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[bookmark: _mygnsjf40adg]1.   Abstract
RNA-seq enables the analysis of gene expression profiles across different conditions and organisms. Gene expression burden slows down growth, which results in poor predictability of gene constructs and product yields. Here we describe how we applied RNA-seq to study the transcriptional profiles of E. coli when burden is elicited during heterologous gene expression. We then present how we selected early responsive promoters from our RNA-seq results to design sensors for gene expression burden. Finally, we describe how we used one of these sensors to develop a burden-driven feedback regulator to improve cellular fitness in engineered E. coli.
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[bookmark: _rk5u4clje1js]2.   Introduction
In cell engineering cells are modified with synthetic constructs to express molecules of interest. The expression of exogenous proteins has been shown to cause detrimental physiological changes in the host cells [1], usually leading to decreased growth and poor yields, a phenomenon known as cellular burden [2]. Burden can stem from the specific role of a protein and its interactions with the intracellular environment [3][4]. However,  recent work in the field of synthetic biology has provided evidence that gene expression burden is mainly caused by the competition between the host cell and the synthetic constructs for the intracellular resources needed for gene expression with ribosome uptake and energy consumption shown to play a major role [1][5][6]. Burden is not only detrimental for the cells; it is also the major cause of the poor predictability of the behaviour of synthetic constructs. Understanding the cell's response to burden is thus crucial to be able to counteract it and identify strategies for a more robust design of gene expression devices.
 
We recently combined multiplex RNAseq with an in vivo assay to reveal the major transcriptional changes occurring in E. coli when a set of inducible synthetic constructs are expressed. We identified that native promoters related to the heat-shock response activate rapidly in response to synthetic expression, regardless of the construct in use. We termed these natural biosensors for burden as they allow early detection of gene expression burden occurring in the cell. Using these promoters, we built a CRISPR/dCas9-based feedback regulation system that automatically adjusts synthetic construct expression in response to burden. Cells equipped with this general-use controller maintain capacity for native gene expression to ensure robust growth and outperform unregulated  cells  in terms of  protein  yields  in  batch production.
 
[bookmark: _66257nnpfm5z]Cells are transformed with constructs of interest and grown over time in a plate reader. Induction of gene expression is performed. Cells are harvested at 15 and 60 min after induction of gene expression. Total RNA is isolated and genomic DNA removed. rRNA is removed from the extract and mRNAs are retro-transcribed to cDNA. The Illumina Nextera XT kit is used to perform library preparation starting from cDNA. Identification of early responsive promoters via analysis of RNAseq results leads to burden sensor design and testing. The htpG1 promoter is selected to design and build a burden-based biomolecular feedback system. The feedback adjusts heterologous gene expression levels to mitigate the effect of burden on the cells.
3.   Materials
[bookmark: _u08wenf094pe]3.1   Strains
 We used bacterial strains MG1655 (K-12 F- λ- rph-1) and DH10B (K-12 F- λ- araD139 ∆(araA-leu)7697 ∆(lac)X74 galE15 galK16 galU hsdR2 relA rpsL150(StrR) spoT1 deoR ϕ80dlacZ∆M15 endA1 nupG recA1 e14- mcrA ∆(mrr hsdRMS mcrBC)), acquired from the National BioResource Project Japan. Users should select the strain of their own interest and apply the materials and methods for the strain(s) of their choice.
[bookmark: _d8ixectkdeu6][bookmark: _3.2_Molecular_cloning]3.2 Molecular cloning
1. Plasmid DNA isolation, extraction of DNA from agarose gels and PCR purification were done using Qiagen kits.

2. All our PCR reactions were carried out using the NEB Phusion High Fidelity Polymerase and oligonucleotide primers synthesised by IDT.

3. The burden-responsive promoters were synthesised as gBlocks from IDT and inserted into the destination vector below through restriction cloning using SfiI and PacI. All enzymes were ordered from NEB.

4. The structure of the plasmids used to test the burden early responsive promoters on a plasmid is as follows:
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	Figure 1. Schematic of the sensor plasmid designed to characterise the promoters upregulated by burden out of their genomic context.


The gene reporting the activity of the burden-responsive promoter, here sfGFP, can be easily swapped     using restriction cloning using the PacI and BsaI restriction sites.
 
5. The structure of the burden-driven feedback plasmid used to regulate heterologous protein production is as follows:
 
	[image: ]

	Figure 2.  Feedback plasmid constitutively expressing dCas9. Expression of the sgRNA is driven by the htpG1 burden promoter sensor, selected from the pool of upregulated promoters identified by RNA-seq.


The actuator, here the sgRNA, can be swapped using restriction cloning using the PacI and AscI restriction sites. The target site on the sgRNA can also be swapped using inverse PCR of the feedback plasmid with insertion-encoding 5’ phosphorylated primers, followed by DpnI digestion and re-ligation before transformation into the strain of interest. This allows for replacement of the target domain, which in our case was designed to hit the ARABAD promoter. 
[bookmark: _t9sekcnnim03][bookmark: _3.3_Medium]3.3 Medium
The M9 media used in our experiments consisted of M9 minimal salts (5x) supplemented with 0.4% casamino acids, 0.25 mg/ml thiamine hydrochloride, 2 mM MgSO4, 0.1 mM CaCl2, 0.4% fructose and the appropriate antibiotic. (Note 1)
3.4 RNAseq library preparation
[bookmark: _o7artdeontbu]3.4.1 Consumables:
1. Qiagen RNeasy mini kit (Qiagen 74104)

2. DNase I (Qiagen 79254)

3. Agilent RNA 6000 Nano Kit (5067-1511)

4. MicrobExpress rRNA removal kit (Thermo Scientific AM1905) (Note 2)

5. Tetro cDNA synthesis kit (Bioline BIO-65043)

6. Random hexamers (Bioline BIO-38028)

7. Next second-strand synthesis buffer (NEB B6117S)

8. dNTPs (NEB N0446S)

9. RNase H (NEB M0297L)

10. Polymerase I (Thermo Scientific 18010025)

11. MiniElute PCR purification kit (Qiagen 28004)

12. DEPC-treated free water

13. Nextera XT kit (Illumina FC-131-1096)

14. Ampure beads (Beckman Coulter A63880)

15. Agilent high-sensitivity DNA analysis kit (5067-4626)
[bookmark: _pk7433m4ligt]3.4.2 Equipment:
1. Agilent 2100 Bioanalyzer 

2. Qubit fluorometer (Invitrogen)

3. Multi-well plate reader
[bookmark: _ks53mv99l9a9] 4.   Methods
[bookmark: _xkp1fi31poxl]4.1 Identify how the host responds to burden using RNA-seq

 Here we describe how we prepared our E. coli strains for measuring the impact of expressing a synthetic construct on the host. We also describe how the samples were prepared for studying the impact of our burden-inducing construct on the host transcriptome via RNA-seq.
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	Figure 3: Workflow to measure the burden induced by the expression of a heterologous construct and extract the RNA for RNAseq



[bookmark: _jxoi5xwt614m]4.1.1 Transformation with synthetic construct causing burden

In our work, we were interested in expression burden triggered by overexpressing a heterologous protein. Our construct consisted of a 3.7kb fusion protein consisting of VioB and mCherry, controlled by the ARABAD promoter (Figure 4). Induction of the expression of VioB-mCherry was done by adding arabinose to the media. 
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	Figure 4: Design of our burden inducing construct



1. Construct the plasmid carrying your gene of interest which you want to test. In our case it was VioB-mCherry.
 
2. Transform the construct into your strain and verify that it is being expressed through any method of your choice. (We checked concentrations of VioB-mCherry by tracking red fluorescence in a plate-reader.)
 
3. Together with your construct, transform into the same strain its empty plasmid  to be used as negative control. You will compare the gene expression profile of this negative control to the one of the strains carrying the burden plasmid to investigate which native genes are up-/downregulated in the presence of burden.
 
[bookmark: _e21tb0q71899]4.1.2 Time-course assay 

1.  Grow overnight cultures of E. coli cells transformed with the construct and control plasmids at 37°C overnight with aeration in a shaking incubator in 5 ml of M9 medium (see Materials section 3.3).
 
2. In the morning, dilute 60 µl of each sample into 3 ml of fresh M9 media supplemented with the appropriate antibiotics and grow them at 37 °C with shaking for another hour (outgrowth).

3. Then, transfer 200 µl of each sample into a 96-well plate (We used clear transparent 96-well Costar plates) at approximately 0.1 OD600.

4. Place the samples in a microplate reader (We used a Biotek Synergy HT plate-reader) and incubate them at 37 °C with orbital shaking at 1,000 rpm. for 1 h. Take measurements of VioB-mCherry (excitation, 590 nm; emission, 645 nm) and OD600 every 15 min. (If using GFP then use excitation, 485 nm; emission, 528 nm).

5. 60 min into the incubation, briefly remove the plate to add the inducer to the wells (Our final concentrations of inducers were: l-arabinose, 0.2%; l-rhamnose, 2%). Set this time point as your "time 0".

6. If you are doing a burden assay: grow the cells in the reader for 4.5 h, taking measurements of VioB-mCherry (excitation,590 nm; emission, 645 nm) and OD600 every 15 min.

7. If you are performing RNA-seq analysis: remove the samples from the wells at 15 and 60 min after induction for processing:

a. Take 170 µl from each of four wells per time point and dispense it in a fresh tube to which you would have added 1.360 ml of RNA protection buffer.

b. Leave the samples for 5 min at room temperature and then centrifuge them at 4 °C at maximum speed.

c. Discard the supernatant and freeze the pellets at –20 °C.

d. Repeat the experiment for the three replicates on three different days (Our three replicates were repeated independently on three different days for a total of 90 samples used to produce the final data set (7 constructs × 2 strains × 3 replicates × 2 time points = 84 samples; plus control strain DH10B-GFP cells × 3 replicates × 2 time points)).
 
[bookmark: _4fssj5f1ecsj]4.1.3 RNA-seq Sample Preparation
 
The library preparation uses a custom protocol adapted from previous Nextera kit methods [7].
 
1.  Extract the RNA from your samples taken in the Section Burden Assay and RNA-seq Time Course. Use the Qiagen RNeasy mini kit (Qiagen 74104).
 
2. Remove possible traces of genomic DNA contamination by treating 2 µg of each sample for a second time with DNase I (Qiagen 79254).
 
3. Assess the total RNA quality and integrity with an Agilent 2100 Bioanalyzer and Agilent RNA 6000 Nano Kit (5067-1511). The average RNA integrity number should be superior to 9.
 
4. Enrich the mRNA with the MicrobExpress rRNA removal kit (Thermo Scientific AM1905).
 
5. Assess successful rRNA depletion on the Bioanalyzer.
 
6. Carry the retrotranscription starting from 50 ng of total enriched mRNA with the Tetro cDNA synthesis kit (Bioline BIO-65043) and 6 µl of random hexamers (Bioline BIO-38028) per reaction.
 
7. For the second cDNA synthesis, add 5 µl of NEB Next second-strand synthesis buffer (NEB B6117S) to the first-strand synthesis mix, 3 µl of dNTPs (NEB N0446S), 2 µl of RNase H (NEB M0297L), 2 µl of polymerase I (Thermo Scientific 18010025) and 18 µl of water per reaction.
 
8. Incubate the samples at 16 °C for 2.5 h.
 
9. Purify the cDNA with the MiniElute PCR purification kit (Qiagen 28004) and elute in 10 µl of DEPC-treated free water.
 
10. Quantify the amount of cDNA with a Qubit fluorometer (Invitrogen).
 
11. For the library preparation, use the Nextera XT kit (Illumina FC-131-1096) starting from 1 ng of total cDNA.  Use 3 min of tagmentation and 13 cycles of step-limited PCR.
 
12. Purify the library using ampure beads (Beckman Coulter A63880).
 
13. Assess the quality and quantity of the library with an Agilent 2100 Bioanalyzer and Agilent high-sensitivity DNA analysis kit (5067-4626).
 
14. Pool together all your samples in the same reaction tube at a final concentration of 1 nM.
 
[bookmark: _s0xbj4itbj97]4.1.4 RNA-seq Library Sequencing
 
We performed the library sequencing at the Imperial College London Genomic Facility. We used two lanes from the HiSeq 2500 sequencer for paired-end sequencing with read length of 100 bp.
 
[bookmark: _xasinwal34vq]4.1.5 Sequencing quality control and alignments
 
1. Trim and assess the quality of your raw reads for all sequenced samples using Trim Galore v0.4.1 with default settings. Look for potential batch effects by pooling your technical replicates.
 
2. Obtain the genomic sequences of your orgasism, e.g. using Ensembl Genomes. (In our case we created a FASTA format sequence file corresponding to our DH10B-GFP and MG1655-GFP strain by merging the composite of strain, plasmid and integrated GFP for each sample to use as a reference for read alignment.)
 
3. Align the trimmed reads using the BWA mem algorithm v0.7.12-r1039 with the default settings.
 
4. Create a sorted BAM file for each sample using SAMtools v1.3.1 on the alignments obtained at the previous step.
 
5. Check that your biological replicates do not exhibit any batch effects before you generate the raw counts with Bioconductor Rsubread package v1.12.6.
 
6. Discard all reads identified as unremoved rRNA, and in the one case where reads could align to either the plasmid or the strain genome, assign the raw reads appropriately to match those of flanking sequence.
 
7. Check the biological replicates to identify any outlier sample.
 
8. Generate the normalized FPKM counts with the Bioconductor edgeR package version 3.4.2, accounting for gene length and library size (by TMM normalization), which will be used for downstream analysis.
 
[bookmark: _xiqei3w2iu74]4.1.6 Transcription profiles and promoter characterization.
 
We adopted the method of Gorochowski et al. (2017) [8] to generate the transcription profiles from RNA-seq data.
 
1. Map the raw reads from the sequencer, previously saved in a FASTQ format, to your appropriate host genome reference sequence (which includes any genomically integrated sequences and/or plasmid sequences) with BWA version 0.7.4 with default settings. You will obtain BAM files for each of your samples.
 
2. Separately process each of these BAM files with custom Python scripts [8] to extract the position of the mapped reads, count read depths across the reference sequences, and apply corrections to the profiles at the ends of transcription units.
 
3. Normalise the obtained profiles to be able to compare them between samples.
 
4. Characterise the promoters with custom Python scripts as in Gorochowski et al. (2017)  [8], which take as input a GFF reference of the construct defining the location of all parts.

5. Use DNAplotlib version 1.0 [9] to visualise your transcription profiles and associated genetic design information were generated in an SBOL Visual format [10]. (All our analyses were carried out with custom scripts run using Python version 2.7.12, NumPy version 1.11.2, and matplotlib version 1.5.3.)

[bookmark: _4.1.7_Analyse_the]4.1.7 Analyse the plate-reader data to evaluate burden
 
To calculate the burden imposed by the constructs, refer to Ceroni et al. [11]:
 
[image: ]
 
where t1 = time-15 min after induction, t2 = time after induction and t3 = time+15 min after induction. 
 
Mean rates and their standard errors are calculated from three biological. To account for the background red fluorescence of M9, we added 400 to all RFP output rates per cell as we measured that red fluorescence decreases at a rate of approximately 400 RFP h-1 as it is consumed by cells during growth.
[bookmark: _wtc2u68h2tt7]4.2 Select the best burden-responsive promoter to build a burden biosensor
 
The next step is to identify which promoters are upregulated in the presence of burden. We characterised the early responsive upregulated promoters out of their genomic context, on a plasmid. This allows us to select our burden sensor: the promoter exhibiting the best fold activation when it is triggered by burden.
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	Figure 5: Workflow to identify promoters that are upregulated by burden from RNA-seq results and test them out of their genomic context in order to select the best candidate to use as a burden biosensor.



[bookmark: _lo2erhze6lis]4.2.1 Interpret the RNA-seq results to identify promoter upregulated by burden
 
Here we describe how to interpret the RNA-seq results to identify promoters with an early response to burden. We used DESeq2 for our differential expression analyses [12].
 
1. Compare gene expression between cells transformed with synthetic constructs and the analogous cells transformed with the corresponding empty plasmid. (We excluded the reads mapping to ribosomal genes or to the synthetic constructs).
 
2. Annotate the differentially expressed genes with data extracted from the EcoCyc database [13] using custom Python code.

3. Using a volcano plot can help visualising which genes were upregulated or downregulated in the cells experiencing the imposed burden compared to the control cells.
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	Figure 6: Differential gene expression analysis at 15 minutes after induction reveals that upregulated genes in burdened cells are driven by early responsive heat-shock promoters that respond to the heat-shock sigma factor 32. Figure adapted from [11]



[bookmark: _a4bn0sfw98m7]4.2.2 Test the burden-responsive promoters out of their genomic context
 
Once we identified which promoters upregulate gene expression through RNA-seq analysis, we studied their behaviour out of their genomic context, on a plasmid.
 
1. Order gBlock of each candidate promoter that upregulated the expression of a native gene while exposed to burden. Include SfiI restriction site upstream of the promoter sequence and PacI restriction site downstream of the promoter sequence for easy insertion into the sensor plasmid (Figure 1).
 
2. Insert each gBlock into the sensor plasmid via restriction cloning.

3. The reporter, currently sfGFP, can be swapped to a different reporter gene by restriction cloning using PacI and BsaI.
[bookmark: _9wkq524vl2qp]4.2.3 Select the best promoter to use as burden biosensor
 
Analyse the plate-reader data and select the sensor plasmid that exhibits he best ON/OFF properties.
 
1. Analyse the plate-reader data according to section 4.1.7. Plot bar graphs at 1 hour post-induction with burden of the GFP production rate per cell.
 
2. Select the promoter that is the most responsive to burden (the highest GFP production rate per cell when there is burden) but that also has the lowest OFF activity when there is no burden (the lowest GFP production rate per cell when there is no burden). We found the promoter with the best fold change in GFP production rate per cell between the two conditions. 
 
We constructed four sensor plasmids: htpG1, htpG2, groSL and ibpAB promoters driving the expression of sfGFP. We found that htpG1 had the best fold activation out of the four constructs. Since the htpG regulon is driven by two overlapping promoters, namely htpG1 and htpG2, both promoters were tested separately on the sensor plasmid.


[bookmark: _1le5lv85x839]
4.3 Build the burden-driven feedback loop

Once we identified our burden sensor, we used it to drive the expression of an actuator able to regulate gene expression in response to burden. In the presence of burden, the actuator should be triggered to decrease heterologous gene expression thus decreasing the burden imposed on the cell, and restore some of its cellular capacity.
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	Figure 7: Workflow to build a burden-driven feedback for gene expression based on a burden biosensor uncovered with RNA-seq


To measure cellular burden, we used the capacity monitor from Ceroni et al [1]. This can assess the burden of genetic constructs by calculating the changes in GFP productions from a “monitor cassette” constitutively expressing GFP from the bacterial genome. A detailed protocol of how to integrate the capacity monitor into a strain of interest can be found in Note 3. GFP capacity, or the GFP production rate per cell, should be maintained above a specific threshold which means that burden would be contained to an upper bound.
[bookmark: _8s8mf4ktss54]4.3.1 Build the feedback plasmid
 
Build the feedback plasmid (Figure 2) by restriction cloning: the promoter can be inserted using the previously synthesised gBlocks carrying the SfiI and PacI restriction sites. The actuator can also be synthesised with PacI and AscI restriction sites for insertion into the feedback plasmid via restriction cloning. In our case, the sgRNA was placed under the regulation of the htpG1 promoter to promote fast dynamics of our system and such that the levels of sgRNA in the cell will be directly related to the host cell capacity. dCas9 is constitutively expressed and binds to sgRNA present in the cell to inhibit the production of VioB-mCherry, that slows down cell growth when its expression is triggered.
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	Figure 8: Architecture of the burden-driven feedback implemented with CRISPRi to regulate the production of a heterologous protein.

	


1. Transform the burden plasmid and the feedback plasmid into a strain containing the sfGFP capacity monitor integrated into the genome. Also transform an open-loop version of the feedback: the sgRNA should not target anything in the cell.
 
2. Carry a time-course assay in the plate-reader: take measurements of VioB-mCherry (excitation, 590 nm; emission, 645 nm), sfGFP (excitation, 485 nm; emission, 528 nm) and OD600 every 15 min.
 
3. 60 min into the incubation, briefly remove the plate to add the inducer to the wells (0.2% arabinose).
 
4. Grow the cells for 6 hours.
 
5. Analyse the data by plotting the GFP capacity and the VioB-mCherry production rate at 1 hour post-induction.
 
Repression of the VioB-mCherry production is tunable by controlling the intracellular concentration of dCas9 available to form an inhibiting complex together with the guide RNA. dCas9 expression sets the steady-state repression levels of the heterologous VioB-mCherry protein, but its production rate should be carefully chosen such that it does not itself impose a large burden on the host cell. The capacity monitor can assess the burden of genetic constructs by calculating the changes in GFP productions from a “monitor cassette” constitutively expressing GFP from the bacterial genome (Note 3).
 
6. Create a library of feedback constructs with promoters of various strengths driving dCas9 expression to check if increasing dCas9 levels strengthen repression of the feedback. Randomly mutate the J23100 Anderson promoter for specific positions by analysing the variable positions in the constitutive Anderson promoter library. Order primers to insert your random mutations through inverse PCR.
 
7. After construction of the library, the promoter strength of the constructs can be assessed by monitoring their GFP capacity via a plate-reader characterisation assay (Section 4.1.7). Higher GFP capacity implies that dCas9 production has a lower impact on the cellular burden, hence the promoter in front of the dCas9 must be a weak constitutive promoter. Similarly, if GFP capacity tends to zero, then the constitutive promoter driving dCas9 expression must be strong.
 
8. Sequence enough library constructs to obtain a diversified range of GFP capacities in the above experiment.

9. Transform the selected sequenced constructs with the burdensome plasmid and select the one for which the GFP capacity is the best conserved when burden is induced.
[bookmark: _x7h8y85lasw1]4.3.2 Tune the burden-driven feedback
 
One of the advantages of using a dCas9-gRNA-based regulation is that the sgRNA sequence can be easily and quickly mutated so to bind the target with different affinity, thus providing a convenient way to tune the gain of the feedback. The same result is achievable by changing the strength of the promoter guiding dCas9 expression.
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	Figure 9: Tune the feedback gain by changing the expression level of dCas9 (promoter/RBS) or by varying the affinity of the sgRNA with its target promoter (bp mutation).



The library of promoters controlling the expression of dCas9 demonstrated the capacity of the feedback system to repress to production of VioB-mCherry and keep the cellular capacity close to that of the wild type strain. The feedback system should have a maximised heterologous protein production rate while keeping cellular capacity high. Introducing a mutation in the sgRNA, contributes to decreasing the binding affinity between the dCas9/sgRNA complex and the ARABAD promoter, hence lowering the repression of VioB-mCherry and improving its rate of production. Farasat et al. [14] described how to rationally introduce mismatches in the guide RNA to regulate the activity of the dCas9/sgRNA complex. One mismatch in the 6 bases closest to the PAM site is expected to reduce repression by 3 or 4-fold, while two mismatches lead to a 14-fold decrease in repression. We decided to introduce one mismatch in our sgRNA targeting the ARABAD promoter, intuitively predicting that two mismatches would decrease the repression too much for the feedback to have a noticeable effect on maintaining the cellular burden high in the cell.
 
1. Construct a library of randomly point-mutated sgRNA was done using inverse PCR: introduce random point mutations in the 6 bases closest to the PAM site.
 
2. Evaluate the performance of the point-mutated sgRNA feedback constructs by conducting a batch experiment and comparing the final yield of the different constructs:
 
a. Inoculate 3 ml of M9 fructose media, supplemented with the appropriate antibiotics, in 15 ml culture tubes with the constructs carrying the different mutated sgRNAs.

b. Grow the cultures in the 37°C shaking incubator for 5 hours, before diluting them to 0.015 OD600.

c. Use 50 µl of the diluted culture (~150,000 cells) to inoculate batch cultures of 50 ml M9 supplemented with the inducer and the appropriate antibiotics in 500-ml baffled shake-flasks.

d. Grow the cultures in the 37°C shaking incubator during 16 h.
 
e. Then, every hour from 16 hours until 24 hours, dispense 200 µl of each culture in individual wells of a 96-well plate (it will be used to read the cell density and bulk fluorescence of each construct into the plate-reader). Also dilute 350 µl of culture into 650 µl of PBS and store in the fridge at 4°C (it will be used to read the fluorescence of each construct with the flow cytometer). 
 
f. After sampling at each hour, place the 96-well plate in a pre-heated plate-reader at 37°C and start a plate-reader kinetic, performing OD measurements (OD600 and OD700), GFP measurements (excitation, 485nm; emission, 528 nm) and RFP measurements (excitation, 590 nm; emission, 645 nm) every 2 minutes for 10 minutes. Average over the 5 points to obtain the OD, GFP and RFP values at the specific sampling time point (this is to allow the sample to settle down in the plate-reader). 
 
g. Measure the GFP and RFP levels of individual cells from the cultures stored in PBS at 4°C with a flow-cytometer (we used the FortessaX20).
 
h. Select the sgRNA that produced the highest final yield. (We found that the strain producing the highest yield was the one without any mutation as they grew faster than the other strains.)












[bookmark: _kn6autu89uz]5. Notes
1. [bookmark: _8h3m5bvdlbhl][bookmark: _5.1_Note_1]M9 Medium Recipe
	[image: ]

	Table 1: Protocol to make 400 mL of M9 0.4% fructose supplemented with Casamino acids.


 
a. M9 Minimum salts (5x) stock solution: dissolve 56.4 g of M9 Minimum Salts into 1 L of distilled H2O. Stir to suspend and sterilise by autoclaving. Store at room temperature.

b. Thiamine hydrochloride stock solution: dissolve 10 mg of thiamine hydrochloride into 1 mL of water. Agitate to suspend. Filter-sterilise. Cover the sterile container with aluminium foil to protect it from the light. Store at room temperature. (DH10B cannot produce thiamine hydrochloride.)

c. Fructose stock solution: dissolve 1 g of fructose into 100 mL of distilled H2O. Filter-sterilise. Store at 4ºC. (We used fructose as the main carbon source to avoid the strong catabolite repression of AraBAD and RhaBAD promoters known to occur in glucose media.)

d. Casamino Acids stock solution: dissolve 1 g of Casamino Acids into 100 mL of distilled H20. Stir to suspend and sterilise by autoclaving. Store at room temperature. (We tried various Casamino acids brands and found that Casamino Acids from MP Biomedicals gave us consistent growth for our DH10B and MG1655 cells.)

e. 1M Magnesium sulphate (MgSO4) stock solution: dissolve 246 g of MgSO4•7H2O into 1 litre of distilled H2O. Sterilise by autoclaving. Store at room temperature.

f. 1M Calcium Chloride (CaCl2) stock solution: dissolve 44 g of CaCl2•6H2O into 200 ml of distilled H2O. Sterilise by autoclaving. Store at room temperature.
 
2. [bookmark: _twn3tx67jq9i][bookmark: _5.2_Note_2]Ribodepletion
The ribodepletion step was carried out using the MICROBExpress mRNA Enrichment Kit. We selected this kit for its cost effectiveness, though better depletion of the ribosomal RNA can be achieved using Illumina kits, especially the RiboZero Kit [15]. During our analysis we found that around 60% of the sequences were coming from ribosomal RNA, but this varied from sample to sample with different efficiency.
3. [bookmark: _g8cngmv942eu][bookmark: _uw5nir7q41gz][bookmark: _5.3_Note_3]Integration of the sfGFP capacity monitor
 
Our CRIM plasmid carrying the is sfGFP constitutive cassette is available from Addgene (https://www.addgene.org/66073/) such that it can be inserted using the helper plasmid pINT-ts (https://www.addgene.org/66076/) in the users strain(s) of interest.
 
The sfGFP capacity monitor [1] was integrated into the λ site of E. coli using the CRIM [16] plasmid pAH63. The following protocol for the insertion of the sfGFP capacity monitor is adapted from Dr Algar PhD thesis [17].
 
“To insert the monitor into the genome we used the CRIM system [16]. This system involves two separate plasmids, one of which contains the monitor and will be inserted into the genome, the other being a ‘helper plasmid’ that facilitates the genomic integration. 
The CRIM system works by placing the circuit you wish to insert into the genome into the CRIM plasmid corresponding to the integration site. CRIM plasmids have the γ replication origin of R6K, which requires the trans-acting Π protein (encoded by pir) for replication. This means that these plasmids can only be maintained in cells which have a pir+ genotype. In order to replicate the CRIM plasmid with monitor we transformed into pir+ cells. For this we used TransforMaxTMEC100DTMpir-116 Electrocompetent E. coli cells.”

a. Construct the CRIM integration pAH63 plasmid (Kanamycin resistance) containing the sfGFP monitor into TransforMaxTMEC100DTMpir-116 electrocompetent E. coli cells. 

b. In parallel, transform the pINT-ts helper plasmid (Ampicillin resistance) into DH10B. Always grow these cells at 30°C.

c. Make electrocompetent the DH10B cells transformed with the pINT-ts helper plasmid. Always grow these cells at 30°C.

d. Transform the pAH63 plasmid containing the sfGFP monitor into your pINT-ts electrocompetent cells.

e. Following electroporation, suspend the cells in SOC or SOB. Incubate at 37°C for 1 h and then at 42°C for 30 min. (The phage integrase (Int) enzyme is synthesised at elevated temperatures from the CRIM helper plasmid pINT-ts. The helper plasmid has a temperature sensitive origin of replication such that resulting colonies are nearly always cured of the helper plasmid.)
[bookmark: _GoBack]
f. Spread onto selective agar (Kanamycin in our case) and incubate at 37°C.
[bookmark: _kga4s1odv11p][bookmark: _vmrvj12fj54c]6. References
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M9 minimal media recipe

Volume of Solution to Add to make 400 mL of M9 Medium

Solution

Autoclaved Distilled Water 278 mL

M9 Minimum Salts (5X) 80 mL
Thiamine Hydrochloride [10mg/mL] 10 mL
Fructose 10% 16 mL

Casamino Acids (10%) 8 mL
MgSO4 0.1M 8 mlL
400 uLL

CaCl2 0.1M
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