M9 (Figure 4A, Sup-
plementary Figure S24 for OD dot overlay). M9-based ex-
pression was closer to LB expression when tested on the
genome compared to the plasmid, which may be due to a
more normalized copy number of the gene. In fact, the BCD
variants actually showed greater expression per ODgg in
MO than LB (Figure 4B, Supplementary Figure S24 for OD
dot overlay). There was a more significant decrease in ex-
pression by moving to the chromosome for the promoter
library than for the BCD variants (Supplementary Figures
S25-28). This is potentially due to lower copy numbers of
mRNA being generated from chromosomal expression and
the ability of the strong BCDs to maintain high translation
per mRNA in both circumstances, although this hypothe-
sis was not examined directly in our work. Chromosomal
integration also afforded examination of the heterogene-
ity of expression between plasmid and genomically inte-
grated cassettes by way of flow-cytometry, showing that ex-
pression from the chromosome gives a lower mean expres-
sion, narrower distribution of expression and fewer non-
expressing cells compared to plasmid expression (Supple-
mentary Figures S29-37). Worth noting, three promoters
in the library changed their position in terms of expression
strength (F6CS5, C11ES8, C7D6, all highlighted with orange
[lighter color] on Figure 4A) upon chromosomal integra-
tion. To our knowledge, this is the most thorough compari-
son between plasmid and chromosomal integration expres-
sion among a consistent set of promoters in the literature.

One-step, Cas9-based marker-less and scar-less genomic in-
tegration

At last, to enable facile, antibiotic-free successive genomic
integrations, we tested a method to obtain marker-less ge-
nomic modification. Though both sacB (50) and tdk (11—
12,36) counter-selection approaches have been successfully
applied in ADP1, we hypothesized that a Cas9-based ap-
proach may be more efficient. As ADP1 has no known non-
homologous end joining machinery, Cas9 genomic cutting
should be lethal. Therefore, co-transforming a marker-less
genomic integration cassette that replaces the original locus,
along with a plasmid bearing active Cas9 and a gRNA tar-
geting the wild-type locus, could provide a one-step method
for marker-less genomic integration (Supplementary Figure
S38).
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By modifying a previously developed dCas9 bearing vec-
tor that replicates in ADP1, generously provided by the
Barrick laboratory (26), we created a vector with constitu-
tively expressed active Cas9 (pBWB415). After exchanging
the gRNA to target-specific ADP1 loci, we tested the speci-
ficity of Cas9 to cut the target of interest. We found that
only strains with the target locus removed allowed trans-
formation of the plasmid (Supplementary Figure S39). No
colony growth was observed from wild-type ADPI trans-
formed with a pPBWB419, pPBWB424 and pBWB431, with
gRNAs that targeted vanA B, pcaHG and hcaB respectively,
indicating an exceptionally low false positive rate.

Next we tested the co-transformation of a marker-less in-
tegration cassette along with a plasmid bearing constitu-
tively expressed Cas9 and a gRNA targeting the locus to be
exchanged (Figure 5A). After modifying our transforma-
tion protocol to improve efficiency (=500 ng DNA for each
part, 6-h incubation), we observed transformants. Though
the transformation efficiency is low (~10 cfu/ml-pg), nearly
all colonies screened were positive hits. For the integration
of a marker-less lacl-Trc-mCherry cassette at pca HG (Sup-
plementary Figure S40), seven of the eight colonies screened
by colony PCR were clonally pure after patching. Follow-
ing the integration, colonies are streaked onto non-selective
LB agar to clear the Cas9-bearing plasmid. The constitu-
tively expressed Cas9 represents a burden sufficient to clear
the plasmid by the next day (Supplementary Figure S40).

Subsequent patching indicated clearance of the Cas9
plasmid, and sequencing of a colony PCR product veri-
fied the correct integration. After this process, the integra-
tion is retained and protein expression is observed from the
marker-less cassette (Figure SB). It is worth noting that the
full clearance and validation process occurs after three sep-
arate patching or streaking procedures and over the course
of several days. In our hands, the cassette is maintained
throughout this process and still functionally expresses. In
summary, this Cas9-based approach provides a simple and
rapid one-step integration, with a subsequent single day
plasmid clearance, that should enable accelerated ADP1 ge-
nomic engineering.

Tool application for lignin valorization

To demonstrate the applicability of these tools and their
reliability and reproducibility in different labs (at North-
western University and at the University of Georgia), we
studied aspects of ADP1’s catabolite repression. The ulti-
mate goal is to enable simultaneous consumption of lignin-
derived aromatic compounds in mixtures generated by the
pretreatment of biomass (14,18). This type of consolidated
bioprocessing depends on engineering bacteria for rapid
production of valuable end-products and may require over-
riding catabolite repression, which imposes preferential car-
bon source utilization (51,52). In ADPI, all aromatic com-
pounds are consumed via one of two branches of the B-
ketoadipate pathway (Supplementary Figure S41). ADP1
preferentially consumes benzoate, degraded via the catechol
branch of this pathway before POB degraded via the PCA
branch (33). Studies of benzoate and POB co-metabolism
can, therefore, serve as a proxy for more complex mixtures,
including lignin hydrolysates.
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Figure 4. Chromosomal expression of promoter library and RBS variants. By integrating the entire library at ACIAD0980 (vanA B), we were able to examine
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within the library, highlighted in orange (lighter color, promoters F6C5, C11ES, and C7D6). All experiments were run in biological triplicate on three

separate days (nine replicates total). Error bars represent SEM.

The mechanisms for hierarchical consumption of indi-
vidual aromatic compounds in a mixture remain unclear,
in part, because hypotheses generated from past studies
have been difficult to test. The genetic tools described in
this report provide new avenues for investigating the signif-
icance of two key regulatory observations. The first such
observation is that the production of a metabolite, mu-
conate, is essential for benzoate-mediated inhibition of POB
degradation (52). The second is that two paralogous tran-
scriptional regulators, BenM and CatM, play an impor-
tant role in controlling the preferential consumption of
benzoate in the presence of POB (33). BenM and CatM
serve as activators and as repressors, and both respond
to muconate (53). As activators, BenM and CatM are re-
quired for muconate-dependent transcription of the ben
and cat genes for benzoate consumption. In contrast, they
interact with muconate to bind DNA in a position that
can prevent the transcription of a large pca operon (33).
One hypothesis to explain the basis of preferential car-
bon source consumption is that repression of a gene in
this operon (pcaK, which encodes a POB transporter),
prevents POB consumption by lowering its uptake and
thereby preventing its further catabolism (Figure 6A and

Supplementary Figure S42). To investigate this hypothe-
sis, we used the new gene expression tools to determine
how the following affect co-consumption: (i) constitutive
expression of PcaK, (ii) ablation of BenM/CatM binding
sites that could be used to repress pcaK transcription and
(iii) constitutive expression of genes for benzoate degra-
dation in the absence of both regulators (Supplementary
Figure S43).

To facilitate uptake of POB in the presence of benzoate,
the PcaK transporter was constitutively expressed under the
control of several synthetic promoters such that its tran-
scription would not be repressed by BenM or CatM. De-
spite using different strength promoters for PcaK expres-
sion, these attempts to increase POB transport did not ac-
celerate its degradation (Supplementary Figure S44). Se-
quential consumption of benzoate before POB was ob-
served as with the wild-type (Figure 6C compared to 6B).
Second, to alleviate BenM and CatM-based repression of
pcak, the repressive binding sites upstream of the pca
operon were scrambled. Again, this change was not suffi-
cient to allow co-consumption (Figure 6D and Supplemen-
tary Figure S45). However, deletion of BenM and CatM,
coupled with constitutive expression of benzoate degrad-
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Figure 6. Co-consumption of benzoate and POB. (A) Schematic depicting regulation and metabolism of POB and benzoate. These two growth substrates,
which enter the PCA and catechol branches of the B-ketoadipate pathway, respectively, are funneled to central carbon metabolism. POB uptake and
degradation are encoded by the pob and pca genes, whereas benzoate uptake and degradation are encoded by the ben and cat genes. Benzoate consumption
requires two transcriptional regulators (BenM and CatM) that, in response to muconate, activate ben- and cat-gene transcription. These regulators also
bind upstream of the pcal/JFBDKCHG operon in a muconate-dependent fashion at a site that should repress transcription (33). Consumption patterns
are shown for: (B) the wild-type strain, ADPI, (C) a strain (ACN2469) where the transporter gene pcaK is transcribed constitutively from a synthetic
promoter (D5HG6), (D) a strain (ACN2596) where the binding site for BenM /CatM upstream of the pca operon has been scrambled to prevent binding
of these regulators and (E) a strain (ACN2569) where ben M has been inactivated, cazM has been deleted and where the genes for benzoate degradation,
which are normally activated by BenM and CatM, are under constitutive expression. In ACN2569 the ben genes are controlled by a promoter mutation
(Ppenasi4z) and the cat genes are transcribed from synthetic promoters (T5 for catA and F6CS5 for catBCIJFD). Data shown are average of at least three
biological replicates. Error bars represent standard deviation.

ing enzymes, led to co-consumption of POB and benzoate cussions in a Supplementary Note, demonstrate the utility
(Figure 6E). Collectively, these results imply that repression and ease of implementation for these tools, including the
of the pca operon by BenM and CatM is insufficient to ac- chromosomal use of multiple synthetic promoters in the
count for muconate-dependent inhibition of POB degrada- same strain. This methodology not only contributes to im-
tion. Since the removal of both regulators alleviated this proved understanding of multiple carbon source consump-
type of catabolite repression, despite the production of mu- tion but also delivers a strain that simultaneously consumes
conate during benzoate catabolism, it is likely that BenM benzoate and POB that can serve as a starting point for fur-
and CatM control carbon source preferences by acting at ther improvements to optimize the consumption of lignin-

multiple loci. These studies, and additional results and dis- derived mixtures.
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DISCUSSION

The cumulative tools developed in this study, along with
other recent works that have established an additional plas-
mid vector (26), CRISPRi (26) and ADP1 chromosomal
evolution tools (34), effectively equip ADP1 as a model or-
ganism for lignin-based metabolic engineering and other
synthetic biology applications. ADP1 has significant ad-
vantages over other micro-organisms for DBTL cycles. The
simplicity associated with natural transformation and facile
allelic replacement lends itself to automation, liquid han-
dling and incorporation into biofoundry workflows (22),
especially as advances in DNA synthesis have alleviated
the bottleneck of gene synthesis. Modifying the genome
is straightforward, on par with the simplicity of plasmid
transformation, highlighted by the >50 targeted chromo-
somal integrations carried out in this study. As the chro-
mosomal tools developed in this study, specifically locations
for targeted integration for successful heterologous expres-
sion and the testing of a promoter library and RBS variants
for their chromosomal expression, exceed more established
hosts such as E. coli and B. subtilis, we expect this work to
promote ADPI’s use as a host for stable and robust engi-
neering.

Our validation in two different laboratories indicates the
tool set is reproducible and scientifically rigorous. Further
highlighting the importance of these tools is the ease with
which regulatory hypotheses were tested, revealing new in-
formation about preferential carbon source utilization and
generating strains for use in lignin valorization. Milestone
plasmids from this study have been deposited for easy ac-
cess on Addgene, and cloning files are available with the
Supplementary Materials. In addition, we have attempted
to document approaches that were unsuccessful as a service
to others that might work with ADP1.

Because of its ease of engineering, the metabolic versa-
tility of ADP1 may expand to metabolic engineering ap-
plications beyond lignin-derived aromatics to more tradi-
tional glucose-based processes. As ADP1 exclusively uti-
lizes the cofactor-generating Entner-Doudoroff pathway
while maintaining high growth rates, as opposed to E.
coli’s preferred use for maximal growth of the Embden—
Meyerhof—Parnas glycolytic pathway (54), there may be
benefit to using ADPI to produce products with heavy co-
factor needs. Indeed, Santala and coworkers have already
provided demonstration of glucose-based metabolic engi-
neering in ADP1 (55). Ultimately, we envision this host will
be adopted beyond the lignin community and will play a
role in the future of sustainability and synthetic biology.
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