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Figure 2: openCIDAR design and function. A. Design of the new destination vectors containing KanR, the pBBR1 origin and rep gene, and a
CIDAR cloning site where transcription units may be assembled. Although this is over 100 parts, only the parts in this study are shown. B.
Molecules of Equivalent Fluorescein (MEFL) expression values for the combinations of parts included in the original CIDAR paper. These were
interpolated from Supplementary Figure 1. Expression from the original vector series in E.coli matches closely to the expression reported in this
study. C. Violin plots of the expression values in MEFL for E. coli populations expressing each construct, along with the average copy number
assessed by ddPCR. The violin plots for three replicates are overlaid, showing little variation between replicates. D. The same plots in as in C for
the same constructs expressed in P. putida. E. The same plots in as in C for the same constructs expressed in C. necator. F. The same plots in as
in C for the same constructs expressed in K. nataicola.
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To better assess part performance across hosts, we first plotted all expression values on the same chart,
which is possible because all values are expressed in terms of MEFL (Figure 3A). Unexpectedly, global
expression values for all constructs trended higher in C. necator and P. putida than in E. coli. Then,
Pearson correlation coefficients were calculated for the constructs across hosts (Figure 3B). Expression
values for the same constructs in E. coli and P. putida were well-correlated (Pearson coefficient R= 0.84).
Expression levels were well-correlated between C. necator and E. coli (R=0.83). In contrast, expression
levels were poorly correlated between K. nataicola and E. coli (R=0.33). This demonstrates that although
a range of expression values are possible in K. nataicola, the same combinations of promoters and RBS
cannot be used to achieve similar expression levels. This necessitates an MEFL lookup table (LUT), which
can be used to transfer a genetic design from one organism to another (rigure 4). With a LUT, equivalent
parts in a new organism can be matched to known part sets, or part sets which achieve a desired
expression level can be selected. This is made possible by the MEFL standard expression unit.
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Figure 3: Comparing and correlating part function across hosts. A. Rank order comparison of MEFL for each construct in each host. This shows
a rough global correlation for expression in all species. Divergent values are largely found only in K.nataicola. B. Species-species correlations.
The species is in the diagonal, with the MEFL values in each species plotted in the top right boxes and the correlation coefficients in the bottom
left boxes.
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Figure 4: MEFL lookup table (LUT) for openCIDAR. By matching MEFL across organisms, researchers may design genetic constructs that achieve
the same expression values across different organisms.

Truly interchangeable parts should have negligible interactions with other elements. To investigate
interactions, linear regression models of GFP expression by promoter, RBS, and the interactions
between the two (all other construct elements were constant) were fit for each organism. The
coefficients of each term (logio transformed) were compared as a proxy for understanding the relative
effect size of each term. The individual effect sizes of the intercept (baseline fluorescence), promoters,
and RBSs were usually the dominant factors, indicating independent contributions to the total MEFL. For
K. nataicola, however, the interaction between promoter J23100 and several RBSs had coefficients
equivalent or larger than the promoter coefficients themselves. We conclude that promoter J23100 is
not “well-behaved” in K. nataicola, that is it does not function the same across hosts, even though it still
produces functional transcription units. This is a notable finding as promoter 123100 is a very commonly
used strong promoter, and is likely to be one of the first choices for synthetic biologists working in novel
Pseudomonadota. This interaction would be difficult to detect without a combinatorial approach and
guantitative analysis. The behavior of this single promoter is largely the cause of the lack of correlation
between K. nataicola and the other organisms in Figure 3B.
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Figure 5: Linear models for part performance across species. A. General form of the linear models. Expression is the sum of an intercept term
plus estimates computed for each promoter, RBS, and the interactions between them. Due to high correlation between variables (i.e. very
similar expression between parts), some parameters were not estimated (see Methods). B. Bar chart of the intercept values, interpreted as
background fluorescence, were similar between species. C. Bar chart of the promoter coefficients. The contribution of each promoter to
expression had conserved rank order in each species, however the magnitudes varied. Notably, the expected very low expression of the J23103
promoter in E. coli was not conserved. D. Bar chart of the RBS coefficients. Variation in the contribution of the RBS to expression between
species appears greater than the variation in the contribution of promoters. E. Bar chart of the interaction terms between promoters and RBSs.
Interactions between promoter and RBS terms were very high in K. nataicola, especially for those terms including the J23100 promoter.
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DISCUSSION

As new organisms are identified as chassis of interest for synthetic biology, appropriate tools and part
sets for controlling gene expression need to be identified. Here, we demonstrate a method for rapidly
identifying appropriate expression parts for multiple organisms from a single parts set. This obviates the
need to develop new part sets by genome mining or other methods. This should enable researchers to
more rapidly onboard new organisms.

Previous studies have explored the range of fluorescent protein expression achievable in
nonconventional prokaryotes by varying promoters with a consistent RBS, or RBS with a consistent
promoter>*”?’_ Few, if any, studies have explored fully combinatorial sets of both promoters and RBSs
across several hosts from diverse lineages. This, coupled with the standard MEFL measurement, enabled
analyses not previously possible, with several interesting outcomes.

First, we noted that expression of the same DNA across different hosts resulted in MEFL values that
were generally well-correlated. However, P. putida, C. necator, and K. nataicola all had a higher average
expression strength than E. coli which did not correlate with copy number. This suggests that other host
factors besides plasmid copy number may be contributing to expression. Furthermore, these results
show that at least in some bacteria, it may be more difficult to achieve low expression rather than high
expression.

Second, we observed that the promoters are largely functional across hosts. This is not unique to
bacteria — this has been observed in yeast?® and animals?®. Yet, the yeast study clearly showed an
evolutionary distance trend where sufficiently distant promoters were no longer functional (promoters
from Yarrowia lipolytica and Schizosaccharomyces pombe were not functional in Saccharomyces
cerevisiae). In contrast, we observed a breakdown in expression patterns but not a nonfunctional
barrier, even for distantly related bacteria. The lack of a nonfunctional barrier could be due to the
efficiency and simplicity of prokaryotic gene expression, the parts being synthetic rather than host
derived, greater conservation of prokaryotic gene expression machinery, or some other mechanism.
Differences in expression levels are possibly due to differences in transcription factor binding affinity,
ribosome binding affinity, and global protein expression control within the cell.

To enable similar function of genetic designs across hosts, we propose designs should be transferred
using a lookup table that matches equivalent expression parts across hosts. This would account for the
variability of the same DNA across hosts. Rebuilding a design for a new host is particularly facile in the
openCIDAR system compared to other systems due to the modular cloning framework and availability of
a large parts set, although the characterization strategy could be used to translate between different
part collections as well, since the comparison is made with MEFL, not arbitrary units. Furthermore, by
using combinatorial experiments and linear regression, it was possible to identify the divergent behavior
of the J23100 promoter in K. nataicola. This demonstrates that it is possible to debug parts and derive
design rules in each organism, in addition to the lookup table, that can inform future designs.

While the parts function across the major classes of Pseudomonadota, it is important to note that
several factors such as transposons, host restriction systems, and growth rate could limit the application
of this parts set in a potential new host. We know this is at least true of Vibrio natriegens
(communication with Tanya Tschirhart), as pBBR1 is particularly unstable even though functional?’.
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However, the lookup table approach would still be useful to translate E. coli designs to a V. natriegens
expression system, as long as all parts are measured in MEFL. Furthermore, others are developing
approaches to overcome host limitations like tools that evade restriction-modification systems?.
Despite these limitations, openCIDAR should at least work well in all species that can stably maintain
pBBR1.

In conclusion, we have defined a system that enables transfer of accessible, well-characterized parts to
new chassis. By screening a modest library, we achieved constitutive expression over three orders of
magnitude in each species studied. Coupled with recent advances in scalable and high-throughput
electroporation devices?, our approach can make automated, high-throughput, modular DNA assembly
in many nonconventional prokaryotes an achievable and practical workflow. This is because only one
part set is required for a large group of related bacteria — hinting that only a few parts sets may be
needed to enable expression across the tree of life.
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MATERIAL AND METHODS
Phylogenetic placement of pBBR1-compatible bacteria

A literature search was conducted to identify bacterial species reported to be transformable with the
pBBR1 plasmid and derivatives. These species are reported in Error! Reference source not found..
Representative genomes for each species were accessed from the NCBI RefSeq database, and a species
tree showing phylogenetic relationships was constructed from genomic protein sequences using the
OrthoFinder tool*%3%,

Strains and media

All cloning was performed in NEB 5-alpha Competent Escherichia coli (New England BioLabs C2987U).
The Pseudomonas putida KT2440 strain was purchased from ATCC (#47054). The Cupriavidus necator
H16 strain was purchased from ATCC (#17699). The Komagataeibacter nataicola DS12 strain was
isolated from a kombucha tea culture (Urban Farm, Portland ME) by Elizabeth van Zyl of the Coburn lab
and provided as a gift. Routine culture of E.coli for cloning purposes was performed in Miller’s LB Broth
(Fisher BP1426-2) in 14mL Falcon tubes (VWR 60819-761) at 37°C on a rotating drum. Routine culture of
P.putida and C.necator was performed in Miller’s LB Broth using 50mL conical tubes in an orbital
incubator shaker at 30°C, 220 RPM. Routine culture of K.nataicola was performed in Hestrin-Schramm
media®? (5 g/L Bacto Peptone(BD 211677), 5 g/L Difco Yeast Extract (BD 210929), 1.15 g/L citric acid
(Sigma-Aldrich C0759), 2.7 g/L sodium phosphate dibasic anhydrous (Sigma-Aldrich S5136), 20 g/L
glucose (Sigma-Aldrich G7021)) using 125mL shake flasks in an orbital incubator shaker at 30°C, 220
RPM. Solid media plates were prepared using the previously described media supplemented with 20g/L
(E.coli, P.putida, C.necator) or 15 g/L (K.nataicola) agar (Sunrise Science Products 1910-1KG). For
antibiotic selection and plasmid maintenance, kanamycin (Alfa Aesar 161272) was added at 50 ug/mL
(E.coli, P.putida), 100 ug/mL (K.nataicola) and 200 pug/mL (C.necator). For identification of background
colonies in cloning, X-Gal was supplemented to the selection media (Thermo Scientific R0941).

The CIDAR MoClo Parts Kit was a gift from Douglas Densmore (Addgene kit # 1000000059). CIDAR
MoClo Extension, Volume | was a gift from Richard Murray (Addgene kit #1000000161). pSEVA331Bb
was a gift from Tom Ellis (Addgene plasmid # 78269 ; http://n2t.net/addgene:78269 ;
RRID:Addgene_78269).

Cloning of new destination vector series

To construct the Level 1 series, the BBR1 origin of replication was amplified from pSEVA331Bb (Addgene
#78269). A silent mutation was introduced in the Rep protein to remove a Bbsl restriction site (G186A).
The kanamycin resistance cassette was amplified from pAN861. The CIDAR MoClo cloning sites were
amplified from DVK_AE, DVK_EF, DVK_FG and DVK_GH. The fragments containing the origin of
replication, kanamycin resistance gene and cloning site, along with appropriate flanking sequences,
were combined by Gibson Assembly (NEB E2621S) to form pBBR1_DVK_AE, pBBR1_DVK_EF,
pBBR1_DVK_FG and pBBR1_DVK_GH. To construct the Level 2 series, the fragment containing the BBR1
origin of replication was combined with a chloramphenicol resistance cassette from pY122 or a
spectinomycin resistance cassette from pICH41308 and the cloning site from DVA_AF, DVA_AG and
DVA_AH to form pBBR1_DVS_AF, pBBR1_DVS_AG, pBBR1_DVS_AH, pBBR1_DVC_AF, pBBR1_DVC_AG
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and pBBR1_DVC_AH. Correct assembly was confirmed by Sanger sequencing. All new destination
vectors constructed for this study are summarized in Error! Reference source not found..

Automated cloning pipeline

The CIDAR MoClo Parts Kit (#1000000059) and CIDAR MoClo Extension, Volume | (#1000000161) were
purchased from Addgene. Plasmid DNA was purified from E.coli host strains using the QlAprep Spin
Miniprep kit (Qiagen 27106). Plasmid DNA was quantitated using a NanoDrop spectrophotometer and
diluted to 20 fmol/uL in nuclease-free water (VWR 02-0201-0500). An appropriate volume of reaction
mastermix was prepared with the following composition: 20% v/v Bsal (New England BioLabs R3733S) or
Bbsl (Thermo Scientific ER1012), 8% v/v T4 DNA ligase HC (Promega M1794), 20% v/v T4 DNA ligase
buffer (Promega), 52% v/v nuclease-free water. This mastermix was transferred to a Labcyte Echo 384
LDV plate (001-13070), along with an appropriate volume of each DNA part. For a five part assembly,
200nL of each part (4 fmol) was transferred to an Eppendorf twin.tec 96-well PCR plate (951020427),
along with 1L of mastermix using a Labcyte Echo 525 acoustic liquid handler. The transfers were
programmed using the Echo Plate Reformat software. After completion of transfer, the PCR plate was
sealed with PCR film (VWR 60941-078) and the following reaction was carried out on a thermocycler:
37°C for 90 seconds then 16°C for three minutes cycled 25 times, followed by five minutes and 50°C and
10 minutes at 80°C. The plate was then transferred to an Eppendorf epMotion 5075t liquid handler,
where the following operations were performed: 10uL NEB 5-alpha Competent E. coli (C2987U) cells
added to each well, shaken at 500 RPM for 15 seconds, incubated for 15 minutes in a block pre-frozen at
-20°C, heat shocked at 42°C for 30 seconds, moved back to cold block for 5 minutes, 100uL SOC added,
incubated at 37°C for one hour. Subsequently, 10uL of transformation mixture was transferred to
unused wells of the original Echo 384 well plate, and that plate was transferred to the Echo 525 acoustic
liquid handler. Transformed cells were transferred to pre-warmed (37°C) antibiotic selection media
plates (OmniTray, Thermo Scientific 264728) in a pseudo-96 well pattern, with one 25nL droplet per spot
and 18 spots per pseudo-well. Plates were incubated overnight at 37°C and white colonies were picked.
Positive colonies were confirmed for correct assembly by enzymatic digestion (with Bbsl for level 1
assemblies) followed by gel electrophoresis band size analysis (Invitrogen G401001).

Transformation of Komagataeibacter nataicola

The method for transformation of K.nataicola was adapted from Florea et al?%. A source plate of

K.nataicola was streaked out on HS media, incubated for 3-4 days at 30°C and then stored at RT for up
to a month. A whole colony was picked from this plate and inoculated into a preculture of 10mL HS
media with 0.2% v/v cellulase (Sigma Aldrich C2730) in a 125mL flask. When grown on solid media,
K.nataicola forms hard, connected networks, making the difference between a “whole colony” and a
“small chunk” somewhat subjective. The preculture was incubated with shaking at 30°C, 220 RPM for 2-
3 days until quite cloudy (ODeoo™~1-2). From this preculture, two 50mL cultures (in 250mL flasks) were
inoculated at OD=0.005 and 0.010. These flasks were incubated with shaking at 30°C, 220 RPM
overnight. The next day, the flask in the range of 0D=0.4-0.7 at the time of transformation was used.
Prior to transformation, a swinging-bucket centrifuge was pre-chilled to 4°C for at least 30 minutes, until
the centrifuge cups were cold to the touch. Solutions of 1mM HEPES (diluted from Fisher BP299) and
15% glycerol (Fisher BP229) were stored at 4°C and transferred to ice buckets as the centrifuge was
chilled. Cells were decanted into a 50mL conical tube and transferred to ice for 10 minutes. From this
step forward, all procedures were performed on ice. Cells were pelleted at 3000xg for 5 minutes, and
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the supernatant was decanted and discarded. The pellet was washed twice in 10mL HEPES with the
following method: gently resuspend the pellet by tapping, resuspend in ImL using a P1000 (breaking up
any clumps), resuspend in the remaining 9mL using a 10mL serological pipette, then pellet at 3000xg for
5 minutes. During this these washes, 1mm electroporation cuvettes (Molecular BioProducts 5510) were
stored on ice and labelled, along with 0.2 mL PCR tubes (USA Scientific 1402-4700) for each
transformation. Plasmid DNA (up to 200 ng, maximum volume 4pL) was transferred to PCR tubes. The
final washed pellet was resuspended in 1mL ice-cold 15% glycerol, and 100uL competent cell suspension
was added to the DNA in the PCR tubes. Any remaining competent cells were aliquoted into PCR strips
and stored at -80°C for later use. The tubes were gently tapped to mix and briefly centrifuged to collect
in the tube bottom, and then incubated on ice for 10 minutes. Each mixture was then transferred to the
corresponding electroporation cuvette, which was dried and electroporated at 2.5 kV, 400 Ohm
resistance, 25 UF capacitance. Recovery media (1mL HS with 0.2% cellulase) was immediately added to
the cuvette. Following all transformations, cells in recovery media were transferred to 14mL round
bottom Falcon tubes and incubated with shaking at 30°C, 220 RPM overnight. Transformation efficiency
varied from construct to construct. Typically, 100uL of recovered cells were spread on a 10cm dish
containing selection media and incubated at 30°C for 3-4 days. If this procedure did not yield colonies,
the transformation was repeated and the entire volume of transformed cells was centrifuged and
resuspended in 200uL HS with the appropriate antibiotic, then plated on selective media. Colonies were
picked into 10mL HS with 0.2% cellulase and the appropriate antibiotic, grown at 30°C, 220 RPM until
cloudy (typically 1-2 days but up to 4 for slow-growing strains), and preserved as glycerol stocks (500uL
cell culture plus 500uL 50% glycerol for final glycerol concentration of 25%).

Transformation of Pseudomonas putida

The method for transformation of P.putida was adapted from the method described by EImore et al*3. A
single colony was inoculated into 10mL of LB in a 50mL conical tube and incubated with agitation at
30°C, 220 RPM overnight. The protocol was scaled up as needed by adding more tubes of 10mL culture.
The cell culture was pelleted at 3,200xg for 10 minutes, and washed 3x with 5mL of 10% v/v glycerol
(room temperature). This pellet was resuspended in 200pL of 10% glycerol per 10mL starting culture.
Aligquots of 50uL in PCR strips were stored at -80°C. At the time of transformation, aliquots were thawed
at RT for 5 minutes, and 10uL of these competent cells were diluted into 40uL of 10% glycerol in PCR
strips. Plasmid DNA was added to these cells (50-150ng in 1-2uL). Cells and DNA were mixed by flicking
the tubes, which were then briefly spun down and incubated at RT for 5 minutes. The mixture was
transferred to a 1Imm electroporation cuvette and electroporated at 1600V. The time constant was
typically 5-6ms. SOC recovery media (250uL) was immediately added to the cuvette following
electroporation. The recovering cells were transferred to a 14mL round bottom Falcon tube and
incubated at 30°C, 220 RPM for 90 minutes. Following recovery, 5uL of transformation mixture was
added to a selective media plate and streaked out for single colonies. Plates were incubated overnight at
30°C and single colonies were picked.

Transformation of Cupriavidus necator

The method for transformation of C.necator was adapted from the method described by Peabody et al.
in an unpublished manuscript shared with our lab by Adam Guss. The culture was agitated at 220 RPM
rather than 250. In addition, the DNA was incubated with the cells for 5 minutes at RT. Post-
transformation recovery was carried out in a 14mL round bottom Falcon tube rather than a


https://doi.org/10.1101/2023.02.07.527528

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.07.527528; this version posted February 7, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

microcentrifuge tube. All other aspects of the transformation protocol were carried out as described.
With the plasmid constructs described here, 100ng DNA was used for each transformation.

Flow cytometry

The method for cell characterization by flow cytometry was adapted from Andrews et al**. For E.coli and
P.putida, single colonies were picked into wells of a 96-well V-bottom plate (Thermo Fisher 249662)
containing 100uL LB with the appropriate antibiotic. This plate was incubated overnight with shaking at
1000 RPM, 37°C for E.coli, 30°C for P.putida. Cells were then diluted into fresh media (2L into 98uL) in
triplicate and grown for 6 hours. From this culture, 10uL was transferred into a plate containing 190uL
diH>0 with 2mg/mL kanamycin. This plate was incubated at room temperature for 1 hour and used
directly for flow cytometry.

For C.necator and K.nataicola, single colonies were picked into 5mL LB or HS (respectively) in a 50mL
conical tube and incubated with shaking at 30°C, 220 RPM until quite cloudy. Cells were then diluted
into 5mL media in triplicate (5uL for C.necator, 25 plL K.nataicola) and incubated until slightly cloudy.
From these culture, 10uL was transferred into a plate containing 190uL diH,0 with 2mg/mL kanamycin.
This plate was incubated at room temperature for 1 hour and used directly for flow cytometry.

A Beckman Coulter CytoFLEX S flow cytometer was used with the following parameters: GFP channel
configured using blue laser (488nm, 50mW) with 525/40nm band pass filter, gain 90. Gating thresholds
FSC 1500 (gain 68) and SSC 1000 (gain 56). SpheroTech Rainbow Calibration particles (URCP-38-2K) and
destination vector-only (pBBR1_DVK_AE) control were used for calibration and subsequent analysis.
Fluorescent intensities were converted to MEFL using the FlowCal toolkit in a custom Python script®.

Plasmid copy number determination by ddPCR

Cell cultures were grown to mid-exponential phase and frozen at -80°C prior to analysis. Sample
preparation was adapted from Jahn et al®*®. Cell samples were thawed on ice and diluted into 1mL
nuclease-free water at 1:500 or 1:250 dilutions. From this diluted sample, 44uL were transferred to PCR
strips and boiled at 95°C for 20 minutes for lysis. Bsal (1 puL) and 10x CutSmart buffer (5 uL) were added
to each sample, and the plasmid and genomic DNA was digested at 37°C for 30 minutes. Reaction
mixtures were prepared by combining the following reagents per wells to BioRad ddPCR plates: 5.5 uL
4x ddPCR SuperMix; 4.4 pl lysed, digested sample; 1.1 pL each probe (5 uM stock) and primer (18 uM
stock); and 5.5 pL nuclease-free water. The plate was heat-sealed in foil, vortexed vigorously and
centrifuged briefly. Droplets were generated using the BioRad AutoDropletGenerator using the
manufacturer’s recommended reagents and consumables. Droplets were read using a QX200 droplet
reader with the QuantaSoft software and analyzed using the QX Manager Standard software.

Primers and probes were designed for single-copy genomic targets of each strain as well as the BBR1 rep
protein. Genomic targets were labelled with the FAM fluorophore and BBR1 plasmid targets were
labelled with the HEX fluorophore for multiplexing. The E.coli cysG, and P.putida ileS primer/probe sets
were used as described by Jahn et al’’. Primers and probes for the mutated BBR1 rep protein, C.necator
panC target® and the K.nataicola cysG target were designed using NCBI Primer-BLAST. Primer details are
included in Error! Reference source not found..
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RESEARCH DATA AVAILABILITY

Digital data files related to this study are available from GitHub repository
github.com/kevinwkeating/openCIDAR. Data available in this repository includes plasmid sequences,
flow cytometry raw data and analysis scripts, and ddPCR analysis exports. Destination vectors and
fluorescent reporter cassettes have been deposited with Addgene (Error! Reference source not found.).
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