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Increased triacylglycerol production s
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Abstract

Lignocellulosic biomass is currently underutilized, but it offers promise as a resource for the generation of commer-
cial end-products, such as biofuels, detergents, and other oleochemicals. Rhodococcus opacus PD630 is an oleagi-
nous, Gram-positive bacterium with an exceptional ability to utilize recalcitrant aromatic lignin breakdown products
to produce lipid molecules such as triacylglycerols (TAGs), which are an important biofuel precursor. Lipid carbon
storage molecules accumulate only under growth-limiting low nitrogen conditions, representing a significant chal-
lenge toward using bacterial biorefineries for fuel precursor production. In this work, we screened overexpression
of 27 native transcriptional regulators for their abilities to improve lipid accumulation under nitrogen-rich condi-
tions, resulting in three strains that accumulate increased lipids, unconstrained by nitrogen availability when grown

in phenol or glucose. Transcriptomic analyses revealed that the best strain (#13) enhanced FA production via activa-
tion of the 3-ketoadipate pathway. Gene deletion experiments confirm that lipid accumulation in nitrogen-replete
conditions requires reprogramming of phenylalanine metabolism. By generating mutants decoupling carbon storage
from low nitrogen environments, we move closer toward optimizing R. opacus for efficient bioproduction on lignocel-
lulosic biomass.
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Introduction

Utilization of biomass, especially lignocellulosic biomass,
has enormous unmet potential. Biofuels and commod-
ity chemicals are commonly produced from the cellulose
and hemicellulose fractions, but the lignin fraction is fre-
quently treated as a waste stream and burned [1]. Lignin
offers promise as a feedstock for microbial production
of biofuels and platform chemicals [2, 3]. It has a high
energy density with a carbon-to-oxygen ratio greater
than cellulosic feedstock [4, 5]. Yet, achieving commer-
cially viable bioproduction is challenging, as lignin is a
complex, heterogeneous polymer, and the depolymeriza-
tion process primarily yields aromatic compounds toxic
to many microbes [6, 7].

Unlike most prokaryotes, Rhodococcus species have the
capacity to produce triacylglycerols (TAGs) as a storage
compound, rather than common polyhydroxyalkanoates
(PHAS) [8-10]. Rhodococcus opacus PD630 (hereafter R.
opacus) can accumulate up to 80% of its dry cell weight
(DCW) as TAGs when grown on gluconate [10], and as
much as 44% of DCW when grown on phenol [11], a
model compound for lignin breakdown products [11,
12]. TAGs and their derivatives are precursors to aviation
fuels and numerous industrial chemicals, representing an
area of bioproduction where finely tuned microbial cell
factories could make a significant impact [13].

Lipid production in oleaginous Rhodococcus species is
largely linked to nitrogen stress; in nitrogen-poor growth
conditions, cells store carbon in the form of TAGs [14,
15]. When nutrient availability is reversed and carbon
becomes scarce in the immediate environment, these
storage molecules can then be readily mobilized. Link-
ing lipid production to nitrogen starvation necessarily
decouples it from growth, with most TAG accumulation
corresponding to stationary phase [16]. Nitrogen limi-
tation presents a challenge for bioproduction on recal-
citrant biomass; lipid titers on aromatic substrates can
be an order of magnitude lower than on glucose due to
additive stress further impairing growth [16]. In Rhodo-
coccus, most strategies to improve TAG production have
focused on overexpressing native genes, including (1)
increasing fatty acid synthesis with the fasl operon; (2)
boosting the final step in TAG biosynthesis with atf2; (3)
using thioesterases to increase fatty acid-CoA produc-
tion; and (4) increasing the NAD(P)H pools via tadD or
malic enzymes [14, 17-20]. While these methods have
improved lipid accumulation in oleaginous Rhodococ-
cus, none have addressed the inherent regulation of TAG
production under nitrogen limitation or have generated
engineered strains designed for utilizing toxic feedstock
such as lignin or its breakdown products.

Here, using comparative transcriptomic datasets of
R. opacus grown under nitrogen and phenolic stress,
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we identified transcriptional regulators (TRs) predicted
to increase lipid titers in a nitrogen-independent man-
ner [12, 21]. We then constructed and tested 27 strains
expressing these TRs (see Table S1), three of which
demonstrated increased TAG accumulation in nitro-
gen-replete conditions. Transcriptomic analysis during
growth on phenol as a sole carbon source identified a
novel expression state during increased lipid production
defined by significantly increased expression of phenolic
catabolism genes. This novel state, shared by two of the
three mutants, modulates expression at multiple lev-
els of phenylalanine metabolism, while simultaneously
driving increased expression in cofactor and amino acid
metabolism. We further confirmed that overexpressing
the phenylacetic acid (paa) degradation regulator paaX
promoted lipid accumulation in nitrogen-replete condi-
tions. Induction of the gene controlling degradation of
phenylethylamine (pea) and repression of the paa deg-
radation operon reveal a complex regulatory mechanism
resulting in increased lipid accumulation in nitrogen-rich
environments. When grown in nitrogen-replete condi-
tions, Strain 13 successfully increases lipid production
with no penalty to growth rate, confirming a decoupling
of carbon storage and nitrogen limitation. In summary,
we demonstrate that metabolic tuning of phenylalanine
metabolism in R. opacus leads to increased lipid accumu-
lation. This work represents a critical step toward opti-
mizing R. opacus as a chassis for bioproduction.

Methods

Chemicals and strains

Unless otherwise indicated, all chemicals were purchased
from Sigma Aldrich (St. Louis, MO). The ancestral, or
wild-type (WT), strain for all transformant cells was Rho-
dococcus opacus PD630 (DSMZ 44193). This strain was
used as a basis of comparison for all engineered strains.
Culturing conditions for all experiments, unless other-
wise noted, were at 30 °C and 250 rpm, with the previ-
ously described minimal salts medium B constituting
the growth medium [50]. Media were sterilized using
a 0.22-um filter, with carbon sources added from filter-
sterilized stock solutions; nitrogen was added either
after pre-sterilization or from a separate filter-sterilized
stock solution. Medium pH was adjusted to 7.2 using 6 N
HCI or 2 M NaOH solutions. Optical density at 600 nm
(ODgy,) was measured using a Tecan Infinite 200Pro
plate reader, either directly using VWR semi-micro
polystyrene cuvettes or indirectly based on the absorb-
ance at 600 nm (Ay,,) measured in black 96-well plates
(Greiner Bio-One flat bottom, chimney well, pclear). An
Ay value can be converted into an ODg, value (for R.
opacus cultures) via the experimentally determined
relationship ODggp = 1.975 X (Aggop — 0.04). All strains
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were maintained on tryptic soy broth (TSB) plates sup-
plemented with 1.5% agar. Kanamycin (20 ug/mL), gen-
tamicin (10 pg/mL), chloramphenicol (34 pg/mL), or
hygromycin B (200 pg/mL) was added as appropriate
to E. coli cultures. Kanamycin (50 pg/mL), gentamicin
(10 pg/mL), chloramphenicol (15 pg/mL), and/or hygro-
mycin B (50 pg/mL) were added as appropriate to R. opa-
cus cultures.

Plasmid construction and DNA manipulation

All plasmids constructed for this study were confirmed
by DNA sequencing (Genewiz; South Plainfield, NJ); all
primers were purchased from Integrated DNA Tech-
nologies (IDT; Coralville, IA). All overexpression plas-
mids were assembled using Golden Gate Assembly, and
knockout plasmids were assembled using Gibson Assem-
bly. All plasmids were replicated in E. coli DH10B, and
then isolated using a PureLink = HiPure Plasmid Mini-
prep Kit (Invitrogen by ThermoFisher; Waltham, MA)
[51, 52]. DNA fragments were amplified using Phusion
High-Fidelity DNA Polymerase (NEB; Ipswich, MA)
and purified using a ZymoClean Gel DNA Recovery Kit
(Irvine, CA). Genomic DNA was extracted from R. opa-
cus using a Promega Wizard "~ Genomic DNA Purifica-
tion Kit (Madison, WT).

Transformation of R. opacus

Preparation of competent cells was conducted as previ-
ously described [50]. In brief, an overnight culture in TSB
medium was used to inoculate 100 mL of fresh TSB con-
taining 8.5 g/L glycine and 10 g/L sucrose (initial optical
density, ODy, diluted to 0.075). Cells were cultivated in
standard conditions to an ODyg, value of 0.4-0.5, corre-
sponding to exponential phase growth. Cells were rap-
idly chilled and centrifuged at 3.5 k relative centrifugal
force (abbreviated as RCF), and then washed twice with
chilled, sterile, deionized water. A final resuspension to
an ODg,, ~ 10-15 was made in chilled 10% (v/v) glycerol,
and cells were aliquoted at 100 pL and frozen at — 80 °C
for later use.

For transformation with a replicating plasmid, approxi-
mately 500 ng plasmid DNA was added to prepared
electrocompetent cells. The electrocompetent cells were
shocked at 2500 mV across a 0.2-cm-gap cuvette (time
constant ~5-6 ms) and provided with 1 mL rich media
(either TSB or SOC/super-optimal broth with catabo-
lites) to recover. For outgrowth, cells were transferred to
50-mL glass culture tubes and incubated under standard
growth conditions for 4 h before being spread on TSB
plates infused with the appropriate antibiotics. Plated
cells were grown at 30 °C for 2-3 days until colonies
emerged, and then propagated on fresh plates.
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Generation of R. opacus knockout mutants was accom-
plished using a previously developed method for homol-
ogous recombination, with modifications [36]. Briefly,
electrocompetent cells were prepared as above using a
strain expressing a helper plasmid containing the Che9c
viral recombinases. Competent cell aliquots were trans-
formed with 1-2 pg of a suicide vector containing the
knockout construct (an antibiotic resistance cassette
flanked by ~500 bp segments homologous to the target
gene); the outgrowth period for these transformations
was at least 6 h and up to 12 h. Transformed cells were
plated on TSB with the corresponding antibiotics and
incubated at 30 °C for 4-5 days; colonies were propa-
gated on fresh TSB plates and verified by colony PCR
(Promega GoTaq® G2 DNA Polymerase).

Fermentation for lipid analysis

Frozen stocks of strains (generated from isolated colo-
nies and stored at — 80 °C) were streaked onto fresh TSB
plates, with antibiotics as appropriate, and then grown
for 2—4 days. A loopful of cells were used to inocu-
late seed cultures in minimal media B with 1 g/L each
(NH,),SO, and glucose as nitrogen and carbon sources,
respectively [50]. These cultures were centrifuged at 3.5 k
RCE, and the pellets were resuspended in low-nitrogen
minimal media. ODy,, of these cell suspensions was
adjusted to approximately 2, and then used to inoculate
the 50 mL fermentation cultures (250-mL non-baffled
Erlenmeyer flasks). The carbon conditions were either
2 g/L glucose or 0.4 g/L phenol, and the nitrogen condi-
tions were either 0.05 g/L or 1 g/L (NH,),SO, (hereafter
‘low’ and ‘high’ nitrogen), for a total of four combinatorial
conditions. Each strain was grown in one flask per car-
bon/nitrogen condition. Cultures were grown in stand-
ard conditions for 72 h unless otherwise described. Final
ODy, was measured and used to calculate the volume
necessary to collect 5 OD units of cells (or 10 OD units, in
the case of the glucose/low nitrogen condition) using the
relation Vol = 5/0Dgq. Triplicate samples of each strain
and culture condition were collected and centrifuged at
3.5 k RCF for 10 min, and then the culture supernatant
was discarded, and the cell pellets were stored at — 20 °C
prior to lipid extraction. The low nitrogen concentration
(0.05 g/L (NH,),SO,) was chosen to optimize lipid titer in
phenol cultures, and the high-nitrogen condition (1.0 g/L
(NH,),SO,) is sufficient for nitrogen-replete growth and
lipid accumulation in both carbon conditions.

Lipid extraction and analysis

An acid—chloroform lipid extraction was performed as
described [22], with modifications. In brief, the pelleted
5 (or 10) OD units of cells were resuspended in 100 pL
sterile, deionized H,O and transferred to a 15 mL glass
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centrifuge tube. 1 mL of 10% (v/v) H,SO, in methanol
was added to the cells, as well as 1 mL of chloroform and
a C;, standard (40 mg/mL lauric acid dissolved in meth-
anol) to a final concentration of 40 mg/L. Cell solutions
were incubated at 100 °C for one hour, and then chilled
rapidly on ice prior to adding 1 mL of deionized H,O and
mixing thoroughly by vortex. Finally, the cell extracts
were centrifuged at 1 k rpm for 5 min at room tem-
perature, and the resulting organic layer was extracted
into GC vials [49]. Samples were stored at 4 °C prior to
analysis.

Lipid extracts were analyzed as previously described
via GC-FID using an Agilent 6890A system equipped
with a DB5-MS column and a flame ionized detector
(FID) (Agilent Technologies) [23, 24]. A 1 pL sample of
each lipid extract was injected into the 250 °C inlet, with
N, carrier gas flowing at 1.4 mL/min. Each sample run
began with an initial oven temperature of 80 °C, and then
ramped at 20 °C/min to 300 °C, where it held for a final
three minutes. Between samples, the injector was washed
with ethyl acetate, with ethyl acetate also serving as the
blank samples at the start and end of each sample run.
Peak integration was carried out using the ChemStation
software and exported to Microsoft Excel for data pro-
cessing. In addition to the C,, internal standard, the com-
ponents of the lipid samples were quantified compared
to standard curves of 13 fatty acids, detailed in Table 2S
[25-27]. All standard curves were plotted by the area
of the peaks of 25 mg/L, 50 mg/L, and 100 mg/L stand-
ard compounds. The fitted slopes of these curves were
used to calculate the concentration of each component
within the extracted lipid samples matched by retention
time. 40 mg/L of lauric acid (C12) was added as inter-
nal standard for the normalization of different samples.
If necessary, summed average titers were transformed to
standardize control samples between different fermenta-
tion experiments.

RNA extraction and rRNA depletion

RNA extraction proceeded as previously described
[11]. Briefly, RNA was extracted using the RNA Mini-
Prep kit (Zymo Research) and treated with two doses
of TURBO DNase I (Ambion) for 30 min at 37 °C to
remove DNA contamination. DNase-treated RNA was
then cleaned using the RNA Clean & Concentrator Kit
(Zymo Research), and then tested for DNA contami-
nation by PCR amplification using intergenic prim-
ers. Any samples with distinct bands after PCR were
digested and cleaned again until no DNA was detected.
Total RNA concentration was quantified using a Nano-
Vue Plus spectrophotometer, and rRNA was depleted
using the Bacterial Ribo-Zero rRNA removal kit (Illu-
mina). mRNA was converted to ¢cDNA and barcoded

Page 4 of 13

using previously described methods [12]. cDNA sam-
ples were then pooled in equimolar ratios and diluted
in nuclease-free water to a final concentration of 10 nM
for sequencing.

Sequencing library preparation and transcriptomic
analysis

A 20 uL equimolar mix of cDNA samples were submit-
ted for sequencing at DNA Sequencing Innovation Lab
(DSIL) in the Edison Family Center for Genome Sci-
ences and Systems Biology at Washington University in
St. Louis School of Medicine. Samples were single-end
sequenced (1x75 bp) using the Illumina Hi-Seq 2500
System.

After demultiplexing, raw reads were trimmed using
trimmomatic [28] with the standard settings and the
CROP length of 75 bp. Samples with more than 15 mil-
lion trimmed reads were subsampled using seqtk [29],
and then mapped to a bowtie2 library built based on
the ASM2054278v1 R. opacus reference (Refseq assem-
bly GCF_020542785.1), sorted, and indexed. Expression
counts were calculated for each genetic loci using fea-
tureCounts [30] and imported into R [31] for statistical
analysis and visualization. Differential gene expression
analysis was performed using DESeq2 [32], and pathway
enrichment was performed using gage with the following
parameters: test="unpaired’, set.size=c(10,100), same.
dir=TRUE, rank.test=FALSE, and test4up=TRUE.
Counts were transformed using the regularized log trans-
formation in DESeq?2 [32]. Heatmaps were generated in R
using pheatmap [33]. An initial assessment of expression
coverage across the genome identified a lack of expres-
sion from all genes located on plasmid 3 in WT grown
in both phenol and glucose, as well as a majority of genes
located on plasmid 2 in Strains 13 and 20 grown with
both carbon sources (Fig. 1S). We thus removed those
plasmids from analysis and concentrated our assess-
ment of differential expression (DE) on loci present in
all conditions. The 500 most highly variable transcripts
were identified from transformed data. The chord dis-
tance metric was calculated using the disttransform func-
tion from BiodiversityR [34] for generating ordination
analysis. Redundancy analysis (RDA), beta dispersion,
and PERMANOVA were conducted using vegan [35] in
R. Genes associated with altered transcriptomic states
were identified by selecting the top 100 loading vectors
with directions closest to the centroid of the Strain 13
samples. Any genes that were not annotated to a symbol
name were omitted. The trimmed, subsampled cDNA
sequences were uploaded as fastq files to the Sequence
Read Archive (https://www.ncbi.nlm.nih.gov/sra) in bio-
project PRINA1039565.
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Results

To identify TRs required for nitrogen-independent lipid
production in R. opacus, we utilized two previously pub-
lished transcriptomic datasets [12, 36]. Specifically, we
focused on TRs that were differentially expressed (DE)
under both nitrogen and phenolic stress. Of the 399 TRs
genes considered, 141 responded with at least a twofold
change in transcription when grown in phenol, and 216
responded to low nitrogen. This pool was narrowed to
33 candidates which responded with>twofold changes
to both stimuli (Fig. la). 8/33 (30%) TRs, including
K2Z90_RS35615 (W@G027), K2Z90_RS02690 (WG026),
and K2Z90_RS00365 (WGO035), were overexpressed
under both stress conditions (Fig. 1a). And 11/33 (41%)
TRs, including K2Z90_RS32760 (WG013) and K2Z90_
RS14485 (WG020) decreased expression in phenol and
increased in nitrogen starvation. The observed changes
in the expression of 33 TR under diverse lipid production
conditions highlight the potential for controlling TAG
production through engineering.

Overexpression of R. opacus transcriptional regulators
increases lipid accumulation when grown on glucose

or phenol

These 33 TRs were cloned into the high-copy pAL5000(S)
plasmid under a strong constitutive promoter; 27 were
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successfully overexpressed in R. opacus (see Supplemen-
tary Table 1 for a full list). We then used the lipid-stain-
ing dye NileRed to screen for their lipid accumulation
under both phenol and nitrogen starvation stress. From
the list of 27 TRs, we selected 7 (Fig. 1b): strains WG027
(1), W@G026 (2), and WG035 (3) overexpress TRs K2Z90_
RS35615, K2Z90_RS02690, and K2790_RS00365, strain
WG031 (4), strain WGO008 (5) and strain WGO013 (6)
overexpress TR K27Z90_RS09960, K2790_RS10170 and
K2Z90_RS32760, respectively, and finally strain WG020
(7) expresses K2790_RS14485.

These 7 strains were tested in fermentation using either
glucose or phenol as a sole carbon source with or without
nitrogen limitation (Fig. 1b). In comparison to wild-type
(WT) expressing an empty vector control, five of seven
characterized mutant strains produced higher titers of
lipids (FAs) in at least one of the four fermentation con-
ditions: 2.0 g/L glucose with either 1.0 g/L or 0.05 g/L
(NH,),SO,, and 0.4 g/L phenol with the same concentra-
tions of (NH,),SO, (Fig. 1b). Importantly, strain WG013
(hereafter called Strain 13) and W@G026 (hereafter called
Strain 26) increased FA production in both nitrogen-rich
and poor conditions in phenol, highlighting their poten-
tial for converting lignin into TAG. Additionally, strain
WG020 (hereafter called Strain 20) produced higher
FA titers than WT in the presence of high (NH,),SO,

0.05 gL (NH,),SO,
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Fig. 1 Overexpressing endogenous transcription factors (TFs) that show strong differential expression when grown in phenol and with nitrogen
starvation results in increased TAG production in nitrogen-rich environments, compared to the wild-type strain. a Using two previously published
datasets [12, 36], we identified TFs which were differentially expressed in phenol and during nitrogen starvation, compared to nutrient broth. The
27 genes which had greater than twofold change were selected for overexpression. b A subset of the 27 successfully overexpressed TFs were
selected for FA production. 7 Strains were grown in either glucose or phenol at two different nitrogen concentrations—representing nitrogen-rich
and nitrogen-poor environments—for 60 h, and then lipids were extracted and measured using GC-FID. pWG013- and pWG026-containing cells
produced higher lipid titers than WT in three conditions and were chosen along with the pWG020-containing strain for transcriptomic analysis. All
lipid titers have been quantified using an internal C,, standard at 40 mg/L and averaged across technical replicates
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under both the glucose and phenol carbon source. Based
on these measurements, we selected these three strains
(Strains 13, 20, and 26) alongside WT for further tran-
scriptomic analysis to understand the regulatory roles of
these TRs.

Strains 13 and 20 induce transcriptional reprogramming

in phenol and glucose

Using constrained ordination (RDA), we found that
strain identity and carbon source significantly associated
with RNAseq profiles of each sample (redundancy analy-
sis for strain and carbon source, p=0.0019 and 0.0005,
respectively; permuted 2000 times; Fig. 2a). We detected
large dispersion of the transcriptome samples grown in
phenol, and we confirmed a significantly lower distance
to centroid for all samples grown in glucose (permuta-
tion test for homogeneity of multi-variate dispersions,
p=0.001, 999 permutations). Beta dispersion analy-
sis identified significant differences between Strains 13
and 20 compared to both WT and Strain 26 (permuta-
tion test for homogeneity of multi-variate dispersions,
p=0.002, 999 permutations, [Fig. 2b] followed by Tukey’s

Page 6 of 13

HSD post hoc test of the permuted dispersions [Fig. 2c]).
The transcriptional profiles of Strains 13 and 20 were
compositionally similar (permuted analysis of variation,
PERMANOVA, p=0.169), indicating that overexpres-
sion of TR K2Z90_RS32760 and K2Z90_RS14485, while
significantly affecting global expression, produces similar
effects on the cell. Interestingly, the expression profile of
Strain 26 exhibits composition close to that of WT (Tuk-
ey’s HSD, p=0.86; and PERMANOVA, p=0.267,), while
still increasing TAG production.

Strains 13 and 26 grown in phenol increase expression

of translation-associated and phenol utilization genes

We next identified the genetic components significantly
associated with the altered transcriptomic state seen in
Strain 13, which is the strain with the most significant dif-
ference in homogeneity and composition from WT (Tuk-
ey’s HSD, p=0.0035, Fig. 2b and ¢, and PERMANOVA,
p=0.0032). These clustered into three distinct groups
based on expression: (1) a set of genes with low expres-
sion in WT and Strain 26 grown in phenol but highly
expressed in Strain 13 and Strain 20 regardless of carbon
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Fig. 2 TR expression induces transcriptional reprogramming across strains and carbon sources. a Redundancy analysis (RDA) was conducted

on the first two principal component axes generated from the 500 most highly variable transcripts across all strains. Samples from each strain are
illustrated by colored hulls. b Distance to centroid boxplots for each strain. The centroid of all the samples from a strain (across both conditions)
was generated. ¢ 95% family-wise confidence level of the difference in dispersion between strains. A vertical line demarcates zero; a confidence
interval which crosses this line indicates the true difference between the dispersion of the two conditions is likely zero



Anthony et al. Biotechnology for Biofuels and Bioproducts (2024) 17:83

Page 7 of 13

| Strain 16

Carbon Source 14

rsgA Strain
whiB7 12 wt
cadl

pstS 10 26
pdtaS 8 20
mmpL 13

purN
mepA
trmD
ahpC
ctc
rhlE1
mutM
rimM

Carbon Source

glucose
phenol

N A O

ssiE

phnT

phnS

pcaG

pcaH

pcaK

pcaB

pcaD

dnaJ
L[ [ | [nemA

atzF

actP

catC

shiA

aspA

catB

catA_1

catA_2

Fig. 3 TR 13 and 20 induce activation of carbon-specific alternate transcriptional programs. A heatmap of the loci with RDA loadings lying

closest to Strains 13 and 20. Heatmap values are regularized-log transformed expression counts. Column annotations indicate the strain identity
and carbon source. Rows are clustered into three groups: (1) genes upregulated in glucose in WT that become universally upregulated in Strains
13 and 20 in either glucose or phenol; (2) a set of three genes which are only upregulated in Strain 13 grown in phenol; and (3) genes upregulated

in Strains 13 and 20, compared to WT

source (hereafter referred to as “carbon source universal
optimization gene set for TAG production” or COG), (2)
a set of three genes (the transport genes phnT and phnS
and the biofilm promoting virulence factor gene ss/E
[37]) that were only upregulated in Strain 13 grown in
glucose, and (3) a set of genes differentially expressed in

Strains 13 and 20 versus WT grown in phenol (hereaf-
ter referred to as “phenol-specific optimization gene set
for TAG production” or POG) (Fig. 3). COG contains a
set of genes involved in translation (rhlE1, cpc, rimM, and
trmD [38, 39]) and pstS (encoding phosphate transport)
[40]. A subset of the third set (rsgA, purN, phnT/S, pdtaS,
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Fig. 4 The PaaX-like TR 13 induces carbon-specific alternate transcriptional programs and represses phenylacetic acid degradation. a Heatmap
visualizing the differential expression of KEGG pathways. Each mutant was compared to the WT strain grown using the same carbon source

for differential expression in all the R. opacus’annotated KEGG pathways (rows). The color of each cell of the heatmap denotes the fold change
versus WT, and white cells represent non-significant changes. Each column represents the DE of one condition, averaged from replicates

and tested using GAGE in R. Annotation bars on top of the heatmap denote the strain and carbon source in each column, and the row annotation
bar on the side denotes the BRITE functional hierarchy classification for each pathway. Rows are clustered using the “‘complete” distance method.
b Heatmap visualizing the DE of the phenylacetic acid degradation pathway in Strain 13 versus WT grown on phenol. Here, all loci annotated

to the phenylacetic acid pathway were shown as rows, and each column represents one of the replicates for each condition. Column annotation
bars on top of the metric indicate the strain and carbon source designation of each replicate. Rows and columns are clustered using Euclidean
distance and the “complete” clustering metric. Heatmap values are regularized-log transformed expression counts

pstS, and ahpC) was significantly upregulated in Strain 13
versus WT, when grown on glucose.

The POG contained a set of genes highly upregulated
in Strains 13 and 20 compared to WT. This included the
catABC gene cluster of the ortho cleavage arm of cat-
echol degradation [41], the pcaBDHGK genes of the pro-
tocatechuate degradation II pathway (both of which are
important for degradation of aromatic carbon sources)
[42], and the shikimate transporter shiA [43].

Strain 13 induces upregulation of metabolic pathways
related to protein and cofactor synthesis in phenol

Strain 13 overexpresses K2Z90_RS32760, which is anno-
tated as a PaaX-family TR. We conducted KEGG pathway
analysis to determine which cellular components under-
went differential expression, comparing all strains to WT
in both carbon sources (Fig. 4a). TR 13 downregulated

three KEGG pathways when grown in glucose: oxida-
tive phosphorylation, aminoacyl-tRNA biosynthesis, and
the biosynthesis of amino acids, while TR 20 only down-
regulated the KEGG ribosome pathway. Strain 13 grown
in phenol increased expression of ten KEGG pathways,
including pantothenate and CoA metabolism, phenyla-
lanine, tyrosine, and tryptophan biosynthesis, and ribo-
some and aminoacyl-tRNA synthesis. TR 20 upregulated
the same set of ten pathways, but also upregulated por-
phyrin metabolism. Both TR 13 and TR 20 upregulated
multiple metabolic and cofactor pathways as well as path-
ways related to amino acid metabolism. Strain 26 did not
upregulate any pathways in either carbon condition, and
instead downregulated four categories in glucose: oxida-
tive phosphorylation, amino and nucleotide sugar bio-
synthesis, carbon metabolism, and biosynthesis of amino
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acids. Strain 26 did not differentially express any path-
ways versus WT in phenol.

To confirm TR 13’s role in regulating the paa pathway,
we examined differential expression at the loci anno-
tated to be a part of the paa cluster (Fig. 4b). All genes
within the cluster were significantly downregulated in
Strain 13 grown in phenol compared to WT. Differential
expression of KEGG modules within the phenylalanine,
tyrosine, and tryptophan metabolism and phenylalanine
degradation pathways further identified the “phenylac-
etate degradation, phenylacetate to acetyl-CoA/succinyl-
CoA” module as being significantly downregulated in all
mutant strains grown in phenol (Figure S1, see Fig. 4S for
KEGG reference pathway). All three strains also exhib-
ited upregulation of the “tryptophan biosynthesis, choris-
mate to tryptophan” Strains 13 and 20, but not 26, also
upregulated the “shikimate pathway, phosphoenolpyru-
vate + erythrose-4P to chorismate” module.

Strain 13 increases FA titers by remodeling phenylalanine
metabolic pathway expression and exhibits WT-like growth
in nitrogen-replete glucose conditions

PaaX encoded by K2Z90_RS32760 is a negative regulator
acting on an 8-gene phenylacetic acid degradation (paa)
gene cluster, which is located a few kilobases downstream
of paaX in the R. opacus genome. As shown previously
(Fig. 1b), Strain 13 overexpressing K2Z90_RS32760
resulted in a significant increase in FA titer (two-tailed
t-test, p=0.011, standard deviation of 7.76). To deter-
mine whether altering the functionality of different com-
ponents of the paa pathway modified the increased FA
titer phenotype, an antibiotic selection marker was site-
specifically inserted into three consecutive genes within
the PAA degradation pathway (from upstream to down-
stream): K2Z90_RS33245, K2Z90_RS33240, and K2Z90_
RS33235 which encode the phenylacetate-coenzyme A
ligase (PaaF), a helix-turn-helix transcriptional regulator
(FeaR), and an amidase, respectively (Fig. 5a).

While deleting the amidase in the presence of overex-
pressed K2Z90_RS32760 resulted in a further increase in
FA titers (Fig. 5b), FeaR or PaaF deletion resulted in loss
of the increased FA titer, returning to WT’s production
levels (Fig. 5a and b, glucose and phenol, respectively).
Because disruption of PaaF expression via selection
marker integration simultaneously disrupts FeaR expres-
sion, we conclude that PaaX enhances FA production in
R. opacus by activating FeaR expression or repressing the
paa pathway. FeaR is responsible for the activation of the
upstream pea degradation pathway [36], which produces
phenylacetate (Fig. 4S). To further confirm the role of
FeaR in regulating FA production in R. opacus, we over-
expressed feaR (Fig. 5d and e) without K2Z90_RS32760
overexpression. Lipid profile analysis revealed that in
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nitrogen-replete conditions with either glucose or phenol
as carbon source, lipid titer was significantly increased
by 36.6% (two-tailed t-test, p<0.0001, standard devia-
tion of 0.025) and 56.2% (two-tailed t-test, p=0.0375,
standard deviation of 0.309), respectively (Fig. 5e). This
result suggests that activating the pea degradation path-
way enhanced FA production in a similar manner to the
change resulting from repression of the downstream paa
pathway (Fig. 4S).

Finally, to determine whether the increased lipid
accumulation in Strain 13 would result in a decrease in
biomass as previously described [16], we grew Strain
13 and WT on glucose. We varied the concentration of
ammonium sulfate to simulate nitrogen-replete (1.0 g/L
(NH,),SO,, Figure S3a) and nitrogen-limited (0.05 g/L
(NH,),SO,, Fig. 3Sb) conditions. In nitrogen-replete con-
ditions, Strain 13 and WT grew at the same rate, while
in nitrogen-limiting conditions, Strain 13 exhibited a
decrease in max ODy,.

Discussion

Carbon storage in the bacterial cell is usually induced
during nutrient limitation (e.g., phosphorus and nitrogen
limitation) and often occurs in stationary phase [44—46].
Genetic components involved in modulating TAG syn-
thesis in R. opacus PD630 have been discovered [14, 15],
but identifying regulatory elements which adjust lipid
accumulation in phenol and other recalcitrant feed-
stocks is important for optimizing R. opacus PD630 for
efficient lignin valorization. In this study, we increase
bacterial lipid production (even during nitrogen-replete
conditions) through overexpression of endogenous
transcriptional regulators, examine the effects of these
modulations on the transcriptome, and use experimental
techniques to interrogate their mechanisms further.

Of the seven TR overexpression mutants selected for
FA titer measurement, Strains 13, 20, and 26 exhibited
higher FA titers (Fig. 1). We observed the creation of two
unique transcriptional states. TR 26, which produces
a statistically similar level of dispersion and composi-
tion to that of WT R. opacus, induces a markedly differ-
ent transcriptional regime than that of TR 13 and 20 and
little to no pathway differential expression versus WT.
While the mechanism demarcating the transcriptional
state shared by Strains 13 and 20 versus 26 is unclear,
we show that increasing TAG production in R. opacus is
possible through multiple unique genetic modifications.
Understanding these mechanisms may enable strate-
gies to bypass the requirement of nitrogen starvation for
TAG production. Nevertheless, these observed changes
in lipid accumulation highlight potentials in controlling
TAG production by engineering TRs.
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Conversely, overexpressing the nitrate regulatory pro-
tein NarL (TR 31) yielded minimal changes to FA titers.
NarL plays a role in regulating the activity of terminal
electron receptors depending on environmental cues
[47] and sensing nitrogen intermediates, and it is asso-
ciated with biofilm formation and host-associated sur-
vival in bacteria [48]. The lack of an effect suggests that
the mechanisms for decoupling the relationship between
TAG accumulation and nitrogen availability are only tan-
gentially related systems acting directly on nitrogen and
its intermediates. This observation is further supported
by observing the functions of TR 13, 20, and 26 to be
unrelated to nitrogen resource regulation in R. opacus.

Given the end goal of increasing TAG production,
it was surprising that so few of the classical lipid bio-
synthesis and metabolism genes were identified as dif-
ferentially expressed. Several genes associated with
increased TAG production have been identified in Rho-
dococcus species. The major lipid droplet protein, TadA
[49], required for lipid storage and droplet formation,
was significantly upregulated in Strains 13 and 20. To
a lesser extent, MLDSR, the regulator which controls
tadA expression [50] was also upregulated in Strain
26. We also identified differential expression in the
orthogonal biochemical KEGG pathway Coenzyme A
biosynthesis. Coenzyme A overexpression to increase
TAG biosynthesis in oleaginous microbes has already
been successfully implemented in algae [51], suggesting
that further modification of Coenzyme A metabolism
is a promising method for increasing TAG production
without direct modulation of the tightly controlled lipid
biosynthesis metabolic circuit. More work thoroughly
investigating the link between tadA expression, nitro-
gen regulation, and Coenzyme A metabolism is needed
to determine the connection between these metabolic
components.

TR 13 and 20 overexpression resulted in similar effects
on the transcriptome and led to repression of the paa
gene cluster. This alteration of phenylalanine metabo-
lism was integral toward decoupling carbon storage from
nitrogen limitation in these strains, resulting in upregu-
lation of genes within the cat and pca branches of the

(See figure on next page.)
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B-ketoadipate catabolism pathways and improved utiliza-
tion and lipid accumulation in a nitrogen-replete phenolic
environment at little cost to growth. Though previous
work has shown phenol to be utilized solely through
the cat branch [11], upregulation of both branches of
the B-ketoadipate pathway was also seen in WT and in
descendant strains of R. opacus PD630 adapted on mul-
tiple aromatic compounds [11]. The transcriptional state
of mutant strains grown in glucose exhibited far less
compositional change than mutants grown in phenol.
The upregulated COGs were not involved with glucose
metabolism, but instead protein translation (rhlE1, cpc,
rimM, and trmD). This is likely due to the increased syn-
thesis demand during protein overexpression. The lack of
carbon source-specific gene regulation demonstrates that
glucose metabolism is not the limiting step during TAG
accumulation in nitrogen-replete environments.

Beyond phenylacetic acid metabolism, we further dem-
onstrate that alteration of upstream modules of the phe-
nylalanine metabolism pathway also leads to altered lipid
accumulation. feaR encodes for the activator of the pea
degradation pathway, which produces phenylacetate [52].
Overexpression of feaR alone was sufficient to increase
TAG production, and a AfeaR/+ paaX strain resulted in
a loss of increased TAG production. The strain with the
largest increase in FA titers was AK2Z90_RS33235, the
gene encoding for an amidase located directly adjacent
to the paa pathway. There is growing evidence that phe-
nylacetate is a cross-kingdom signaling molecule with
important contributions to the oxidative stress response
in Acinetobacter baumannii, and it is known to regulate
growth and development in plants [53]. Given that delet-
ing genes near the paa pathway increases FA titers and
that deleting genes within the paa gene cluster resulted
in loss of increased FA titers, it seems likely that a func-
tional paa is still required within the cell, perhaps to
allow R. opacus PD630 to efficiently respond to the lipid
peroxidation associated with increased oxidative stress
[53].

We thus hypothesize that altering the expression of
either the pea pathway activator or the paa pathway
repressor, both modules of the phenylalanine metabolism

Fig. 5 Increasing TAG production through altered regulation of phenylalanine degradation. a The proposed phenylacetic acid (PAA) degradation
operon. Gene symbols displayed for all annotated loci using reference genome ASM2054278v1. b, ¢ Assays of lipid profiles of mutant strains

with cultivation on 2 g/L glucose (b) or 0.4 g/L phenol (c) as carbon source. All mutant strains harbor the paaX overexpression plasmid pWG013. The
WT strain harboring an empty vector was used as a control (EC). d Schematic diagram of the replicating plasmid used for overexpressing the feaR
transcription factor. e Lipid production of the pJD086 strain overexpressing feaR. The control (EC) and the engineered strains were cultivated

on both 2 g/L glucose and 0.4 g/L phenol. All assays were conducted in nitrogen-replete conditions (1 g/L (NH,),SO,). All values represent

the mean from triplicate cultures, with error bars depicting the standard deviation from that mean. Unpaired two-tailed t-test was used to compare
the variation in the change in lipid contents of the mutants against that of the EC strain (ns, not significant). Asterisks denote statistical significance

of comparisons: *: p < 0.05, ** : p < 0.01, ***: p < 0.001
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super-pathway, leads to increased expression of the phe-
nol degradation pathway. Simultaneously, altered expres-
sion of cofactor resources such as Coenzyme A may
beneficially modulate resource availability for the phenol
degradation pathway, as has been shown in phenolic acid
production in S. cerevisiae [54]. This could result in the
increased expression of the POG gene set when in the
presence of phenol and an increase in lipid production
without the growth attenuation traditionally observed in
nitrogen-replete conditions. *C-metabolic flux analysis
would provide a more complete understanding of how
these genetic alterations affect carbon flow through cen-
tral metabolism and illuminate the true effects of these
observed transcriptomic changes. In conclusion, we have
demonstrated the ability to increase TAG production
through the overexpression of endogenous transcrip-
tional regulators. The effects on the transcriptome were
significantly greater when grown in phenol and resulted
in a decoupling of the traditional trade-off between
growth and carbon storage. This work describes a novel
mechanism for improving TAG production in phenol
and glucose toward achieving an eventual goal of advanc-
ing lignin valorization.
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