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A B S T R A C T   

Pseudomonas putida KT2440 is a well-studied bacterium for the conversion of lignin-derived aromatic compounds 
to bioproducts. The development of advanced genetic tools in P. putida has reduced the turnaround time for 
hypothesis testing and enabled the construction of strains capable of producing various products of interest. 
Here, we evaluate an inducible CRISPR-interference (CRISPRi) toolset on fluorescent, essential, and metabolic 
targets. Nuclease-deficient Cas9 (dCas9) expressed with the arabinose (8K)-inducible promoter was shown to be 
tightly regulated across various media conditions and when targeting essential genes. In addition to bulk growth 
data, single cell time lapse microscopy was conducted, which revealed intrinsic heterogeneity in knockdown rate 
within an isoclonal population. The dynamics of knockdown were studied across genomic targets in 
exponentially-growing cells, revealing a universal 1.75 ± 0.38 h quiescent phase after induction where 1.5 ±
0.35 doublings occur before a phenotypic response is observed. To demonstrate application of this CRISPRi 
toolset, β-ketoadipate, a monomer for performance-advantaged nylon, was produced at a 4.39 ± 0.5 g/L and 
yield of 0.76 ± 0.10 mol/mol from p-coumarate, a hydroxycinnamic acid that can be derived from grasses. These 
cultivation metrics were achieved by using the higher strength IPTG (1K)-inducible promoter to knockdown the 
pcaIJ operon in the βKA pathway during early exponential phase. This allowed the majority of the carbon to be 
shunted into the desired product while eliminating the need for a supplemental carbon and energy source to 
support growth and maintenance.   

1. Introduction 

The genetic tractability of Pseudomonas putida KT2440 (hereafter 

P. putida), as well as its broad carbon metabolism and tolerance to 
diverse environmental and oxidative stressors, position this host as a 
promising chassis for biotechnological applications (Chavarría et al., 
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2013; Dos Santos et al., 2004; Nelson et al., 2002; Timmis, 2002). 
Specifically, interest in using P. putida to convert lignin-related aromatic 
compounds to value-added products has grown due to the ability of this 
host to catabolize diverse aromatic substrates and tolerate cytotoxic 
compounds in lignin depolymerization streams (Abdelaziz et al., 2016; 
Becker and Wittmann, 2019; Beckham et al., 2016; Linger et al., 2014; 
Salvachúa et al., 2015; Weiland et al., 2022). In addition to its robust-
ness in lignin rich environments, P. putida has a wealth of genetic tools 
that enable researchers to easily delete or introduce genes for the pur-
pose of functional genomics and strain engineering, which was recently 
reviewed (Martin-Pascual et al., 2021). Natural products such as poly-
hydroxyalkanoates (Linger et al., 2014; Liu et al., 2017; Salvachúa et al., 
2020), muconic acid (Johnson et al., 2019; Kohlstedt et al., 2018; Sal-
vachua et al., 2018; Sonoki et al., 2018), lactate (Johnson and Beckham, 
2015), pyruvate (Johnson and Beckham, 2015), β-ketoadipate (βKA) 
(Johnson et al., 2019; Okamura-Abe et al., 2016), 2-pyrone-4,6-dicar-
boxyilc acid (Lee et al., 2022), among others (Incha et al., 2020; John-
son et al., 2019; Okamura-Abe et al., 2016) have been produced in 
defined media from model lignin aromatics as well as from crude lignin 
liquor through traditional knock in-knock out methods. The general 
metabolic engineering strategy used in these examples in which the 
molecular targets are intermediates in catabolic pathways relies upon 
generating mutants with partial pathways that terminate at a desired 
product. Alternate carbon sources such as glucose or acetate are sup-
plemented into the media to support growth and cell maintenance given 
that the majority of carbon is retained in the bioproduct. As an example, 
Johnson et al. 2019 produced 41.1 g/L βKA at near theoretical yield (1 
mol/mol) from 4-hydroxybenzoate (4-HBA), although this P. putida 
ΔpcaIJ production strain required co-feeding glucose to support growth. 

Interestingly, Sonoki et al., 2018 circumvented the need to feed 
additional carbon sources for the production of muconic acid in Sphin-
gobium sp. SYK-6 and P. putida. These authors co-expressed enzymes in 
P. putida that forked metabolism at the common aromatic intermediate 
protocatechuate (PCA) into the product muconic acid while allowing 
some flux of PCA into the TCA cycle for growth and maintenance 
(Sonoki et al., 2018). This strategy was successful, resulting in 20% 
molar yield of muconic acid from a mixture of vanillate and 4-HBA. The 
same group used an alternate strategy where they engineered an isolated 
Pseudomonas strain that can grow on S, G, and H lignin to funnel G and H 
lignin into muconate while using the S lignin for growth; this strain 
produced 73% molar yield of muconate from vanillate while growing on 
10 mM syringate (Shinoda et al., 2019). 

As an alternative strategy to engineering bifurcated pathways, 
CRISPR interference (CRISPRi) can potentially be a viable approach to 
accumulate a desired product while allowing nominal flux through 
downstream pathways. This is accomplished by using a guide-RNA 
(gRNA) molecule to direct a catalytically dead Cas9 protein (dCas9) to 
a promoter or coding region of interest, allowing for titratable knock-
down that can reduce gene expression from zero to 1000-fold versus 
baseline (Bikard et al., 2013; Mougiakos et al., 2018; Qi et al., 2013; 
Zhao et al., 2021). The bound dCas9+gRNA complex blocks the RNAP 
from initiating or elongating transcription, thereby knocking down gene 
expression (Bikard et al., 2013; Qi et al., 2013). Beyond modulating flux 
through downstream or alternate pathways, CRISPRi has been used for 
balancing flux through heterologous pathways (Kim et al., 2016; Tar-
asava et al., 2018), decoupling growth and production (Li et al., 2020), 
altering cell morphology for increased PHA accumulation (Elhadi et al., 
2016), and downregulating transcriptional repressors for increased 
product flux (Cress et al., 2017; Kim et al., 2020). Many of these ap-
plications leverage the programmability and specificity of the gRNA to 
rapidly phenotype libraries of knockdown mutants, testing hundreds of 
thousands of strains in a single experiment (Todor et al., 2021; Fenster 
and Eckert, 2021). 

Applications of CRISPRi rely upon a well characterized and tightly 
regulated expression system so that gene knockdown can be controlled 
and phenotypes can be accurately interpreted. Expression systems that 

are leaky result in background gene knockdown, preventing the con-
struction of essential gene knockdown strains and the study of wild type 
-to-knockdown phenotype transition (Cui et al., 2018; Gordon et al., 
2016; Tan et al., 2018). Furthermore, expression systems with over 
expressed dCas9 and/or gRNA suffer from general toxicity and off-target 
binding (Cui et al., 2018; Nielsen and Voigt, 2014). Therefore, robust 
tool design and characterization is paramount to realizing the benefits of 
CRISPRi experimentation. Towards this end, multiple groups have 
developed robust CRISPRi toolsets in P. putida, as reviewed recently 
(Martin-Pascual et al., 2021). These studies validated CRISPRi tools on 
fluorescent proteins (Batianis et al., 2020; Gauttam et al., 2021; Kim 
et al., 2020; Sun et al., 2018), essential genes such as ftsZ (Batianis et al., 
2020; Gauttam et al., 2021; Tan et al., 2018), on multiple targets 
simultaneously (Banerjee et al., 2020; Batianis et al., 2020; Tan et al., 
2018), for the production of indigoidine via growth based product 
coupling (Banerjee et al., 2020), and mevalonate via upregulation of 
glycerol utilization (Kim et al., 2020). Some of these toolsets are tightly 
regulated (Batianis et al., 2020; Gauttam et al., 2021) using the XylS/Pm 
regulator/promoter system or a combination of the Plac and Pbad pro-
moters for a tight off-state and high dynamic range, while others do not 
measure dynamic range (Banerjee et al., 2020; Kim et al., 2020; Sun 
et al., 2018) or have leaky off-states (Tan et al., 2018). 

This work adds to the existing base of CRISPRi tools in P. putida by 
systematically characterizing additional CRISPRi toolsets on a bulk and 
single cell level against fluorescent, essential, and metabolic gene targets 
to measure the response time after induction as well as the knockdown 
heterogeneity in an isoclonal population. Last, we apply the system to 
produce βKA — a precursor for performance-advantaged nylon (John-
son et al., 2019; Rorrer et al., 2022) — from p-coumarate (p-CA) without 
an additional carbon source. In shake flasks, we produced βKA from 
p-CA at 4.4 g/L and 76% molar yield by knocking down pcaIJ, demon-
strating a cultivation strategy for producing this value-added product in 
P. putida without addition of supplemental sugars. 

2. Materials and methods 

2.1. Plasmid construction 

PCR was conducted using New England BioLabs Inc. (NEB) Q5® 
High-fidelity DNA Polymerase 2x Master Mix using standard protocols. 
Vectors were assembled using the NEBuilder® HiFi DNA Assembly Kit. 
Assembled vectors were electroporated into either E. coli EPI400 
(Lucigen®), E. coli 10G (Lucigen®). Colonies were isolated on LB agar 
with appropriate antibiotics and inoculated into LB with appropriate 
antibiotic for plasmid extraction. Plasmids were extracted using the 
QIAprep® Spin Miniprep Kit (QIAGEN®) and whole plasmids or PCR 
amplicons were Sanger sequenced using GeneWiz®. Detailed plasmid 
construction information is located in the Supplementary Material. 

2.2. Strain construction 

Wild type Pseudomonas putida KT2440 ATCC® 47054 was used as the 
parent strain. dCas9 expression vectors were integrated between the 
hypothetical genes PP_4785 and PP_4786 using the kan/sacB suicide 
vector pK18sB (Jayakody et al., 2018) using an adapted method from 
Choi et al. 2006 andJohnson and Beckham, 2015 for transformation and 
integration, respectively. sfGFP expression vectors were integrated be-
tween the hypothetical genes PP_2984 and PP_2985 with Cas9/λ-Red 
mediated recombination via pCAS-RK2K using the pSEVA-gRNAT 
plasmid using the gRNA spacer sequence 5′-GCGGTTGCTCCACGCG-
CACA-3’ (Sun et al., 2018). Knockdown strains were constructed by 
electroporating gRNA expression vectors into dCas9 expression strains 
using previously described protocols. Plasmids were selected on LB 50 
μg/mL kanamycin sulfate (kan50) plates at 30 ◦C overnight. Single 
colonies were inoculated into 5 mL LB kan50 in culture tubes and 
incubated at 30 ◦C, 200 RPM overnight and frozen in 15% (v/v) 
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glycerol. Detailed strain construction information is provided in the 
Supplementary Material and Methods. 

2.3. Culture conditions 

P. putida was cultured in LB (Teknova: 1% tryptone, 0.5% yeast 
extract, 1% NaCl), modified M9 (6.78 g/L Na2HPO4, 3 g/L KH2PO4, 0.5 
g/L NaCl, 1 g/L NH4Cl, 2 mM MgSO4, 100 μM CaCl2, 18 μM FeSO4) 
supplemented with 30 mM glucose or 20–40 mM p-coumaric acid, or 
MOPS (Neidhardt et al., 1974) (40 mM MOPS, 4 mM tricine, 50 mM 
NaCl, 1.32 mM K2HPO4, 9.52 mM NH4Cl, 0.523 mM MgCl2, 0.276 mM 
K2SO4, 0.01 mM FeSO4, 5x10− 4 mM CaCl2, + micronutrient stock: 
3x10− 6 mM (NH4)6(MO7)24, 4x10− 4 mM H3BO3, 3x10− 5 mM CoCl2, 
10− 5 mM CuSO4, 8x10− 5 mM MnCl2, 10− 5 mM ZnSO4, adjusted to pH 
7.2 with KOH) supplemented with 30 mM glucose or 20–40 mM 
p-coumaric acid as sole carbon source. Knockdown strains were grown 
in their corresponding media with 50 μg/mL kanamycin sulfate at 30 ◦C, 
200 RPM. p-coumaric acid (p-CA) stocks, Sigma-Aldrich®, were made 
fresh the day of the experiment. p-CA was added to a stirred beaker with 
80% of the final volume of ddH2O. The pH was adjusted to 7.8–8.35 with 
1 M NaOH, until all visible particulate dissolved using sonication. The 
solution volume was adjusted to its final volume and the solution was 
filter sterilized with 0.2 μm cellulose membrane. 

2.4. gRNA spacer design and construction 

Spacer sequences were chosen to be specific to their target and to 
have a high predicted activity. Spacers were designed to be 20 nucleo-
tides in length, and have a high on-target scores (>50) determined 
through the Benchling CRISPR design tool (www.benchling.com) that 
uses the algorithm published by Doench et al. (2016). Off-target effects 
were predicted using Cas-OFFinder with the P. putida KT2440 target 
genome (Bae et al., 2014). Spacers that had off-target binding sites with 
four or fewer mismatches were discarded. The non-targeting (NT) spacer 
sequence was created with a random DNA generator using 50% GC 
content and passed through the Cas-OFFinder software to assure it had 
no fewer than five mismatches with any potential genomic spacer. In 
addition, the non-targeting gRNA was experimentally validated to have 
the same transformation efficiency, as measured by CFU/μg plasmid 
DNA, as its parent vector, pBBR1MCS-2, when transformed into a cell 
harboring pCas9 which expresses active Cas9 (Cook et al., 2018) (data 
not shown). In the same experiment guides designed to target the 
chromosome were transformed resulting in 10− 5 fewer CFU/μg plasmid 
DNA (data not shown). Spacer sequences were ordered as sense and 
anti-sense oligos, stitched together using PCR, and Gibson assembled 
into a PCR linearized pBB1MCS-2 gRNA expression backbone. This 
gRNA expression backbone contained a modified tac promoter which 
had the lac operator, lacO, truncated and placed the transcription start 
site at the first nucleotide of the gRNA spacer sequence (Elmore et al., 
2017). For more details on gRNA cloning see the Supplementary Ma-
terials and Methods. 

2.5. Plate reader experiments 

Steady state sfGFP concentration experiments (Fig. 1B, S2-S10) were 
conducted by pinning 96-well glycerol stocks of knockdown strains into 
200 μL experimental media conditions tissue culture treated, Greiner 
μClear®, flat bottom, black-walled plates with lids containing conden-
sation rings. Each knockdown strain media condition pair was studied in 
biological triplicate. The plate was loaded into a BioTek® Synergy™ 2 
Microplate reader and programmed to incubate at 30 ◦C, shake quickly 
and continuously, and take OD and fluorescence measurements every 
15 min. OD was measured at 600 nm and fluorescence was measured 
from the bottom of the plate at excitation/emission wavelength of 485/ 
20,528/20 respectively directly after OD600 measurements. See Sup-
plementary Material for a detailed description on how 96-well freezer 

stocks were constructed. 
Dynamic CRISPRi experiments (Figs. 1C, 4B, S1 & S18) were con-

ducted by inoculating knockdown strain glycerol stocks into LB kan50 
and growing for 8–10 h at 30 ◦C, 200 RPM. These cultures were then 
diluted to an OD600 of 0.0001 in 20 mL of LB + kan in 125 mL shake 
flasks and allowed to grow for 12 h. These cultures were diluted to an 
OD600 of 0.05 in 20 mL LB kan50 and allowed to grow for 2–3 h until 
they reached early exponential growth, OD600 of 0.2–0.3. 10 mL of the 
cells were pelleted by centrifugation at 4,100×g for 10 min at room 
temperature. The supernatant was decanted and the cells were resus-
pended in the same volume of 1x MOPS or 1x M9 salts. The cells were 
pelleted again and resuspended in 500 μL (1/20th of original volume) of 
1x MOPS or 1x M9 salts and the OD600 of the inoculum was measured to 
be between 3 and 5. The inoculum was added to the experimental media 
to an initial OD600 of 0.1. Finally, 180 μL of the inoculated experimental 
media was dispensed into a 96-well, tissue culture treated, Greiner 
μClear®, flat bottom, black-walled plate with lids containing conden-
sation rings in technical triplicate. Plates were grown as above. 20 μL of 
inducer solution, or sterile ddH2O, was added during early exponential 
growth by taking the plates out of the plate reader for 3–8 min ftsZ 
knockdown growth curves (Figs. 3A and S16A) Were conducted by 
inoculating knockdown freezer stocks into 5 mL LB kan50 and growing 
overnight 30 ◦C, 200 RPM. 1 μL overnight culture was added to 200 μL 
LB kan50 with or without 1% (w/v) arabinose in clear 96-well plates and 
grown as above. 

2.6. GFP fraction calculation and growth rate analysis 

For steady state GFP fraction experiments GFP concentrations were 
calculated at a given OD600 threshold based upon when the strains 
maintained steady state growth rates and cellular GFP concentrations. 
The threshold was set to OD600 = 0.1 for LB and 0.05 for all minimal 
media conditions. The fluorescence and OD600 was recorded at the 
threshold and the cellular GFP concentration was calculated by dividing 
the fluorescence signal by the OD600. Background fluorescence was 
subtracted via similar measurements of the corresponding non- 
fluorescent non-targeting dCas9 strain. The fraction GFP concentration 
was then calculated by dividing the GFP concentration in the knock-
down strain by the GFP concentration in the positive GFP control strain. 
95% bounds of the fraction GFP concentration were estimated by 
bootstrapping the distribution of cellular GFP concentrations in the 
knockdown and control strains and calculating the fraction GFP con-
centration for each pair of bootstrapped values repeated 10,000 times. 
Upper and lower values which bound 95% of the bootstrapped dataset 
were set as error limits. Limits less than zero were forced to zero as 
negative concentrations are not biologically possible and result from 
error comparing the knockdown strain to the non-fluorescent control. 

Growth rates were calculated by finding the slope of the fitted a line 
to the natural log of OD600 as a function of time using three points either 
at a given OD600 threshold or at the time specified in the legend. 

2.7. Single cell time lapse microscopy and slide preparation 

Imaging was conducted according to (Hill et al., 2020). Brightfield 
and fluorescence images were taken using a commercial inverted 
wide-field microscope with a near-infrared–based Perfect Focus System 
(Nikon TiE). The sample was enclosed within an environmental chamber 
(ThermoFisher Lexan) which was temperature-controlled (Okolab). A 
high-speed light source with custom filter sets was used for imaging 
(Spectra X Light Engine, Lumencor, Beaverton, OR), along with a 
hardware-triggered and synchronized shutter for control of imaging. NIS 
Elements AR software (version 5.11.00 64-bits) with Jobs acquisition 
upgrade was used to control the microscope. Image acquisition was 
performed using a digital sCMOS camera (Hamamatsu ORCA-Flash4.0 
V2+) with a 100 × oil immersion objective (1.45 numerical aperture; 
Nikon CF160 Plan Apochromat Lambda). 
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Slides were prepared by spotting exponentially growing cells onto 
1.5% w/v agar pads containing the various media conditions described 
below. Once cell spots dried for 15 min, agar pads were inverted and 
placed onto 4 well glass-bottomed slides (Ibidi μ-slide). The slide was 
then placed into the incubation chamber at 30 ◦C on the scope and 
allowed to reach thermal equilibrium for 45 min. At this point, separate 
x-y locations on the agar pad were chosen for filming. Movies 
commenced 1 h after incubation, with frames captured every 7–8 min. 
Knockdown strain pre-cultures were grown overnight from freezer stock 
in 5 mL LB kan in 14 mL culture tubes. These were diluted 100-fold into 
identical 5 mL cultures and allowed to reach early exponential phase, 
OD600 = 0.1–0.4. For Fig. 2B, 2C, and S11, cells were washed once with 
1x M9 salts and normalized to an OD600=0.1 and 1 μL of this inoculum 
was spotted on a M9 + 30 mM glucose +1% arabinose kan50 agar pads 
and allowed to dry for 15 min. For Fig. 3B, 3C, and S16, cells were 
normalized to an OD600 of 0.1 in LB and spotted onto LB kan50 agar pads 
with 0, 1% and 2% arabinose. For Fig. S21, exponentially growing cells 
were prepared and washed as in section 2.10, diluted to OD600 of 0.1 in 
1x MOPS salts then spotted on MOPS +40 mM p-CA + Kan50 + 0.25 mM 
IPTG agar pads. 

2.8. Single cell segmentation 

To identify individual cells in each frame (segmentation), a previ-
ously developed toolbox CyAn (Tay and Cameron, 2020) was run in 
MATLAB (R2020a) with custom segmentation scripts. Brightfield im-
ages were captured with a 2 μm focal plane offset to increase the contrast 
between the cells and the background and used for subsequent cell 
segmentation. First, cells were identified by using an intensity threshold. 
The intensity distribution of the image was fit to a Gaussian distribution 
and the mean of the Gaussian plus 1–2 times its standard deviation was 
used as a threshold. An initial binary mask was then generated by 
thresholding the offset brightfield images. This initial mask was then 
filtered by removing objects below 200 and above 50,000 pixels in size. 
The remaining masks were then grown by 6 pixels to accurately repre-
sent cell size. This protocol left artifacts, fused cells, and some omitted 
cells. Thus, a final mask was then generated by manual correction in Fiji. 

2.9. Cell tracking and analysis 

CyAn (Tay and Cameron, 2020) was used to implement a version of 
Jaqaman’s tracking algorithm (Jaqaman et al., 2008) to link data from a 
single cell between frames. Each tracked cell was assigned a unique cell 
ID, and properties such as its area and GFP intensity were recorded at 
each frame of the movie. CyAn also recognized cell divisions and 
recorded related mother-daughter cell IDs and generation. Additional 
properties were calculated from the tracked data: The growth rate for 
each cell was calculated by finding the slope of the fitted line to natural 
log of the cell length over time for a cells lifespan. Cellular average GFP 
intensity was calculated by dividing the total GFP intensity by the cell 
area. The change in cellular GFP concentration over time, dF/dt, was 
calculated by finding the slope of the fitted line to the cellular GFP 
concentration versus time data over a cells lifespan. 

2.10. Shake flask experiments 

The inoculum for flask scale-up experiments was made as the inoc-
ulum for dynamic CRISPRi experiments as described above, except 
scaled up 10-fold. Early exponentially growing sJF1KdCas9+gpcaIJ-2 
cells (OD600=0.2–0.3) were washed 1x with MOPS salts and resus-
pended in MOPS salts at 1/20th of the original volume. This inoculum 
was added to 50 mL MOPS Kan50 + 40 mM p-CA with or without 0.25 
mM IPTG to a starting OD600=0.1 and grown at 30 ◦C, 200 RPM. 0.5 mL 
of 25 mM IPTG was added to the exponential phase induced condition at 
14 h when the OD600 increased to 0.12. 

2.11. Quantification of metabolites 

βKA was analyzed and quantified as levulinic acid after acid hydro-
lysis was performed as previously described (Rorrer et al., 2022). 

Aromatic acids p-CA acid, 4-HBA, and PCA were analyzed by ultra- 
high pressure liquid chromatography with diode array detection as 
detailed previously (Kuatsjah et al., 2022) with the extension of the 
linear quantitation range to be 1 μg/mL-1,000 μg/mL for all analytes. 

3. Results 

3.1. Building a tunable CRISPR-interference toolset in P. putida KT2440 

We sought to build P. putida strains with inducible, chromosomally- 
integrated dCas9 expression cassettes and plasmid-encoded, constitu-
tively-expressed gRNAs targeting either a fluorescent reporter, an 
essential gene, or pcaIJ to induce βKA accumulation (Fig. 1A). For dCas9 
expression, two inducible promoters were selected: the 1K-J23107 
IPTG-inducible promoter and the 8K arabinose-inducible promoter 
(Cook et al., 2018). The catalytically inactive S. pyogenes Cas9 (D10A, 
H841A, dCas9) was cloned into an integration vector (Jinek et al., 2012) 
and integrated into the P. putida genome between the hypothetical genes 
PP_4785 and PP_4786, generating IPTG (1K)- or arabinose (8K)-induc-
ible dCas9 strains sJF1KdCas9 and sJF8KdCas9, respectively (Table 1). 
Integrating dCas9 did not alter fitness versus the wild type strain in 
minimal glucose media (Fig. S1). 

Targeting gRNAs and a non-targeting (NT) gRNA control were 
expressed from a strong constitutive tac promoter (Elmore et al., 2017) 
from the pBBR1MCS-2 backbone with a kanamycin resistance marker. 
The NT control vector, pJFgRNA_NT, will hereafter be referred to as 
“gNT”. 

3.2. CRISPRi-mediated knockdown of sfGFP 

To assess the inducibility of dCas9-mediated knock-down, we first 
targeted a genome-integrated fluorescent reporter. Expression of a 
P. putida codon optimized sfGFP cassette, see Supplemental Materials 
and Methods, was driven by a derivative of the strong and constitutive 
Ptac (Elmore et al., 2017) and integrated between the hypothetical genes 
PP_2984 and PP_2985. The 1K and 8K dCas9 systems (Cook et al., 2018) 
were respectively integrated into this GFP expression strain to construct 
the fluorescent strains sJF1KdCas9F and sJF8KdCas9F (Table 1). Eight 
targeting gRNAs were designed to target the first 300 bp after the start 
codon of sfGFP, either binding to the coding strand (gGFP-C1, gGFP-C2, 
gGFP-C3, gGFP-C4) or the template strand (gGFP-T1, gGFP-T2, 
gGFP-T3, gGFP-T4) (Table 2). These gRNA expression vectors were 
transformed into sJF1KdCas9F and sJF8KdCas9F to construct sfGFP 
knockdown strains (Table 1). The steady state sfGFP concentration of 
each strain was calculated during exponential growth by dividing the 
sfGFP signal by the OD600 at a given threshold OD600 when the GFP/OD 
signal remained constant over time. Background fluorescence was then 
subtracted from the sfGFP concentration. To compare the relative 
knockdown between growth conditions with varying expression levels 
of sfGFP in the positive control, the sfGFP fraction was calculated by 
normalizing the cellular sfGFP concentration of the knockdown strain by 
the non-targeting fluorescent control strain. See materials and methods 
section 2.6 for more detail. 

To evaluate the dynamic range and robustness of knockdown, sfGFP 
strains were grown in four media conditions supplemented with three 
inducer concentrations. The sJF1KdCas9F strains were induced with 0, 
0.025, and 0.25 mM IPTG and the sJF8KdCas9F strains were induced 
with 0, 0.1, and 1% (w/v) arabinose (Fig. S2& S7). Error was propagated 
by bootstrapping the measured distribution of knockdown and setting 
limits that contained 95% of the resulting values. Any negative knock-
down limits were forced to equal zero as negative values are not phys-
ically possible and result from noise in measuring background 
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fluorescence (Materials and Methods). 
The promoter driving dCas9 expression had a large effect on the 

dynamic range of knockdown. The 8K system showed a tightly regulated 
‘off’ state in all media conditions and with all gRNA designs tested 
(Fig. S3). Upon adding 1% (w/v) arabinose to the 8K sfGFP knockdown 
strains, the sfGFP concentration reduced by 50–83% of the positive 
control (Fig. 1B). The 1K system reduced GFP close to baseline even 
without IPTG induction, indicating that dCas9 expression was leaky 
from this promoter (Figure S2, S4 & S5). This leaky dCas9 expression is 
consistent with previous CRISPRi studies in P. putida (Cook et al., 2018; 
Gauttam et al., 2021; Tan et al., 2018). The 8K system was titratable 
across the media conditions tested, except for the MOPS 30 mM glucose 
condition in which the 0.1% (w/v) arabinose condition did not differ 
significantly from the uninduced condition, (Fig. S3). The 1K system was 
only titratable for the guide RNA gGFP-C3 in specific media conditions, 
(Fig. S5). The dynamic range of the 8K promoter was higher due to the 
high baseline knockdown rate in the 1K system (Figs. S2–S4). While the 
gRNA design (Fig. S6), dCas9 promoter (Fig. S2), and induction con-
centration (Figs. S2, S3, & S5) affected the GFP knockdown, the media 
condition did not (Figs. 1B and S4). 

Previous studies developing CRISPRi design rules have reported that 
template strand binding gRNAs either have negligible effect on gene 
expression or illicit a small level of knockdown (Bikard et al., 2013; Cui 
et al., 2018; Qi et al., 2013). All four gRNAs targeting the template 

strand of sfGFP did not reduce the cellular sfGFP concentration (Fig. S7). 
While gRNAs gGFP-T3 and -T4 did not affect the sfGFP concentration 
versus the gNT control, surprisingly, strains carrying gGFP-T1 and 
gGFP-T2 exhibited a relative increase in cellular level of sfGFP during 
exponential growth compared to the non-targeting control (Fig. S7). The 
increase in sfGFP concentration for gGFP-T1 and gGFP-T2 with the 8K 
system occurred at the highest induction level, while the increase was 
seen at all three IPTG concentrations for the 1K system, additionally 
increasing with inducer concentration, suggesting that the resulting 
increase is inducible (Fig. S7). No consistent growth rate defects were 
seen with the template strand targeting gRNAs suggesting that this could 
be a gRNA sequence specific phenomenon (Figs. S9–S10). 

Next, the dynamics of sfGFP knockdown were studied. The strain 
sJF8KdCas9F + gGFP-C1 was chosen for further characterization 
because the 8K arabinose-inducible system was titratable and gGFP-C1 
was a high-performing gRNA for knockdown. sJF8KdCas9F + gGFP-C1 
was grown in MOPS plus 30 mM glucose without arabinose and culti-
vated in 96-well plates until cultures reached early exponential phase 
(OD600 = 0.1), at which point the plate was removed and 1% (w/v) 
arabinose was added. 

After 1.2 doublings (1 h 45 min) post-induction, the cellular GFP 
concentration began to decline (Fig. 1C). After a total of 2.5 doublings 
after induction, the average sfGFP concentration dropped to 54% of the 
gNT + GFP control strain (sJF8KdCas9F + gNT) (Fig. 1C). Presumably 

Fig. 1. A CRISPRi toolset in P. putida. (A) A CRISPR-interference toolset was built in P. putida KT2440 by integrating the arabinose (8K) or IPTG (1K)-inducible 
dCas9 expression cassette into the neutral site at the PP_4785/PP_4786 intergenic locus. To target a gene of interest, a pgRNA vector with the pBBR1 origin of 
replication (blue) and the pBBR1 mobilizable elements, mob and oriT (orange), constitutively expresses a gRNA with the strong tac promoter was transformed into the 
dCas9 integrated strain and selected with kanamycin. Upon induction, dCas9 was expressed and complexed with the gRNA to knock down a gene of interest. This 
toolset was characterized on fluorescent reporters, essential genes, and pcaIJ within the βΚА pathway. (B) Steady state GFP fraction for the 8K inducible promoter B is 
plotted as a function of gRNA target location for 3 media conditions with saturating inducer molecule (1% (w/v) arabinose). gRNAs are named gGFP-C1, C2, C3, and 
C4 (labeled above axis); all four gRNAs target the sfGFP coding strand. Error bars represent 95% confidence intervals of three biological replicates. GFP fraction was 
calculated as the background subtracted experimental GFP concentration normalized by the background subtracted gNT GFP strain, see materials and methods 
section 2.6 for a detailed explanation. (C) sJF8KdCas9F + gGFP-C1 grown in MOPS +30 mM glucose were induced with 1% (w/v) arabinose at 10 h (red arrow) when 
the OD600 (blue line) was ~0.1. Cellular GFP fraction was plotted as a function of time (red line) and shows a GFP decrease after induction over 5 h until stationary 
phase was reached. Error bars represent the standard deviation of biological triplicates. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.) 
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more than 2.5 doublings are required to reach the steady state sfGFP 
fraction of 0.17 that was measured in Fig. 1B. 

3.3. Single-cell dynamics of the CRISPRi-mediated sfGFP knockdown 

To gain an understanding of the heterogeneity of knockdown in an 
isoclonal population, the sJF8KdCas9F + gGFP-C1 was filmed with 
single cell time lapse microscopy and cell tracking was implemented to 
measure cellular sfGFP concentrations through mother and daughter 
cells after induction (Fig. 2A). Cells were spotted on M9 plus 30 mM 
glucose agar pads with 1% (w/v) arabinose, inverted onto glass slides, 
allowed to reach thermal equilibrium for 45 min, and then filming 
commenced at 1 h with images in the brightfield and GFP channels taken 
every 8 min. Three microcolonies were segmented from each condition. 
Initial colonies contained an average of four cells such that two dou-
blings had occurred before the start of filming. 

A single lineage of sJF8KdCas9F + gGFP-C1 is shown in Fig. 2B, 
where the sfGFP concentration and cell area are plotted over time for a 
single cell and one of its descendants through each of three doublings. 
The sfGFP concentration dropped over time while the growth was at 
steady state. The average cellular sfGFP concentration of all segmented 
cells per frame remains constant for the gNT control strain but declines 
with the C1 gRNA (Fig. 2C). Error bars represent the variation within the 
isoclonal population. 

While the average sfGFP concentration of the sJF8kdCas9+gGFP-C1 
knockdown cells decreases over time, individual lineages deviate from 
this trend (Fig. S11A). This was also seen for the positive control where 
very few lineages stay at a constant sfGFP concentration through 
growth, (Fig. S11A). Plotting the derivative of sfGFP concentration with 
time over an individual cell’s lifespan, dF/dt, reveals this heterogeneity 
(Fig. S11B). The + sfGFP strain had both positive and negative dF/dt 

values within all generations, where the knockdown strain showed both 
positive and negative values for generation three, but these values 
became unanimously negative for the fourth and fifth generation 
(Fig. S11B). While there was variation in the growth rates for both the 
+sfGFP and +gGFP-C1 knockdown cells (Fig. S11C), this variation does 
not explain the heterogeneity in dF/dt (Fig. S11D). This observed 
knockdown heterogeneity is important for understanding bulk pheno-
types as a distribution of knockdown levels rather than a constant value. 

3.4. CRISPRi-mediated knockdown of essential genes 

We next applied the toolset to study essential gene mutant pheno-
types. Three essential genes were selected: ftsZ, required for cell divi-
sion; dnaA, required for DNA replication; and rpoD, involved in protein 
expression. Three gRNAs were designed for each gene. No transformants 
were recovered after repeated attempts with sJF1KdCas9, again 
demonstrating the leakiness of the 1K promoter system. In contrast, 
essential gene knockdown strains constructed with sJF8KdCas9 showed 
inducible toxicity when plated with and without 1% (w/v) arabinose 
after transformation (Figs. S12–S14). Induced strains showed reduced 
colony number and size regardless of the mechanism of lethality 
(Figs. S12–S14). One guide (grpoD-3) showed a less-than-lethal pheno-
type when induced (Fig. S13). The ftsZ knockdown strains were studied 
in further detail because the CRISPRi phenotypic response is well 
documented in P. putida KT2440 and because the morphological 
phenotype lends itself to microscopic observation (Batianis et al., 2020; 
Gauttam et al., 2021; Tan et al., 2018). Initial bulk experiments in LB 
revealed both growth rate and final OD600 defects caused by inducing 
ftsZ knockdown in sJF8KdCas9 (Figs. 3A and S16A). 

To investigate this phenotype on a single cell level, 
sJF8KdCas9+gftsZ-2 was studied with time lapse microscopy. Three 

Fig. 2. Single-cell dynamics of GFP 
knockdown in sJF8KdCas9F + gGFP-C1. 
(A) Single cell time lapse microscopy was 
conducted by spotting cells on an agar 
pad and inverting on a glass slide to 
confine the cells in 2-D. The slide was 
placed on the scope in an incubated 
chamber and images were taken every 8 
min with brightfield, GFP channel, and 
brightfield-offset channels. Binary masks 
were generated by segmenting the raw 
data using a custom program, CyAn. This 
software also tracks cell lineages and ex-
tracts data such as area and GFP intensity 
to calculate GFP concentrations growth 
rates of each cell across its lifespan. (B) A 
lineage of one sJF8KdCas9F + gGFP-C1 
with one descendent shown after each 
doubling. GFP concentration, circles, and 
cell area, squares, was plotted through 
each doubling. Pink is generation 3, 
green is generation 4, blue is generation 
5, yellow is generation 6. (C) The GFP 
concentration of each cell for each frame 
was averaged to give the average cellular 
GFP concentration for sJF8KdCas9F +
gNT (+GFP, green) and sJF8KdCas9F +
gGFP-C1 (gGFP-C1, blue). Error bars 
represent the standard deviation of the 
individual cellular GFP concentration at 
each frame and therefore represent the 
intrinsic heterogeneity in the population 
of an isogenic culture. (For interpretation 
of the references to colour in this figure 
legend, the reader is referred to the Web 
version of this article.)   
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microcolonies were segmented from generations 3–6, and the CyAn 
tookbox was used to track division events and cell area over time (Tay 
and Cameron, 2020). The filamenting phenotype threshold was deter-
mined by looking at the distribution of cell area of the non-targeting 
control strain and picking 9 μm2 as the threshold because it was larger 
than the largest measured control cell (Fig. S15). No filamenting cells 
were observed after 6 generations of 150 initial microcolonies for the 

sJF8KdCas9+gftsZ-2 with 0% arabinose (data not shown). Increasing 
the arabinose concentration increased the percentage of filamented cells 
(Fig. 3B–C). Even though filamenting cells did not divide, growth rate 
was similar to sJF8KdCas9+gNT (Fig. S16B). Generation 4 produced the 
largest percentage of filamenting cells in both the 1% and 2% (w/v) 
arabinose conditions, demonstrating the need for ftsZ dilution before 
division is prevented. After 3 h of growth, filamenting cells made up 
40% and 93% of total cell area on the 1% and 2% (w/v) arabinose 
conditions, respectively. There was no difference between total cell area 
over time between the mutant and knockdown lines or between induc-
tion concentrations for the course of the movie (Fig. S16C). 

3.5. CRISPRi-mediated production of β-ketoadipate from p-coumarate 

Lastly, we sought to apply the CRISPRi toolset to produce βKA from 
the lignin-related aromatic compound p-CA without an additional car-
bon source. p-CA is catabolized by P. putida through βKA, where PcaIJ is 
a CoA-transferase that converts βKA to β-ketoadipyl-CoA, which is 
metabolized further to enter the TCA cycle (Fig. 4A). An acetyl-CoA is 
generated in the conversion of p-CA to PCA; thus, upon repression of 
pcaIJ, a limited amount of cellular growth on acetyl-CoA could occur 
even with accumulation of βKA. In our previous work, glucose was also 
added as an additional source of carbon and energy for growth (Johnson 
et al., 2019). We hypothesized that upon induction of CRISPRi-mediated 
pcaIJ repression, a growth defect would occur and βKA would accu-
mulate, without the need for a supplementary carbon source. In addi-
tion, incomplete knockdown of pcaIJ could allow for some βKA to be 
catabolized into a succinate and acetyl-CoA. Another possible route for 
the growth of a pcaIJ knockdown strain is the acid-catalyzed decar-
boxylation of βKA to levulinic acid, which can be catabolized (Rand 
et al., 2017). 

Two gRNAs, gpcaIJ-1 and gpcaIJ-2, were transformed into either 
arabinose or IPTG-inducible dCas9 backgrounds to generate four βKA 
production strains (Table 1). Each strain was spotted on minimal agar 
pads containing 20 mM p-CA as the sole carbon source, with or without 
inducer (1% (w/v) arabinose or 0.25 mM IPTG). The largest inducible 
growth defect was seen when inducing strain sJF1KdCas9+gpcaIJ-2 
with 0.25 mM IPTG (Fig. S17B). Under this condition, the same number 
of CFUs were formed relative to the sJF1KdCas9+gNT strain, but the 
size of colonies in sJF1KdCas9+gpcaIJ-2 was reduced after 24 h of in-
cubation (Fig. S17B). As expected, adding glucose to the IPTG-induced 
pad rescued growth from the pcaIJ knockdown strain (Fig. S17B). 

We next evaluated growth on p-CA as the sole carbon source in 96- 
well plate cultivations. With 0.25 mM IPTG induction at 0 h, the pcaIJ 
knockdown strain sJF1KdCas9+gpcaIJ-2 grew with a 2.8-fold decrease 
in growth rate that was maintained until 24 h (Figs. S18A–B). The 
addition of glucose rescued the growth rate, indicating that the growth 
defect was due to decreased aromatic catabolism through βKA as 
opposed to general decreased fitness. While the growth rate was reduced 
throughout the cultivation, the knockdown strain reached a similar final 
OD600 as the control strain (Fig. S18A). The dynamics of knocking down 
pcaIJ was studied by inducing dCas9 expression during early exponen-
tial growth (OD600 = 0.05, at 9 h) (Fig. 4B, S18C-D). Two hours after 
induction (1.7 doublings), the growth rate began to decrease, and 7 h 
after induction (3.3 doublings), the growth rate slowed to 5.2-fold lower 
than its original value (Fig. S18D). Regardless of the induction condi-
tion, sJF1KdCas9+gpcaIJ-2 eventually grew to the same final OD600 as 
the control (Fig. S18D). 

Single cell time lapse microscopy was used to study the dynamics 
inducing pcaIJ knockdown at time zero. sJF1KdCas9+gpcaIJ-2 was 
grown on a solid agar pad with 40 mM p-CA and 0.25 mM IPTG. It took 
four doublings for there to be a difference in growth rate between the 
pcaIJ knockdown strain and the non-targeting control (Fig. S21). Growth 
rate heterogeneity was observed in this isoclonal population (Fig. S21). 

To measure the accumulation of βKA through pcaIJ knockdown, 
shake flask cultivations were performed by inoculating 

Fig. 3. CRISPRi knockdown of ftsZ. (A) Growth of sJF8KdCas9+gftsZ-1, -2, and 
-3 in LB + Kan50 with 1% (w/v) arabinose versus sJF8KdCas9+gNT in 96-well 
plates. Error bars represent the standard deviation of three biological replicates. 
(B) Images of ftsZ knockdown strains in 0%, 1%, and 2% (w/v) arabinose. 
sJF8KdCas9+gftsZ-2 cells were spotted onto LB + Kan50 agarose plates with 
various arabinose concentrations. Filming commenced 1 h (2 doublings) after 
placing the slide in the incubated scope. Top images are at start of movie and 
bottom images are 2 h later. (C) Percentage of filamenting cells from each 
generation of an ftsZ knockdown cell at 0%, 1%, and 2% (w/v) arabinose 
percentage on LB agar. Filamenting cell were defined as a cell which never 
divides across the course of the experiment and grows larger than the largest 
cell in a sJF8KdCas9+gNT (WT phenotype) condition, here 9 μm2 cross 
sectional area (Fig. S15). The fraction of filamenting cells was measured and 
sorted based upon which generation gave rise to the phenotype. No error bars 
are shown because the plotted fractions represent all observations from three 
individual cells within a single biological replicate (n=12 for gen 3, n = 96 for 
gen 6). 
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Fig. 4. Controlling flux through the β-ketoadipate pathway. (A) p-CA is catabolized through the aromatic intermediates 4-HBA, PCA, and βKA, where PcaIJ converts 
βKA to β-ketoadipyl-CoA. βKA can be accumulated as product by deletion of pcaIJ, or further metabolized into a unit of succinate and acetyl-CoA which supports 
growth via the tricarboxylic acid (TCA) cycle. The overall reaction is p-CA + ATP + CoA + 2O2 + H2O -> βKA + acetyl-CoA + AMP + diphosphate + CO2 + 2H+ (B) 
Growth rate of pcaIJ knockdown strain induced during early exponential phase grown in 20 mM p-CA as the sole carbon source. The growth rates of the non-targeting 
control strain, gNT and the uninduced knockdown strain gpcaIJ-2 were calculated at 9h of growth during early exponential phase. The pcaIJ knockdown strain was 
induced with 0.25 mM IPTG at 8h and the growth rate was measured at 9 and 16h of growth. (C) 50 mL cultures containing 40 mM p-CA were inoculated at OD600 =

0.1 and induced with 0.25 mM IPTG 14 h later, red arrow. The concentration of p-CA, 4-HBA, PCA, and βKA, in the supernatant was plotted as a function of time 
alongside the OD600. Titer, T, was calculated at 36 h when p-CA dropped to zero (D) The product yield YP/S was plotted for the 24 h and 36 h time point relative to the 
initial substrate concentration. A paired t-test between the 24 h and 36 h time points showed no significant difference (p=0.29). All error bars represent the standard 
deviation of three biological replicates. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Select strains used in this work. See Supplemental Information for full list and corresponding construction details.  

Strain name Genotype (Description) Source 

P. putida KT2440 Wild-type (WT) Pseudomonas putida KT2440 ATCC® 
47054 

sJF1KdCas9 P. putida KT2440 PP_4785/PP_4786::P1K:dCas9 (IPTG-inducible dCas9 expression) This work 
sJF8KdCas9 P. putida KT2440 PP_4785/PP_4786::P8K:dCas9 (arabinose-inducible dCas9 expression) This work 
sJF1KdCas9F P. putida KT2440 PP_4785/PP_4786::P1K:dCas9 PP_2984:Ptac:sfGFP (IPTG-inducible dCas9 expression, constitutive sfGFP expression) This work 
sJF8KdCas9F P. putida KT2440 PP_4785/PP_4786::P8K:dCas9 PP_2984:Ptac:sfGFP (arabinose-inducible dCas9 expression, constitutive sfGFP 

expression) 
This work 

sJF1KdCas9+gNT Non-targeting control, IPTG inducible, non-fluorescent This work 
sJF8KdCas9+gNT Non-targeting control, arabinose inducible, non-fluorescent This work 
sJF1KdCas9F + gNT +GFP non-targeting control, IPTG inducible This work 
sJF8KdCas9F + gNT +GFP non-targeting control, arabinose inducible This work 
sJF8KdCas9F + gGFP-C1 sJF8KdCas9F transformed with coding strand targeting pJFgRNA_GFP-C1 This work 
sJF8KdCas9F + gftsZ-2 sJF8KdCas9F transformed with coding strand targeting pJFgRNA_ftsZ-2 This work 
sJF1KdCas9+gpcaIJ-2 P. putida KT2440 PP_4785/PP_4786::P1K:dCas9 + pJFgRNA_pcaIJ-2 (IPTG-inducible dCas9 expression + constitutive plasmid-based 

expression of gRNA targeting the coding strand of pcaIJ) 
This work  

Table 2 
Select plasmids used in this work. See Supplemental Information for full list and corresponding construction details.  

Plasmid name Short name Description 

pJFgRNA-NT gNT Non-targeting gRNA Ptac expression vector with pBBR1MCS-2 ORI 
pJFgRNA_GFP-C1 gGFP-C1 Ptac expression of gRNA that targets sfGFP at P13 (38 bp), coding strand 
pJFgRNA_GFP-C2 gGFP-C2 Ptac expression of gRNA that targets sfGFP at R30 (89 bp), coding strand 
pJFgRNA_GFP-C3 gGFP-C3 Ptac expression of gRNA that targets sfGFP at L60 (178 bp), coding strand 
pJFgRNA_GFP-C4 gGFP-C4 Ptac expression of gRNA that targets sfGFP at Y106 (316 bp), coding strand 
pJFgRNA_ftsZ-2 gftsZ-2 Ptac expression of gRNA that targets ftsZ at P12 (36 bp), coding strand 
pJFgRNA_pcaIJ-2 gpcaIJ-2 Ptac expression of gRNA that targets pcaI at A63 (190 bp), coding strand  
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sJF1KdCas9+gpcaIJ-2 in 50 mL of MOPS minimal media plus 40 mM p- 
CA as the sole carbon source. IPTG was added to the cultures once after 
the lag phase (OD600=0.12, at 14 h). The concentration of p-CA, βKA, 
and two upstream aromatic intermediates, 4-HBA and PCA were quan-
tified along the growth curve, (Fig. 4A, 4C). Inducing during the lag 
phase (0 h) resulted in poorer production relative to the early expo-
nential induced cells (Fig. S20). The control strain sJF1KdCas9+gNT 
produced only small quantities of βKA with no βKA detected at 36 h 
(Fig. S19). 

Cell growth was observed, along with conversion of p-CA to βKA with 
a final titer of 4.39 ± 0.5 g/L and yield of 0.76 ± 0.10 mol βKA per mol 
p-CA (Fig. 4C). The product yield (YP/S) did not change over the course 
of the experiment (Fig. 4D), implying that the knockdown of pcaIJ 
remained constant albeit incomplete throughout the experiment. No 
upstream aromatic metabolites measured accumulated during the 
cultivation (Fig. 4C). In addition, no βKA was produced in the non- 
targeting control strains (Fig. S19). Inducing the culture at time zero 
rather than during early exponential growth resulted in lower βKA yields 
(Fig. S20) and a higher final OD600 value than the exponentially induced 
condition (Figs. 4C and S20). 

4. Discussion 

This work provides a well characterized CRISPRi toolset for P. putida 
that can be used for functional genomics as well as bioprocessing. The 
tightly regulated 8K arabinose inducible dCas9 system enabled the 
construction and study of essential gene knockdown strains. If higher 
induction is needed to study a phenotype of interest, the 1K system 
provided greater knockdown rates at the cost of a leaky off state. The 
arabinose system characterized here had a similar dynamic range as the 
Xyl/Pm promoter from Batianis et al. (2020), which responds to 3-meth-
ylbenzoate (3 MB). Arabinose has the advantage of being orthogonal to 
P. putida KT2440 metabolism, where 3 MB induces the expression of the 
BenABCDKZF benzoate ortho-cleavage route (Domínguez-Cuevas et al., 
2006). Gauttam et al., 2020 achieved an even higher dynamic range 
than presented in this work by inducing dCas9 with Plac and the sgRNA 
with Para promoter, allowing for the construction of essential gene 
knockdown strains like ftsZ with stronger growth defects than presented 
here. Beyond the toolset presented here, our characterization of CRISPRi 
dynamics on a bulk and single cell level as well as our demonstration of a 
successful proof of concept cultivation requiring dynamic knockdown 
provide insights that are applicable for future experimental designs and 
cultivation optimizations regardless of which specific CRISPRi toolset is 
chosen for strain construction. 

By characterizing a set of eight guides targeting the template and 
coding strand of sfGFP, basic CRISPRi design rules were found to be 
mostly consistent with previous CRISPRi tool development studies in 
bacteria (Bikard et al., 2013; Gauttam et al., 2021; Qi et al., 2013). Here 
we show that targeting the coding strand is effective for reducing gene 
expression. In addition, we show that the sequence of the targeting re-
gion of the gRNA is more important than the distance from the start 
codon, as was seen by guides gGFP-C1 and gGFP-C4 outperforming 
gGFP-C3, (Figs. 1B and S6). This has also been reported by groups 
studying E. coli (Cui et al., 2018; Gauttam et al., 2021). 

Here we have observed increased sfGFP expression by targeting the 
template strand with gGFP-T1 and gGFP-T2. Previous studies have 
described nominal knockdown when targeting the template strand of 
fluorescent and essential genes, but none led to increases in protein 
concentration (Bikard et al., 2013; Qi et al., 2013; Rousset et al., 2018). 
We did not attempt to identify the mechanism by which the GFP con-
centration in exponentially growing cells surpassed wild type by up to 
five times, but the result was gRNA design specific, inducible as well as 
reproducible across media conditions, biological replicates, and toolsets 
(Fig. S7). 

For liquid culture exponentially growing cells, there was a 1.75 ±
0.38 h, or 1.5 ± 0.35 doubling quiescent phase after induction with 

arabinose or IPTG where constant protein levels are maintained. This 
was seen when knocking down both sfGFP and pcaIJ where the GFP 
concentration and growth rate, respectively, remained constant, 
(Figs. 1C and 4B). After this quiescent phase the target protein diluted to 
a steady state value over multiple generations depending upon the target 
gene. This also is consistent with the ftsZ knockdown where two dou-
blings were required to begin to see filamenting cells (Fig. 3C). 

It took over six doublings to reduce sfGFP levels down to its steady 
state value, whereas the pcaIJ knockdown strain required only 3.3 
doublings (Figs. 2C and S18D). While we do not know the steady state 
FtsZ protein level directly, knockdown strains reached a maximum fil-
amenting phenotype after 3 doublings (Fig. 3C). More than three addi-
tional doublings were required for sfGFP equilibration, which can be 
partially explained by its long rate of degradation (Andersen et al., 1998; 
Pédelacq et al., 2006). Swapping the protease stable sfGFP used here 
with a less stable version would most likely result in fewer doublings 
required to achieve a steady state concentration after CRISPRi 
induction. 

Higher CRISPRi knockdown was needed to elicit an effect when 
knocking down pcaIJ versus GFP and essential genes, as targeting of 
pcaIJ with the arabinose-inducible system resulted in no growth defects 
(Fig. S17). The higher level of knockdown needed to observe a growth 
defect could be due to the upregulation of pcaIJ through PcaR activation, 
which responds to increased βKA levels (Parales and Harwood, 1993). 
This result shows that generating a desired phenotypic response can be 
gene specific and require the fine tuning of CRISPRi induction levels. 

A molar yield for βKA of 76 ± 10% was achieved in shake flask by 
feeding solely p-CA to a P. putida pcaIJ knockdown strain (Fig. 4C). 
While yields close to theoretical have been reported when feeding other 
engineered P. putida strains model lignin monomers, these studies have 
deleted pcaIJ and require the feeding of an additional carbon source for 
cell growth and maintenance (Johnson et al., 2019; Okamura-Abe et al., 
2016). Here a fraction of the fed p-CA was used for cell growth while 
most of the carbon was shunted into a product. The induction scheme 
was critical for this type of CRISPRi-induced product accumulation. 
Inducing during early exponential increased the titer and yield versus 
inducing during lag phase. This is likely explained by a reduced 
knockdown of pcaIJ which would allow for more substrate to be con-
verted into biomass or byproducts instead of βΚА. Indeed, an almost 
2-fold difference in minimum growth rate was observed in plate reader 
experiments depending upon when inducer was added (Fig. S18B&D). 
This work provides a proof-of-concept glucose-free strategy to convert 
lignin monomers into value added products via dynamic CRIPSRi 
knockdown. 

Heterogeneity in context of CRISPRi experiments is important to 
understand bulk phenomena such as phenotypic escape from essential 
gene knockdowns (Peters et al., 2016) as well as for a more complete 
understanding of measurements taken during pooled functional geno-
mics screens (Boettcher et al., 2019). Single cell time lapse microscopy 
allowed us to quantify the heterogeneity that exists through lineages of 
an isoclonal population. Observing sfGFP knockdown, both the positive 
sfGFP control and the knockdown strains showed a large variation in 
expression levels that is not explained by variation in growth rate 
(Figs. 2C and S11). Furthermore, the sfGFP concentrations within +GFP 
cells overlapped with the sfGFP concentrations in some knockdown cells 
(Fig. S10A). This variation in gene reduction can explain escape phe-
notypes that do not require base changes in the CRISPRi machinery. For 
example, the ftsZ knockdown strain exhibited a binary filamenting 
phenotype where cells that maintained a high enough expression of ftsZ 
divided as wild type. The volume fraction of wild type-like cells within 
the ftsZ knockdown population after 3 h of growth decreased dramati-
cally from 60% to 7% when increasing arabinose from 1% to 2% (w/v), 
showing that increasing induction can shift the distribution of cells that 
elicit the desired phenotype. Last, variation in single cell growth rate 
was observed in the pcaIJ knockdown strain. As growth rate and βKA 
production were inversely related (Fig. 4, S18-S20), this variation in 
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growth rate likely corresponds to variation in single cell productivities. 
A possible explanation for why inducing during exponential growth 
produced higher titers of product and lower growth rates could be that 
lag phase induction enriched for a high growth rate and low producing 
population. Indeed, low producing subpopulations in isoclonal pop-
ulations have been shown to lead to lower yields in bioprocessing 
(Mustafi et al., 2012; Rugbjerg et al., 2018; Xiao et al., 2016). A potential 
strategy for increasing yield beyond what is presented here could be to 
further engineer the dCas9 and gRNA expression machinery for reduced 
noise in knockdown (Bar-Even et al., 2006; Elowitz et al., 2002; New-
man et al., 2006). 
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Pédelacq, J.-D., Cabantous, S., Tran, T., Terwilliger, T.C., Waldo, G.S., 2006. Engineering 
and characterization of a superfolder green fluorescent protein. Nat. Biotechnol. 24, 
79–88. https://doi.org/10.1038/nbt1172. 

Peters, J.M., Colavin, A., Shi, H., Czarny, T.L., Larson, M.H., Wong, S., Hawkins, J.S., 
Lu, C.H.S., Koo, B.-M., Marta, E., Shiver, A.L., Whitehead, E.H., Weissman, J.S., 
Brown, E.D., Qi, L.S., Huang, K.C., Gross, C.A., 2016. A comprehensive, CRISPR- 
based functional analysis of essential genes in bacteria. Cell 165, 1493–1506. 
https://doi.org/10.1016/j.cell.2016.05.003. 

Qi, L.S., Larson, M.H., Gilbert, L.A., Doudna, J.A., Weissman, J.S., Arkin, A.P., Lim, W.A., 
2013. Repurposing CRISPR as an RNA-guided platform for sequence-specific control 
of gene expression. Cell 152, 1173–1183. https://doi.org/10.1016/j. 
cell.2013.02.022. 

Rand, J.M., Pisithkul, T., Clark, R.L., Thiede, J.M., Mehrer, C.R., Agnew, D.E., 
Campbell, C.E., Markley, A.L., Price, M.N., Ray, J., Wetmore, K.M., Suh, Y., Arkin, A. 
P., Deutschbauer, A.M., Amador-Noguez, D., Pfleger, B.F., 2017. A metabolic 
pathway for catabolizing levulinic acid in bacteria. Nat. Microbiol. 2, 1624–1634. 
https://doi.org/10.1038/s41564-017-0028-z. 

Rorrer, N.A., Notonier, S.F., Knott, B.C., Black, B.A., Singh, A., Nicholson, S.R., 
Kinchin, C.P., Schmidt, G.P., Carpenter, A.C., Ramirez, K.J., Johnson, C.W., 
Salvachúa, D., Crowley, M.F., Beckhamam, G.T., 2022. Production of 
β-ketoadipicacid from glucose in Pseudomonas putida KT2440 for use inperformance- 
advantaged nylons. Cell Reports Physical Science. 

Rousset, F., Cui, L., Siouve, E., Becavin, C., Depardieu, F., Bikard, D., 2018. Genome-wide 
CRISPR-dCas9 screens in E. coli identify essential genes and phage host factors. PLoS 
Genet. 14, e1007749 https://doi.org/10.1371/journal.pgen.1007749. 

Rugbjerg, P., Myling-Petersen, N., Porse, A., Sarup-Lytzen, K., Sommer, M.O.A., 2018. 
Diverse genetic error modes constrain large-scale bio-based production. Nat. 
Commun. 9, 787. https://doi.org/10.1038/s41467-018-03232-w. 

Salvachua, D., Johnson, C.W., Singer, C.A., Rohrer, H., Peterson, D.J., Black, B.A., 
Knapp, A., Beckham, G.T., 2018. Bioprocess development for muconic acid 
production from aromatic compounds and lignin. Green Chem. https://doi.org/ 
10.1039/C8GC02519C. 

Salvachúa, D., Karp, E.M., Nimlos, C.T., Vardon, D.R., Beckham, G.T., 2015. Towards 
lignin consolidated bioprocessing: simultaneous lignin depolymerization and 
product generation by bacteria. Green Chem. 17, 4951–4967. https://doi.org/ 
10.1039/C5GC01165E. 

Salvachúa, D., Rydzak, T., Auwae, R., De Capite, A., Black, B.A., Bouvier, J.T., 
Cleveland, N.S., Elmore, J.R., Huenemann, J.D., Katahira, R., Michener, W.E., 
Peterson, D.J., Rohrer, H., Vardon, D.R., Beckham, G.T., Guss, A.M., 2020. Metabolic 
engineering of Pseudomonas putida for increased polyhydroxyalkanoate production 
from lignin. Microb. Biotechnol. 13, 290–298. https://doi.org/10.1111/1751- 
7915.13481. 

Shinoda, E., Takahashi, K., Abe, N., Kamimura, N., Sonoki, T., Masai, E., 2019. Isolation 
of a novel platform bacterium for lignin valorization and its application in glucose- 
free cis,cis-muconate production. J. Ind. Microbiol. Biotechnol. 46, 1071–1080. 
https://doi.org/10.1007/s10295-019-02190-6. 

Sonoki, T., Takahashi, K., Sugita, H., Hatamura, M., Azuma, Y., Sato, T., Suzuki, S., 
Kamimura, N., Masai, E., 2018. Glucose-freecis ,cis -muconic acid production via 
New metabolic designs corresponding to the heterogeneity of lignin. ACS Sustain. 
Chem. Eng. 6, 1256–1264. https://doi.org/10.1021/acssuschemeng.7b03597. 

Sun, J., Wang, Q., Jiang, Y., Wen, Z., Yang, L., Wu, J., Yang, S., 2018. Genome editing 
and transcriptional repression in Pseudomonas putida KT2440 via the type II CRISPR 
system. Microb. Cell Factories 17, 41. https://doi.org/10.1186/s12934-018-0887-x. 

Tan, S.Z., Reisch, C.R., Prather, K.L.J., 2018. A robust CRISPR interference gene 
repression system in Pseudomonas. J. Bacteriol. 200 https://doi.org/10.1128/ 
JB.00575-17. 

Tarasava, K., Liu, R., Garst, A., Gill, R.T., 2018. Combinatorial pathway engineering 
using type I-E CRISPR interference. Biotechnol. Bioeng. 115, 1878–1883. https:// 
doi.org/10.1002/bit.26589. 

Tay, J.W., Cameron, J.C., 2020. CyAn: a MATLAB toolbox for image and data analysis of 
cyanobacteria. bioRxiv. https://doi.org/10.1101/2020.07.28.225219. 

Timmis, K.N., 2002. Pseudomonas putida: a cosmopolitan opportunist par excellence. 
Environ. Microbiol. 4, 779–781. https://doi.org/10.1046/j.1462-2920.2002.00365. 
x. 

Todor, H., Silvis, M.R., Osadnik, H., Gross, C.A., 2021. Bacterial CRISPR screens for gene 
function. Curr. Opin. Microbiol. 59, 102–109. https://doi.org/10.1016/j. 
mib.2020.11.005. 

Weiland, F., Kohlstedt, M., Wittmann, C., 2022. Guiding stars to the field of dreams: 
metabolically engineered pathways and microbial platforms for a sustainable lignin- 
based industry. Metab. Eng. 71, 13–41. https://doi.org/10.1016/j. 
ymben.2021.11.011. 

Xiao, Y., Bowen, C.H., Liu, D., Zhang, F., 2016. Exploiting nongenetic cell-to-cell 
variation for enhanced biosynthesis. Nat. Chem. Biol. 12, 339–344. https://doi.org/ 
10.1038/nchembio.2046. 

Zhao, D., Zhu, X., Zhou, H., Sun, N., Wang, T., Bi, C., Zhang, X., 2021. CRISPR-based 
metabolic pathway engineering. Metab. Eng. 63, 148–159. https://doi.org/10.1016/ 
j.ymben.2020.10.0. 

J.A. Fenster et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/j.joule.2019.05.011
https://doi.org/10.1016/j.joule.2019.05.011
https://doi.org/10.1016/j.ymben.2016.08.006
https://doi.org/10.1016/j.ymben.2016.08.006
https://doi.org/10.1111/1751-7915.13382
https://doi.org/10.1111/1751-7915.13382
https://doi.org/10.1016/j.ymben.2018.03.003
https://doi.org/10.1016/j.ymben.2021.12.010
https://doi.org/10.1016/j.ymben.2021.12.010
https://doi.org/10.1016/j.biortech.2022.127106
https://doi.org/10.1016/j.biortech.2022.127106
https://doi.org/10.1021/acssynbio.9b00143
https://doi.org/10.1021/acssynbio.9b00143
https://doi.org/10.1073/pnas.1410657111
https://doi.org/10.1073/pnas.1410657111
https://doi.org/10.1039/C7GC02057K
https://doi.org/10.1016/j.biotechadv.2021.107732
https://doi.org/10.1016/j.copbio.2018.01.002
https://doi.org/10.1016/j.copbio.2018.01.002
https://doi.org/10.1016/j.ymben.2012.02.002
https://doi.org/10.1016/j.ymben.2012.02.002
https://doi.org/10.1128/jb.119.3.736-747.1974
https://doi.org/10.1046/j.1462-2920.2002.00366.x
https://doi.org/10.1046/j.1462-2920.2002.00366.x
https://doi.org/10.1038/nature04785
https://doi.org/10.1038/nature04785
https://doi.org/10.15252/msb.20145735
https://doi.org/10.15252/msb.20145735
https://doi.org/10.1016/j.jbiosc.2015.11.007
https://doi.org/10.1128/jb.175.18.5829-5838.1993
https://doi.org/10.1128/jb.175.18.5829-5838.1993
https://doi.org/10.1038/nbt1172
https://doi.org/10.1016/j.cell.2016.05.003
https://doi.org/10.1016/j.cell.2013.02.022
https://doi.org/10.1016/j.cell.2013.02.022
https://doi.org/10.1038/s41564-017-0028-z
http://refhub.elsevier.com/S2214-0301(22)00013-X/sref52
http://refhub.elsevier.com/S2214-0301(22)00013-X/sref52
http://refhub.elsevier.com/S2214-0301(22)00013-X/sref52
http://refhub.elsevier.com/S2214-0301(22)00013-X/sref52
http://refhub.elsevier.com/S2214-0301(22)00013-X/sref52
https://doi.org/10.1371/journal.pgen.1007749
https://doi.org/10.1038/s41467-018-03232-w
https://doi.org/10.1039/C8GC02519C
https://doi.org/10.1039/C8GC02519C
https://doi.org/10.1039/C5GC01165E
https://doi.org/10.1039/C5GC01165E
https://doi.org/10.1111/1751-7915.13481
https://doi.org/10.1111/1751-7915.13481
https://doi.org/10.1007/s10295-019-02190-6
https://doi.org/10.1021/acssuschemeng.7b03597
https://doi.org/10.1186/s12934-018-0887-x
https://doi.org/10.1128/JB.00575-17
https://doi.org/10.1128/JB.00575-17
https://doi.org/10.1002/bit.26589
https://doi.org/10.1002/bit.26589
https://doi.org/10.1101/2020.07.28.225219
https://doi.org/10.1046/j.1462-2920.2002.00365.x
https://doi.org/10.1046/j.1462-2920.2002.00365.x
https://doi.org/10.1016/j.mib.2020.11.005
https://doi.org/10.1016/j.mib.2020.11.005
https://doi.org/10.1016/j.ymben.2021.11.011
https://doi.org/10.1016/j.ymben.2021.11.011
https://doi.org/10.1038/nchembio.2046
https://doi.org/10.1038/nchembio.2046
https://doi.org/10.1016/j.ymben.2020.10.0
https://doi.org/10.1016/j.ymben.2020.10.0

