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Abstract 

 

 Metabolic engineering has enabled studying microorganisms by the modification of their 

genetic material and analysis of their metabolism for the isolation of microbial strains capable of 

producing high yields of high value chemicals and biofuels. In this research, novel tools were 

developed to improve genetic engineering of microbial cells. In this matter, λ-PCR (lambda-PCR) 

was developed enabling the construction of plasmid DNA. This technique allows DNA assembly 

and manipulation (insertion, substitution and/or deletion) at any location of a vector. λ-PCR 

addresses the need for an easy, highly-efficient, rapid and inexpensive tool for genetic engineering 

and overcoming limitations encountered with traditional techniques. Then, novel synthetic small 

RNA (sRNA) regulators were designed in a cell-free-system (in vitro) in order to modulate protein 

expression in biosynthetic pathways. The ability of the sRNAs to regulate mRNA expression with 

statistical significance was demonstrated. Up to 70% decrease in protein expression level was 

achieved by targeting specific secondary structures of the mRNA with antisense binding regions 

of the sRNA. Most importantly, a sRNA was identified capable of protein overexpression by up 

to 65%. An understanding of its mechanism showed that its mRNA target region(s) likely lead to 

occlusion of RNase E binding. This mechanism was translated for expression of a diaphorase 

enzyme, which has relevance to synthetic biology and metabolic engineering in in vitro systems. 



 

Results were successful, showing a greater than 75% increase in diaphorase expression in a cell-

free protein synthesis reaction.   

Next, Raman spectroscopy was employed as a near real-time method for microbial 

phenotyping. Here, Raman spectroscopy was used in combination with chemometric analysis 

methods through RametrixTM Toolboxes to study the effects of environmental conditions (i.e. 

illumination, glucose, nitrate deprivation, acetate, sodium chloride and magnesium sulfate) on the 

phenotypic response of the cyanobacterium Synechocystis sp. PCC6803. The RametrixTM LITE 

Toolbox for MATLAB® enabled processing of Raman spectra and application of principal 

component analysis (PCA) and discriminant analysis of principal components (DAPC). Two 

studies were performed. PCA and DAPC produces distinct clustering of Raman spectra, 

representing multiple Synechocystis phenotypes, based on the (i) presence of glucose in the growth 

medium, (ii) illumination, (iii) nitrate limitation, and (iv) throughout a circadian rhythm growth 

cycle, in the first study. The second study focused on the phenotypic response based on (i) growth 

in presence of acetate, (ii) presence of high concentrations of sodium chloride and (iii) magnesium 

sulfate starvation. RametrixTM PRO was applied for the validation of the DAPC models through 

leave-one-out method that allowed calculation of prediction accuracy, sensitivity and selectivity 

for an unkown Raman spectrum. Statistical tests (ANOVA and pairwise comparison) were 

performed on Raman spectra to identify statistically relevant changes in Synechocystis phenotypes.  

Next, comparison between Raman data and standardized analytical methods (GF-FID, UPLC, 

spectrometric assays) was established. Overall, good correlation were obtained (R > 0.7).  

Finally, genomic DNA libraries were enriched to isolate a deoxynivalenol detoxifying 

enzyme. To do this, library fragments from microorganisms was generated through 

oligonucleotide primed polymerase chain reaction (DOP-PCR) and transformed in a DON-



 

sensitive yeast strain. Rounds of subculture were performed in the presence of DON and ferulic 

acid in order to isolate a strain capable of enzymatic degradation of DON.  
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General Audience Abstract 

 

 

Metabolic engineering is the use of genetic engineering to modify microorganisms in order 

to produce high yields of valuable commodity chemicals. The goal of this research is to develop 

new methods to improve genetic modification and selection of microbial cells. The specific 

objectives were to: (i) develop new tools for DNA assembly and manipulation, (ii) utilize small 

synthetic RNA to control protein expression level, (iii) use Raman spectroscopy to study 

phenotypic responses to environmental changes and (iv) enrich for microoganisms that detoxify 

dangerous toxins.  First, a new technique for DNA assembly, named λ-PCR (lambda-PCR), was 

developed. This method allows the easy manipulation of plasmid DNA with high-efficiency and 

low-cost compared to traditional techniques. Second, novel synthetic small RNA (sRNA) 

regulators were designed in a cell-free-system in order to modulate (downregulate or overexpress) 

fluorescent protein expression. Next, Raman spectroscopy was used to assess phenotypic response 

of cyanobacterial cells to different environmental modifications (light settings, salts, sugar, etc…). 

Finally, genomic library was used to discover and characterize enzymes capable of degrading a 

mycotoxin. 
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Chapter 1: Introduction 
 

METABOLIC ENGINEERING  

Metabolic engineering is the improvement of cellular activities by the manipulation of the 

metabolic network with the use of recombinant DNA technologies for objectives important in 

biotechnological applications (1). It has become a key approach for engineering microbial cells 

factories for the production of valuable chemicals, biofuels, and pharmaceuticals among many 

others. However, the production of these metabolites from microorganisms has a limited 

productivity (1,2). Therefore, several high throughput strategies have been developed to improve 

product formation (3–5). These strategies involve genome modifications (6,7), transcription and 

translation regulation (5,8,9), protein overexpression, and integration of replicating vectors. 

Nonetheless, most of these techniques require prior knowledge of bacterial genome, the 

identification of target gene(s), and an extensive rewiring of cellular metabolism to obtain 

performant cell factories (10). Despite the advanced systems and synthetic biology, the 

implementation of these conventional techniques is still laborious, takes time, and is costly. As a 

result, there is a need for the development of new, rapid, and less expensive tools. These tools 

would allow for the genetic engineering of microorganisms and the fine-tuning of gene(s) 

expression levels to achieve industrially attractive yields. These challenges of metabolic 

engineering of microbial cell factories were among the main motivations of the research described 

in this dissertation. 
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Genetic engineering 

 One of the key requirements of metabolic engineering is the availability of genetic tools 

for genetic engineering of the host cell (11,12). As emphasized previously, manipulation of the 

cellular metabolism involves gene knockouts or knock-ins, overexpression, and modification of 

regulating elements (e.g. promoter, ribosome binding sites, terminators). Most of these 

modifications use plasmids to introduce genes or to disrupt them, or to modify regulators. In all of 

these cases, it is desirable to have a tool to manipulate DNA and build plasmids quicky, easily, 

and reliably. Currently, a wide-range of DNA assembly methods is available, from the 

conventional restriction digestion and ligation to commercialized kits (13–16). However, the cost 

of some of these cloning methods, their time-consuming aspect, and irreproducibility limit their 

use. One of the goals of the present research was to develop an easy construction of DNA vector 

with a low cost and in few steps. This will direct the metabolic engineering to faster, robust, and 

reliable designs in a short time.   

Small RNAs and Antisense RNAs 

 Genome editing represents one of the major challenges for metabolic engineering. 

Chromosomal DNA modification involving gene knockouts, disruption or introduction is limited 

to predefined locations across the genome and in most cases is lethal when the gene is crucial for 

growth (10,17–19). Therefore, post-transcriptional mediated regulation is becoming more 

attractive and synthetic regulatory small RNAs (sRNAs) and antisense RNAs (asRNAs) are 

gaining more attention (17,18,20,21). asRNAs is a well-studied category of RNA regulators that 

can regulate conditionally gene expression (22,23). They bind by complementarity to the target 

mRNA sequence and inhibit gene expression (24–27). Synthetic asRNA regulation has been used 

https://www.zotero.org/google-docs/?MtHEMR
https://www.zotero.org/google-docs/?pRpvtz
https://www.zotero.org/google-docs/?QSJM1a
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https://www.zotero.org/google-docs/?kc1im9
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in many metabolic engineering applications such as the optimization of expression level within a 

target pathway or to down-regulate competing pathways (5,28–30). There are many examples of 

the application of sRNAs and asRNAs in diverse bacteria and they have great implications for 

advancement in metabolic engineering of cells. 

Motivation for Raman Spectroscopy 

While genetic engineering is performed on cells to optimize target product formation, 

continuous analysis of cells and products is of great importance to assess the performance of the 

engineered cells. Having a rapid near-real time method to analyze cells and products and that can 

detect any phenotype change of microbes is of great importance. Initially discovered in 1928, 

Raman spectroscopy is an optical technique based on inelastic scattering of monochromatic light 

photons (31) upon interaction with a sample. The acquired Raman signal provides information 

regarding the structure, bond symmetry and electronic environment of the molecule (32). These 

unique Raman signal of biological molecules such as nucleic acids, proteins, polysaccharides and 

lipids generate unique and specific Raman spectra of the whole cells (33,34). Raman Spectroscopy 

requires minimal or no sample preparation, it is non-destructive, and allows further analysis on the 

same sample, and allows data acquisition in near-real time (35). Because of these advantages, this 

technique could be further utilized to detect phenotype changes of cells upon change of their 

culturing conditions to optimize either target product formation or to differentiate the response 

mechanism of cells upon exposure to different substrate and screen for desirable phenotypes.  

Cell-Free System 

 Even though the main focus was on microbial cells, a major hindrance for advancement in 

this field is the extensive robustness of cell metabolism which is due to tight regulation and 

https://www.zotero.org/google-docs/?Zdife9
https://www.zotero.org/google-docs/?CEYpBt
https://www.zotero.org/google-docs/?jt1U76
https://www.zotero.org/google-docs/?UNqwtv
https://www.zotero.org/google-docs/?uCDD1p
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interaction (2). In fact, metabolism has evolved to support cell growth and maintenance and not to 

produce specific metabolites at high rates (2). In this matter, a cell-free system (CFS) offers the 

possibility to bypass cellular barriers. CFS has emerged as a powerful platform enabling the 

activation of cellular machinery without the use of living cells. It allows direct control of 

transcription, translation, and metabolism in an open environment (36,37). Hence, the metabolism 

is specifically directed to the production of the target product and the requirement of cellular 

viability is eliminated (38,39). This strategy offers, ultimately, a way to circumvent the robustness 

of cell metabolism direct the cellular resources toward the desired objective.  

CHAPTERS AND ORGANISATION OF THE DISSERTATION 

 Chapter 2 of this dissertation describes a new method of gene cloning, λ-PCR (lambda-

PCR). This technique enables DNA assembly and construction of cloning vectors and was used 

for the construction of the major part of plasmids used in this research. λ-PCR was proven highly-

efficient, rapid and inexpensive. It can be used to assemble DNA fragments or to insert double-

stranded DNA at nearly any location of a plasmid. 

 Chapter 3 investigates the effect of a novel synthetic sRNA-based control system on the 

regulation of mRNA. A fluorescent gene reporter system was constructed for studying the changes 

in protein expression level in the presence of the sRNAs, which contain antisense binding 

sequences. Challenges with living cells were encountered and inconsistency of the results was 

revealed with the testing of our designs and confirmed by statistical analysis. Therefore, the design 

and implementation was switched into an in vitro CFS. Interestingly, results improved and 

consistent expression was maintained. The ultimate application of such system will be in fine-

https://www.zotero.org/google-docs/?8hzM5B
https://www.zotero.org/google-docs/?ZQrn3P
https://www.zotero.org/google-docs/?Qob7sI
https://www.zotero.org/google-docs/?42K9DO
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tunable metabolic pathways engineering where the goal is specific gene down-regulation or over-

expression in order to produce target metabolites. 

 Chapters 4 and 5 focus on phenotypic changes of Synechocystis sp. PCC6803 when 

exposed to different environmental changes (i.e. light, glucose concentration, nitrate deprivation, 

acetate, sodium chloride and magnesium sulfate). RametrixTM Toolboxes enabled the chemometric 

analysis of Raman spectra and the validation of the models through the calculation of prediction 

accuracy, sensitivity and selectivity. Statistical tests were also performed to demonstrate 

statistically relevant results. Finally, a comparative study was established between specific Raman 

bands and standardized analytical techniques. The purpose of these chapters is to develop and 

demonstrate the use of Raman spectroscopy as a near real-time analysis of cellular phenotypic 

response to changing environmental conditions (e.g. bioprocessing applications) and to identify 

the major biomolecules modification contributing to a specific phenotype.  

 Chapter 6 is devoted to the screening of enzymes capable of the degradation of the 

mycotoxin deoxynivalenol (DON) using enrichment of metagenomic DNA libraries. DNA library 

fragments were expressed in DON sensitive strain of Saccharomyces cerevisiae. For these 

experiments, DON was used as the sole carbon source and ferulic acid was added to prevent efflux 

pump enrichment. The goal of this study is to develop an enzymatic strategy for the 

decontamination of DON. The method is applicable for detoxification for the food and feed 

industry and even genetic engineering of crops for optimized mycotoxin degradation.  
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λ-PCR for precise DNA assembly and modification 

 

Abstract 

 λ-PCR (lambda-PCR) is a novel and open-source method for DNA assembly and cloning 

projects that has been successful where conventional methods and commercial kits have failed. λ-

PCR uses overlap extension to ultimately assemble linear and circular DNA fragments, but it 

allows the single-stranded DNA (ssDNA) primers of the PCR reaction to first exist as double-

stranded DNA (dsDNA). Having dsDNA is advantageous to avoid inhibitory secondary structures 

during direct synthesis and to reduce costs. Three variations of λ-PCR were created to convert an 

initial dsDNA product into a ssDNA “megaprimer” to be used in overlap extension: (i) complete 

digestion by λ-exonuclease, (ii) asymmetric PCR, and (iii) partial digestion by λ-exonuclease. Four 

case studies are presented that demonstrate the use of λ-PCR in simple gene cloning, simultaneous 

multi-part assemblies, gene cloning not achievable with commercial kits, and the use of 

thermodynamic simulations to guide λ-PCR assembly strategies. High DNA assembly and cloning 

efficiencies have been achieved with λ-PCR for a fraction of the cost and time associated with 

conventional methods and other commercial kits.  
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2.1.Introduction 

DNA assembly, cloning, and sequence modifications are critical to the biological sciences 

and engineering, yet these can be error prone and time consuming when performed by conventional 

methods. In addition, custom DNA synthesis and some commercial cloning kits can still be cost-

prohibitive for large projects in many labs. Here, we introduce a new open-source protocol, “λ-

PCR” (lambda-PCR), that can be used for DNA manipulations, including routine cloning and large 

assemblies. It is cost-effective and reliable, accommodates large DNA fragments, and allows 

assembly of many DNA fragments. In addition, it requires no restriction digestions of any kind 

and can be designed for nearly any location in a DNA vector (single base-pair resolution). 

Variations of λ-PCR have been developed to allow different types of genetic manipulations 

including DNA insertion, substitution, deletion, and point mutations. 

PCR-based DNA cloning is used routinely, and most approaches require at least one primer 

to contain the DNA to be cloned. In some cases, this primer set cannot be synthesized, often due 

to secondary structure formation or prohibitive synthesis costs. λ-PCR is a PCR-based cloning 

method, but the DNA to be cloned exists as double-stranded DNA (dsDNA). This approach allows 

the DNA to be cloned to be PCR amplified (if a template exists), rather than synthesized. In λ-

PCR, a dsDNA to be cloned is converted into a single-stranded DNA (ssDNA) “megaprimer” that 

is used in a second PCR to amplify the vector (e.g., plasmid) DNA while incorporating the 

megaprimer DNA. Different methods of converting the dsDNA to be cloned into the the ssDNA 

megaprimer have been explored and have uses in different scenarios. These methods include: (i) 

complete λ-exonuclease digestion, (ii) asymmetric PCR, and (iii) partial λ-exonuclease digestion. 

These represent the three variations of λ-PCR that are shown in Figures 2.1-2.3. 
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 Conventional methods of DNA assembly and plasmid vector construction involve 

restriction digestion and ligation. These strategies can be limiting due to the lack of restriction sites 

and inherent inefficiencies in cloning certain genes or DNA fragments. As a result, a panoply of 

DNA plasmid assembly and genetic manipulation techniques has emerged, and many have been 

commercialized. These techniques are commonly ligase-free, and several involve recombination 

reactions (1,2). They include the overlap extension PCR (3–6), in vitro site-specific 

recombinational cloning (Gateway® cloning) (7), In-Fusion™ assembly (8), Gibson Assembly® 

(9), Golden Gate Cloning (10,11), and others. However, the cost of cloning kits, supplies, and 

DNA synthesis limits the use of some of these technologies in academic labs, and others are limited 

by the size and number of DNA fragments that can be assembled. 

 The Omega-PCR (𝛺-PCR) method (12) was developed as another alternative to digestion-

ligation methods and commercial cloning kits. The underlying basis of 𝛺-PCR is the use of 

chimeric PCR primers, where the 5’ ends of the forward and reverse primers contain sequences 

homologous to the flanking ends of the cloning vector, while the 3’ ends of the primers are used 

to amplify the DNA to be cloned or assembled. A first PCR amplifies the DNA to be cloned. This 

PCR product is denatured at 95°C to form dual ssDNA megaprimers. A second PCR uses these 

megaprimers, in the presence of a plasmid, to complete the cloning reaction through overlap 

extension. Since the megaprimers bind to the plasmid backbone in two different and adjacent 

locations, an ‘𝛺-shaped’ secondary structure is produced, which inspired the 𝛺-PCR name (12). 

However, the 𝛺-PCR protocol failed in our laboratory with our particular gene cloning tasks. 

Thermodynamic calculations using NUPACK (http://www.nupack.org) (13) revealed a much 

greater free energy incentive for the megaprimers to re-anneal into a dsDNA product rather than 

anneal to the plasmid. However, the 𝛺-PCR protocol inspired the design of λ-PCR and its 

https://www.zotero.org/google-docs/?RSsVMj
https://www.zotero.org/google-docs/?CWhBUd
https://www.zotero.org/google-docs/?KClV4n
https://www.zotero.org/google-docs/?nZMUqO
https://www.zotero.org/google-docs/?E9v1m3
https://www.zotero.org/google-docs/?Yj84I8
https://www.zotero.org/google-docs/?uJukLm
https://www.zotero.org/google-docs/?6hLVeD
http://www.nupack.org/
https://www.zotero.org/google-docs/?Tdk02U
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variations. The λ-PCR protocol ensures that the long ssDNA megaprimers are favored 

thermodynamically to bind to the DNA vector and facilitate assembly rather than re-anneal with 

themselves. There are different methods to produce ssDNA from dsDNA (14,15) including (i) λ-

exonuclease enzymatic digestion (14,16–18), (ii) asymmetric PCR (19–21), (iii) streptavidin biotin 

separation (22), and (iv) denaturing-urea PAGE separation following PCR amplification (23). The 

λ-exonuclease digestion and asymmetric PCR (Fig.s 2.1-2.3) were used to develop the λ-PCR 

variations.  

λ-Exonuclease is able to generate ssDNA fragments by digesting phosphorylated strand(s) 

of blunted dsDNA in the 5’ to 3’ direction (14, 24). It has much higher affinity for a phosphorylated 

than a hydroxylated 5’ end. Additionally, it has reduced activity for nicked, gapped, and ssDNA 

(25). Therefore, λ-exonuclease was selected to generate ssDNA from the PCR product to be cloned 

in variation 1 (v1) of λ-PCR (Fig. 2.1). Target dsDNA (i.e, dsDNA to be cloned, inserted, or 

assembled) is first amplified through PCR, which is done using chimeric primers, where the 3’ 

region is used to amplify the target DNA, and the 5’ region has homology to the insertion site on 

the vector. In addition, one of the primers is phosphorylated at the 5’ end; we have a preference 

for phosphorylating the reverse primer. The amplified dsDNA is then digested by λ-exonuclease 

overnight, leaving only the complementary strand, which serves as the megaprimer. The 

megaprimer is involved in a second PCR to insert DNA into the cloning vector. This method of 

generating the megaprimer using the λ-exonuclease is the preferred variation of λ-PCR. While this 

has been successful nearly universally in our lab (tested up to inserting 2 kb DNA fragments), two 

other λ-PCR variations were developed and involve modified protocols for generating the ssDNA 

megaprimer. The second λ-PCR variation (v2) uses asymmetric PCR (Fig. 2.2) and the third λ-

PCR variation (v3) allows non-terminal portions of the megaprimer to remain as dsDNA (Fig. 

https://www.zotero.org/google-docs/?dqUy1j
https://www.zotero.org/google-docs/?01t2pk
https://www.zotero.org/google-docs/?Rt4MUu
https://www.zotero.org/google-docs/?CvQPdN
https://www.zotero.org/google-docs/?hj3RUx
https://www.zotero.org/google-docs/?GgPV4U
https://www.zotero.org/google-docs/?SqqaY1
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2.3). This provides an advantage in cloning or assembling very large DNA fragments or sequences 

prone to forming inhibitory secondary structures as ssDNA.  

 Asymmetric PCR (or single-stranded PCR) uses unequal molar amounts of PCR primers 

to generate ssDNA for sequencing and to improve detection signals in real-time PCR (19), and 

recent studies have focused on its optimization (20,21). Asymmetric PCR begins with an 

exponential amplification phase, where both primers are used. Once the limiting primer is 

depleted, the reaction switches to linear amplification, and the ssDNA product is accumulated for 

the remaining thermal cycles (26). The ssDNA product serves as the megaprimer in λ-PCR v2 

(Fig. 2.2).  

 λ-PCR v3 is related to the original 𝛺-PCR protocol (12). In our trials with 𝛺-PCR, the dual 

megaprimers were thermodynamically favored (via NUPACK calculations) to re-anneal rather 

than bind the DNA vector and facilitate assembly. In λ-PCR v3, both primers of the initial PCR 

are phosphorylated, and λ-exonuclease is applied for 1-hour to partially digest the dsDNA and 

create single-stranded overhangs with homology to the vector (Fig. 2.3). Based on 

thermodynamics, this dsDNA may anneal to the vector or re-anneal to itself during the 

assembly/cloning reaction. In Fig. 2.3, it is shown annealing to the vector as ssDNA. If it re-anneals 

to itself, the ssDNA overhangs will still anneal to the vector (Fig. 2.3). In our experience, λ-PCR 

v3 is less efficient than v1 and v2 described above. However, v3 may be of value when a ssDNA 

megaprimer forms inhibitory secondary structures or leads to undesirable reactions.  

To demonstrate the different applications and capabilities of λ-PCR, four case studies are 

presented. Case Study 1 involves simplified cloning procedures involving green fluorescent 

protein (gfp) gene, cyan fluorescent protein (amcyan) gene, and the pUC19 plasmid.  Three distinct 

https://www.zotero.org/google-docs/?9qzOeE
https://www.zotero.org/google-docs/?yKiVsd
https://www.zotero.org/google-docs/?148ci7
https://www.zotero.org/google-docs/?Y5kxva
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genetic manipulations are performed using λ-PCR in this case study: (i) direct insertion of the gfp 

gene behind lacZ𝛼 in pUC19, (ii) simultaneous insertion of both gfp and amcyan genes in pUC19, 

and (iii) substitution of the lacZ𝛼 gene in pUC19 with gfp. λ-PCR variations v1 and v2 were both 

used in these applications. Case Study 2 involves the creation of plasmids for gene knockout by 

homologous recombination in the cyanobacterium Synechocystis PCC 6803. λ-PCR was used to 

construct plasmids containing a kanamycin resistance (kanr) gene flanked by more than 100 bp 

sequences with chromosomal homology. The expansion of the homologous regions beyond 100 

bp increased recombination efficiency, and λ-PCR enabled simple construction of this plasmid in 

four steps. Case Study 3 demonstrates λ-PCR v3 to clone “hard to clone” genes used in metabolic 

and enzyme engineering research. Finally, Case Study 4 demonstrates the use of thermodynamic 

calculations using NUPACK (13) to troubleshoot λ-PCR, design effective primers, and simulate 

annealing of the megaprimer. 

2.2. Materials and methods  

2.2.1. Plasmids, genes, primers, and strains 

The case studies made use of pUC19, pBAD/HisA, pACYC177, and pET28a plasmids as 

cloning vectors. All plasmids used and created are listed in Table A1. The reporter genes for green 

fluorescent protein (gfp) and cyan fluorescent protein (amcyan) were obtained from plasmids pET-

GFP and pAmCyan (Takara Bio USA; Mountain View, CA). Chimeric primers for each DNA 

insertion product and one reverse primer complementary to the pUC19 backbone were designed 

and are listed in Table A2 in the Supplementary Appendix A. Chimeric primers contained two 

regions: (i) for amplifying the target DNA and (ii) homologous to the plasmid vector backbone to 

complete the cloning reaction, as shown in Fig.s 2.1-2.3. All primers were synthesized by 

https://www.zotero.org/google-docs/?SheHEI
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Integrated DNA Technologies (Coralville, IA). E. coli 10-beta, E. coli BL21DE3, and T7 Express® 

cells (New England Biolabs; Ipswitch, MA) were used for transformations. 

2.2.2. Megaprimer generation by λ-exonuclease digestion 

To generate the megaprimer for λ-PCR v1, the reverse primer in the first PCR was 

phosphorylated (Fig. 2.1) as follows: (i) 0.5 µL of reverse primer (100 µM), (ii) 0.5 µL of 10x T4 

DNA ligase buffer (New England Biolabs), (iii) 0.5 µL T4 polynucleotide kinase (New England 

Biolabs), and (iv) molecular biology grade water adjusted to 5.0 µL. The reaction was incubated 

at 37°C for 1 hour. The phosphorylated reverse primer and un-phosphorylated forward primer 

were used to amplify the target DNA sequence to be cloned. Final PCR volumes were 25 µL each 

and consisted of: (i) 0.5 µL reverse primer, (ii) 0.5 µL forward primer, (iii) template DNA (~50 

ng/µL), (iv) 12.5 µL Q5® High-Fidelity 2X Master Mix (New England Biolabs), and (v) molecular 

biology grade water adjusted to 25 µL. After 30 cycles of standard PCR, the amplified DNA was 

purified using the GeneJET™ PCR purification kit (ThermoFisher Scientific; Waltham, MA). The 

recovered PCR fragments were then digested with λ-exonuclease enzyme (New England Biolabs). 

The digestion reaction consisted of: (i) 0.5 µL 10x reaction buffer, (ii) 5.0 µL of purified PCR 

product, (iii) 0.5 µL λ-exonuclease enzyme, and (iv) volume adjusted to 10 µL with molecular 

biology grade water. The reaction was incubated overnight, and then the λ-exonuclease was 

deactivated by incubation at 75°C for 20 min.  

2.2.3. Megaprimer generation by asymmetric PCR  

A previously published asymmetric PCR protocol (21) was followed: (i) 1 pmol limit 

primer (reverse primer), (ii) 15 pmol excess primer (forward primer), (iii) template DNA (~50 

ng/µL), (iv) 20.0 µL Q5® High-Fidelity 2X Master Mix (New England Biolabs), and (v) molecular 

https://www.zotero.org/google-docs/?ELXs4l
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biology grade water adjusted to 40 µL. The PCR cycling conditions included an initial denaturing 

at 98°C for 2 min followed by 30 cycles of: (i) denaturing at 98°C for 30 seconds, (ii) annealing 

for 20 seconds, and (iii) elongating at 72°C (allowing 30 s per kb). A final extension step at 72°C 

for 3 min was then applied. PCR products were visualized by 1% agarose gel. To verify that the 

PCR yielded ssDNA, 5 μL of the mixture containing PCR products were treated with 20 U of S1 

nuclease (ThermoFisher Scientific) to degrade ssDNA. The reaction was performed at room 

temperature for 1 h, and the DNA mixture was re-visualized. 

2.2.4. DNA cloning and assembly reactions 

 The ssDNA megaprimer, generated from a method described above, was used in a second 

PCR to complete the cloning reaction. The second PCR consisted of: (i) 0.5 µL reverse primer 

(100 µM), (ii) 2.0 µL of the first PCR product containing the megaprimer, (ii) cloning plasmid 

(~50 ng/µL), (v) 12.5 µL Q5® High-Fidelity 2X Master Mix (New England Biolabs), and (v) 

molecular biology grade water to 25 µL. A standard PCR program was run for 30 cycles. The 

newly amplified plasmid was recovered using a GeneJET™ PCR purification kit (ThermoFisher 

Scientific). The final product is a dsDNA plasmid with two nicks (one on each strand). It was then 

transformed into competent E. coli, which seal the nicks with DNA repair enzymes. In some 

instances, where only one of the chimeric primers has an overlap with the plasmid (Case Study 2), 

the final product is linear. An optional ligation step with T4 DNA ligase (New England Biolabs) 

was used here. DpnI treatment (New England Biolabs), according to the manufacturer’s protocol, 

was used to digest original plasmid templates and improve cloning efficiency.   
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2.2.5. Transformation, colony screening, and fluorescence detection 

Competent E. coli 10-beta cells were transformed by heat-shock according to the 

manufacturer’s protocol and incubated overnight in LB plates supplemented with 100 µg/mL 

ampicillin and 0.05 µM XGal/IPTG. Successful clones were identified by colony PCR using the 

OneTaq® 2X master mix with standard buffer (New England Biolabs). PCR products were 

visualized by 1% agarose gel, and positive colonies were grown in liquid LB at 30°C in 96-well 

microplates in an incubating Synergy H4 microplate reader (BioTek; Winooski, VT). GFP and 

AmCyan fluorescence intensity was monitored using excitation/emission wavelengths of 480/515 

nm (I480/515) and 458/489 nm (I458/489), respectively. Culture growth was monitored by optical 

density at 600 nm (OD600).  

2.3. Results 

2.3.1. Case Study 1: Fluorescent reporter gene insertions into pUC19 

The λ-PCR protocol was demonstrated using the fluorescent reporter genes (gfp and 

amcyan) and the pUC19 plasmid. The following manipulations were performed: (i) insertion of 

gfp behind the native lacZ𝛼 of pUC19, (ii) simultaneous insertion of both gfp and amcyan genes 

behind lacZ𝛼, and (iii) substitution of lacZ𝛼 by gfp. For this case study, two versions of λ-PCR 

were used: v1 (λ-exonuclease) and v2 (asymmetric PCR). All plasmids used and constructed are 

given in Table A1, and all DNA primers used in this case study are given in Table A2. A schematic 

of the λ-PCR cloning strategies are given in Fig. A1 of the Supplementary Appendix A. 

Successful clones were obtained for all three manipulations described above with all three 

variations of λ-PCR (DNA gel images provided as Fig. A2). The λ-PCR v1 protocol led to the 
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highest cloning efficiency (thousands of positive colonies per µg of DNA transformed). 

Fluorescence data for all three constructed plasmids with λ-PCR v1 and v2 are given in Fig. 2.4 

and demonstrate successful gene cloning and expression. Cultures transformed with the native 

pUC19 plasmid served as the negative control, and cultures with the pET-GFP and pAmCyan 

plasmids served as positive controls for gfp and amcyan expression, respectively.     

2.3.2. Case Study 2: Plasmid construction for Synechocystis PCC 6803 gene knockout 

Gene knockout in Synechocystis PCC 6803 is performed by homologous recombination 

(27).  In this case study, a kanr gene was cloned into pUC19 and was flanked by regions (greater 

than 100 bp) with chromosomal homology. With conventional plasmid construction methods (i.e., 

restriction digestion and ligation), building this plasmid involves the ligation of 3 DNA fragments 

(2 homologous region sequences flanking the antibiotic resistance gene) and insertion of this 

product into a multiple cloning site in the plasmid. In our experience, this has proven difficult, as 

the homologous region sequences can approach hundreds of base pairs for effective homologous 

recombination in Synechocystis. This has led to very low cloning efficiency and reliance on the 

availability of adequate restriction sites.  

With λ-PCR, this construction was simplified considerably and was done with high-

efficiency. The photosystem II (psba2) gene was chosen as the site of homologous recombination 

in Synechocystis because this cyanobacterium has two copies of this gene and knocking out of 

them does not result in lethality. Four steps were required for the final assembly of the plasmid. 

First, the target psba2 gene (1083 bp) was amplified from the Synechocystis genome with 

phosphorylated forward and reverse primers. Next, it was partially digested with λ-exonuclease 

for 30 min (λ-PCR v3). The resulting product, with ssDNA 3’ ends, was used as the megaprimer 

https://www.zotero.org/google-docs/?pEz8Q7
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in the cloning reaction with pUC19 to replace the lacZ𝛼 gene. Third, another PCR (with a 

phosphorylated reverse primer only) amplified the kanr gene from the pACYC177 plasmid, and it 

was digested with λ-exonuclease overnight (λ-PCR v1). This served as the ssDNA megaprimer to 

insert the kanr gene into the middle of the already cloned psba2 gene. The resulting plasmid, 

pUC19-psba2-kan, was transformed into Synechocystis, and cultures were grown in BG11 medium 

(28) under increasing levels of kanamycin, as described previously (29, 30). After approximately 

1 month, a culture capable of growing in 15 µg/mL of kanamycin was obtained, and genetic 

screening indicated the presence of the kanr gene inserted into the genome.  

2.3.3. Case Study 3: Cloning heterologous genes for enzyme engineering 

To build a de novo biosynthetic pathway for in vivo production of 3-hydroxy-2-

pyrrolidinone in E. coli, two heterologous genes are needed. The first is malyl-CoA lyase (mcla), 

which was isolated from Chloroflexus auriantiacus (31,32), and the second is malonyl-CoA 

reductase (mcrt), which was obtained from Sulfolobus tokodaii (33,34). For a functional pathway, 

both enzymes must be engineered to accept non-native substrates, and that research is ongoing. 

Here, we describe how to clone these genes using λ-PCR v3, as cloning these genes was 

unsuccessful (for reasons unknown) after months of using conventional methods and several 

commercial cloning kits. The pBAD/HisA plasmid of the pBAD/His kit (ThermoFisher Scientific) 

was selected as the cloning vector due to its histidine tag, reliable arabinose-inducible promoter, 

and ampicillin resistance (ampr) gene. λ-PCR v3 was used to insert the 1047 bp mcla and 1071 bp 

mcrt genes into separate pBAD/HisA plasmids. This case study showed that λ-PCR v3 can 

accommodate full gene-sized inserts (~1 kb). It has now been shown that the method can be used 

to clone DNA fragments in excess of 2 kb (data not shown). With λ-PCR v3, mcla cloning was 

https://www.zotero.org/google-docs/?RnD7NN
https://www.zotero.org/google-docs/?E18MBC
https://www.zotero.org/google-docs/?lWNWhd
https://www.zotero.org/google-docs/?hHdN12
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successful on the first transformation, after months of failures with other protocols. The mcrt gene 

required a few transformations to obtain positive colonies, but significantly improved cloning 

efficiency was observed for mcrt overall using λ-PCR v3. This suggested that a full ssDNA 

megaprimer containing the mcrt gene may have been prone to forming secondary structures 

inhibitory to the cloning reaction. The improved efficiency using v3 (with a dsDNA megaprimer) 

illustrates the value of this variation for cases where the usually more efficient v1 fails. Additional 

details of this case study are given in the Supplementary Appendix A. 

2.3.4. Case Study 4: Troubleshooting using thermodynamic calculations 

After many successful trials with λ-PCR, we identified a case where gene cloning was 

unsuccessful. This was investigated by thermodynamic calculations using NUPACK (13), and a 

solution was found. The purpose of this case study was to illustrate this potential problem, describe 

the solution, and demonstrate how to identify this problem a priori.  Hepatitis b core antigen 

(HBcAg) gene (509 bp) was cloned previously into pET-28a for expression and assembly into a 

virus-like particle. To use the protein as a backbone for vaccines to other viruses, foreign epitopes 

(128 bp) were to be inserted into the major immunodominant region (MIR) of the HBcAg gene 

using λ-PCR. The only change to the λ-PCR v1 protocol described previously is that plasmids 

were transformed into freshly thawed T7 Express® cells. Further details and Figures related to this 

case study are given in the Supplementary Appendix A. Plasmids used are given in Table A1, and 

all primers are available in Table A2. 

Following the attempted insertion of the foreign epitope by λ-PCR v1, the cloning products 

were visualized by gel electrophoresis.  DNA fragment “streak,” consisting of multiple 

indistinguishable bands of varying intensity was evident, as shown in Fig. A8A in the 

https://www.zotero.org/google-docs/?Hqxe42
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Supplementary Appendix A. This phenomenon is indicative of mis-priming (i.e., binding of a 

primer or megaprimer in multiple or undesired locations) due to secondary structure formation in 

the binding region of a primer (or megaprimer). Risk of secondary structure formation increases 

in GC-rich regions. In this case study, the foreign epitope was designed to encode glycine-rich 

terminal ends by including three glycine residues upstream and downstream of the inserted 

peptides to improve flexibility of the epitope peptide insert. The only codons available for glycine 

in E. coli are GG(X)3. Following initial λ-PCR v1 cloning, 112 colonies were screened to locate a 

positive clone, but none was ever found.  

To solve this problem, thermodynamic calculations with NUPACK (13) were used to 

simulate secondary structure formation of the ssDNA megaprimer during λ-PCR v1. The cloning 

reaction of λ-PCR was run with an annealing temperature of 64°C. The 3’ binding portion of the 

megaprimer must have affinity to the plasmid at this temperature, rather than a secondary structure 

within itself. NUPACK simulations of the megaprimer at 95°C, 80°C, 65°C, and 64°C are shown 

in Figs. A9A-D in the Supplementary Appendix A. Here, it is apparent that a large hairpin 

secondary structure is predicted to form near the 3’ end at 65°C, with an additional hairpin structure 

formation at the 5’ end at 64°C (although this should not impact gene insertion by λ-PCR). With 

much of the 3’ end of the megaprimer (with complementarity to the pET-28a plasmid) involved in 

a secondary structure, proper plasmid annealing in λ-PCR does not occur, and the gene cloning 

reaction fails. Alternatively, the presence of the secondary structure allows other portions of the 

megaprimer to bind elsewhere to the plasmid, giving rise to several incomplete gene insertion 

products, as shown in Fig. A8A in the Supplementary Appendix A. 

 

https://www.zotero.org/google-docs/?mMUh7c
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To implicate the GG(X)3 nucleotide sequences in the failed cloning reaction, they were 

removed from the initial primers, and λ-PCR v1 was repeated. This time, the cloning reaction was 

successful (see Fig. A8B in the Supplementary Appendix A). NUPACK simulations (shown in 

Fig. A9E in the Supplementary Appendix A) indicated there were no longer inhibitory structures 

in the ssDNA megaprimer at the annealing temperature of the cloning reaction. Thus, the question 

remained as to how this cloning reaction can be performed if inhibitory secondary structure forms 

in the megaprimer? λ-PCR provides a unique solution to this “hard to clone” problem, which is 

common among all methods that involve ssDNA (even in shorter overhangs). New primers were 

designed that create a megaprimer to contain the foreign epitope DNA, but the 3’ end was extended 

further past the GG(X)3 hairpin forming sequences, into the HBcAg gene itself. The goal was to 

create a megaprimer for the cloning reaction that did not form secondary structures at the 3’ 

annealing portion at the desired annealing temperature (64°C in this case). Because λ-PCR allows 

DNA cloning/assembly to occur anywhere (down to single nucleotide resolution), the megaprimer 

can be extended as needed to minimize inhibitory secondary structures at the annealing 

temperature of the cloning/assembly reaction. This process is illustrated in Fig. A10 in the 

Supplementary Appendix A and demonstrates how thermodynamic calculations can be used to 

optimize λ-PCR. The NUPACK simulation of this final design is shown in Fig. A9F, and the 

successful cloning result is shown in Fig. A8C. In our experience, preventing the formation of 

secondary structures in the ssDNA binding portion of the megaprimer at the annealing temperature 

is key to success. 
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2.4. Discussion 

 λ-PCR is a time- and resource-saving open-source method for DNA assembly and 

manipulation. It can be applied broadly and used for routine DNA cloning as well as for the “hard 

to clone” cases. The trend in DNA cloning technologies has moved away from restriction digest 

and ligation methods, and many versions of these methods are now available as commercial kits. 

However, their cost can be prohibitive to small and academic labs, especially when the cloning 

reaction efficiency is low for a particular DNA fragment. λ-PCR was developed in response to our 

failures to clone particular “hard to clone” DNA genes/fragments using traditional methods and 

several commercial kits. With λ-PCR, we succeeded cloning the “hard to clone” DNA fragments 

and genes, and generally higher cloning efficiencies have been observed. In addition to being 

restriction enzyme-free, the λ-PCR method also allows direct cloning of nearly any DNA fragment 

into nearly any vector at nearly any location (with single base pair resolution), which is another 

advantage not available from traditional methods or commercial kits that rely on restriction 

digestion. 

 The λ-PCR method (including the name) was inspired by the published 𝛺-PCR method 

(12) and resembles the overlap extension PCR technique (3–6, 35–37). The major difference is 

that λ-PCR allows the incorporation of large DNA fragments without the custom synthesis of long 

primers, which is accomplished through the generation of a megaprimer by PCR. The three 

variations of λ-PCR deal with how to convert this dsDNA megaprimer product into a form with 

ssDNA ends that can then complete the overlap extension by PCR. In our experience, this added 

step in λ-PCR is crucial because secondary structures can inhibit ssDNA custom synthesis and 

cloning/assembly. The generation of the megaprimer may provide the flexibility to accommodate 

https://www.zotero.org/google-docs/?rZeZx7
https://www.zotero.org/google-docs/?E0LYyW
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many more DNA fragments prone to secondary structure formation. While this scenario is 

unavoidable with some custom DNA projects, λ-PCR provides a way to mitigate this. Finally, as 

with overlap extension PCR, λ-PCR can be used to add DNA fragments serially to a plasmid or 

linear DNA strand. This makes DNA assembly limited by the molecular stability of the dsDNA 

strand itself, not by the assembly technique. In our practice, each new DNA fragment can be added 

in 1-2 days (PCR generation of the megaprimer, conversion of dsDNA to ssDNA, and 

cloning/assembly by PCR). This time can be reduced dramatically if the generation of multiple 

megaprimers and conversion to ssDNA is done in parallel. While the importance of 

thermodynamic calculations has been illustrated in Case Study 4, the adoption of λ-PCR more 

broadly will be aided by megaprimer design software that will automatically choose primers to 

minimize secondary structure formation in the binding region. This software is in development 

and will be offered as a freely-available platform to design λ-PCR primers. 
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Figure 2.1. Schematic of the λ-PCR v1 protocol, which uses complete digestion with λ-

exonuclease to generate the ssDNA megaprimer.  
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Figure 2.2. Schematic of the λ-PCR v2 protocol, which uses asymmetric PCR to generate the 

ssDNA megaprimer.  
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Figure 2.3. Schematic of the λ-PCR v3 protocol, which uses partial digestion with λ-exonuclease 

to generate the dsDNA megaprimer with ssDNA overhangs. 
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Figure 2.4. GFP (Green) and AmCyan (Blue) fluorescence levels of transformed cultures.  
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A novel synthetic sRNA promoting protein overexpression in cell-free systems 

 

Abstract 

 Bacterial small RNAs (sRNAs) that regulate gene expression have been engineered for 

uses in synthetic biology and metabolic engineering. Here, we designed a novel non-Hfq-

dependent sRNA scaffold that makes use of a 20 nt antisense binding region to selectively target 

mRNAs and influence expression. The system was developed for regulation of a fluorescent 

reporter in vivo using E. coli, but the system was found to be more responsive and produce 

statistically significant results when applied to protein synthesis in in vitro cell-free systems (CFS). 

Antisense binding sequences were designed to target not only translation initiation regions but 

various secondary structures in the reporter mRNA. Targeting a high energy stem loop structure 

and the 3’ end of the mRNA produced expression knock-downs that approached 70%. Notably, 

targeting a low energy stem structure near a potential RNase E binding site lead to a statistically 

significant 65% increase in gene expression. These results were not obtainable in vivo, and the 

underlying mechanism was translated from the reporter system to achieve better than 75% increase 

in recombinant diaphorase expression in an in vitro CFS. It is possible the designs developed here 

can be applied to improve expression of other proteins in a CFS. 
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3.1. Introduction 

Non-coding bacterial RNAs such as antisense RNAs (asRNAs) and small RNAs (sRNAs) 

have become important tools in synthetic biology (3,20,27–32) and metabolic engineering (33,34). 

They have emerged as important regulators in both prokaryotes and eukaryotes (1,2) and have 

been found to play a central role in regulating gene expression (3) at post-transcriptional (3–5) and 

translational levels (6,7). Most act in trans (8) by annealing to target mRNAs, typically at or near 

the ribosome-binding site (RBS) sequence (9,10). sRNAs can have antisense sequences (a short 

asRNA portion) to bind mRNA targets and/or act with catalytic function. The asRNA-mRNA 

duplex formation has been documented to decrease translation (9,11–18) and/or increase the 

degradation of target mRNA (9,19–22). This resulting decrease in target gene expression has been 

found to be tunable through calculation and design of asRNA-mRNA binding free energy (23). 

Synthetic regulatory asRNAs have been shown to be suitable for conditional gene silencing (24,25) 

and can serve as a convenient tool to engineer metabolism due to their ability to regulate gene 

expression without intensive genetic manipulations such as gene knockouts or disruption (10,17); 

they can also be expressed from inducible promoters, providing additional metabolic controls. 

Synthetic sRNAs and asRNAs have already been used in a number of applications ranging from 

detecting metabolic state (26), balancing metabolic pathway expression (22), and tightly regulating 

toxin genes (27). Promising applications also include multiplexing and combinatorial applications 

to screen for enhanced target chemical production (23) and optimization of target pathway gene 

expression levels and down-regulation of competing pathways (23,28–30). Finally, asRNA 

technology has been used in industrial processes to improve yields and reduce byproducts (13,30–

32), to optimize protein production (11), and it has been combined with CRISPR/Cas9 systems for 

derepression (5,33,34).  
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The majority of the asRNAs applications mentioned above and strategies in synthetic 

biology, in general, make use of living cells. However, the complexities of living cells, including 

selective induction, natural variability, and difficulties in standardization can make these systems 

difficult to work with and sometimes irreproducible (35,36). To address these challenges, cell-free 

systems (CFS) were developed (35–38). Cell-free biology systems harnesses cellular machinery 

in vitro (35,39,40) and can be categorized into three main classes. The first is a simplified CFS 

composed of crude extract prepared simply by lysing bacterial, plant, or animal cells (35,36,41). 

The second contains purified E. coli translational components and required buffers, amino acids, 

and energy/cofactor components (37,42–45), and the third class of CFS contains these with 

purified enzymes and complexes from different sources (46–51). The ability CFSs to bypass the 

complexities of living cells in an in vitro environment offers engineering flexibility and other 

advantages such as controllable transcription/translation modifications, high synthesis rates and 

product yields, high tolerance to toxic substrates/products/intermediates, and easy product 

purification (36,38,40,41,46,52). 

Here, we report the development of a novel synthetic sRNA for modulating gene 

expression that expands the existing toolset by enabling gene overexpression in addition to 

expression knock-down. Our synthetic sRNA construct is composed of three parts: (i) a stem-loop 

stabilizer sequence, (ii) an antisense target binding sequence, and (iii) a terminator. The sRNA 

operates independently of Hfq, and, to our knowledge, its small size (48 nt total) allows multiple 

sRNAs to be contained on a single plasmid or genomic insert, and the antisense sequence is easily 

swappable by PCR. To demonstrate its function, the antisense portation of the sRNA was designed 

to target several predicted secondary structures in a fluorescent reporter, in addition to the RBS 

and 3’ end. The system was initially built and evaluated in E. coli, but here, we also demonstrate 

https://www.zotero.org/google-docs/?QxUwTf
https://www.zotero.org/google-docs/?s8V35s
https://www.zotero.org/google-docs/?aWKOSG
https://www.zotero.org/google-docs/?CRBSrD
https://www.zotero.org/google-docs/?7ZF8KB
https://www.zotero.org/google-docs/?YLDYb4
https://www.zotero.org/google-docs/?J9DSO1
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that due to cell induction inconsistency, a simplified CFS provided more statistically significant 

results when testing the system. Most importantly, we were able to increase the expression level 

of the fluorescent protein reporter used in this study by more than 50% by occluding the target 

region of RNAse E. Mechanisms were learned and applied to diaphorase expression in vitro to 

show the system can be modified for nearly any target gene expression in a CFS or cell-free protein 

synthesis (CFPS) reaction.  

3.2. Materials and methods 

3.2.1. Bacterial strains and culture conditions 

Escherichia coli 10-𝛽 (New England Biolabs; Ipswitch, MA) were used as the host 

expression system in all experiments and were cultured in LB growth medium (10 g/L tryptone, 5 

g/L yeast extract, 10 g/L sodium chloride) supplemented with ampicillin to the final concentration 

of 100 µg/ml. Appropriate concentrations arabinose “Ara” and anhydrotetracycline “ATc” were 

used to induce protein and asRNA expression. E coli BL21 Star (DE3) (New England Biolabs) 

were used for diaphorase expression in CFS experiments. A description of all strains and plasmids 

used in this study are given in Table B1, and all PCR primer sequences are given in Table B2 of 

Supplementary Appendix B.  

3.2.2. Plasmid construction and sRNA design 

Three different plasmids were constructed for this study and are shown in Fig. B1 (and 

described in Table B1) in Supplementary Appendix B. The first plasmid, pART15-C1, was used 

as a reporter and contains AmCyan (cyan) fluorescent gene under the control of Ara-inducible PBAD 

promoter. pART15-C2 was also used as a reporter to determine the expression levels of AmCyan 
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under the control of ATc-inducible PLtetO-1. This was used to determine relative expression levels 

of sRNAs. pART15-C1-LacZ was used to substitute sRNA constructs for lacZ by inverse PCR. A 

blue/white screen enabled the identification of positive colonies after transformation. The final 

plasmids, versions of pART15-AS, contained the AmCyan gene under the control of PBAD 

promoter and various sRNAs under the control of PLtetO-1. This synthetic circuit is shown in Fig. 

B2. The construction of all necessary parts (origin of replication, promoters, terminators, RBSs, 

reporter gene) was performed by Gibson assembly® cloning (53) and λ-PCR (54). 

 The synthetic sRNA scaffold is shown in Fig. 3.1 and was designed to have three parts, 

described from 5’ to 3’: (i) a 14 nt synthetic stem-loop stabilizer, (ii) a 20 nt antisense sequence 

complementary to the target mRNA, and (iii) a 14 nt stem-loop transcriptional terminator. sRNA 

antisense sequences (Table B3) were designed to target the following regions of the AmCyan 

mRNA: (i) the ribosome binding site (RBS) of (antisense sequence referred to as “asRBS”), (ii) 

the first 20 bp of AmCyan from the 5’ end (asB1), (iii) a potential high energy loop (asB30), (iv-

v) potential low energy loops (asB57, asB180), (vi-viii) potential high energy stem structures 

(asB407, asB430, asB539), (ix-x) potential low energy stem structures (asB606, asB615), (xi-xii) 

near the 3’ end (asB693, asB701), and (xiii) a control without a binding region, containing only 

the stabilizing region and terminator (asCTRL). Predictions of RNA secondary structures and 

energy regions were computed using NUPACK software (http://www.nupack.org) (55). All of the 

target binding sequences were blasted against the E. coli genome and pART15 plasmid to ensure 

no other interactions were anticipated. 

 

 

https://www.zotero.org/google-docs/?IacHgI
https://www.zotero.org/google-docs/?RVnwmz
https://www.zotero.org/google-docs/?hE0yxk
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3.2.3. Optimizing induction with pART15-C1 and pART15-C2 

Positive colonies transformed with pART15-C1 and pART15-C2 were grown overnight at 

37°C and 200 rpm in 5 mL of LB medium supplemented with 100 μg/ml ampicillin. Cells were 

diluted 100X into 200 µL of the same medium supplemented with inducers (0-100 mM Ara and 

0-100 ng/mL ATc) in a 96-well plate. Colonies were grown for 24 h at 30°C and OD600 and 

fluorescence readings were measured in a Synergy H4 Hybrid Microplate Reader (BioTek; 

Winooski, VT). AmCyan fluorescence was determined at ex. 458 nm and em. 489 nm.  

3.2.4. Determining sRNA influence on gene expression 

Cells harboring pART15-AS constructs, containing different synthetic sRNAs (differing 

by antisense sequence), were tested by growing transformed cells overnight in LB media with 

ampicillin and diluting 100X in 200 µl of LB media supplemented with ampicillin and ATc (0 

ng/ml or 100 ng/ml). After 6 h of growth, Ara (0 mM or 0.05 mM) was added, and cells were 

incubated for 24 h at 30°C in a 96-well plate. Cell growth was monitored by OD600 and 

fluorescence levels were measured at ex. 458 nm, em. 489 nm. Normalized fluorescence (FN) was 

calculated by dividing the fluorescence measurement by the OD600 reading. Fluorescence change 

(FΔ) was calculated by comparing the fluorescence of cells grown supplemented with both ATc 

and Ara with the positive control fluorescence (pART15-C1), using Eq 1:  

𝐹∆ = (𝐹𝑁,𝑝𝐴𝑅𝑇15−𝐴𝑆 − 𝐹𝑁,𝑝𝐴𝑅𝑇15−𝐶1 )/𝐹𝑁,𝑝𝐴𝑅𝑇15−𝐶1 × 100    (Eq. 1) 

3.2.5. Flow cytometry 

Cells were grown overnight in 5 mL LB media with 100 µg/mL ampicillin at 37°C and 200 

rpm. 10 µL of overnight culture was transferred to fresh 600 µL LB media (OD600 ≈ 0.05) 
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supplemented with appropriate antibiotic and inducers. After 8 h of growth at 37°C and 200 rpm, 

cells were centrifuged and resuspended in phosphate-buffered saline (PBS) for fluorescence 

measurements. Fluorescence (ex. 458 nm; em. 489 nm) was measured via flow cytometry using a 

BD Accuri® C6 flow cytometer (BD Biosciences; San Jose, CA), by collecting 10,000 events per 

replicate.  

3.2.6. In vitro CFS 

A pre-culture was prepared by growing cells overnight in 5 mL LB media supplemented with 

ampicillin at 37°C and 200 rpm. The overnight culture was diluted in 100 mL LB media and 

incubated overnight at 37°C and 200 rpm and then centrifuged. The cell pellet was resuspended in 

the lysis buffer (20 mM Na2HPO4, 50 mM NaCl, 10 mM imidazole and 2% triton). Cells were 

subsequently disrupted by sonication using Branson 450 Digital Sonifier® (40% amplitude, 3 min 

30, 7 s pulse and 5 s OFF). Cell lysate was supplemented with the appropriate inducers and 

incubated for 96 h in a 96-well plate. OD600 and fluorescence readings (ex. 458 nm and em. 489 

nm) were measured in a Synergy H4 Hybrid Microplate Reader (BioTek; Winooski, VT).  

3.2.7. Diaphorase over-expression 

 Four plasmids expressing sRNAs targeting potential binding sites of RNase E in diaphorase 

(DI, GenBank accession number JQ040550) were constructed. pBAD-LIC was used as the 

backbone plasmid to clone the four antisense fragments (Table B3 in the Supplementary Appendix 

B): (i) asDI410, (ii) asDI490, (iii) asDI510 and (iv) asDI528. The recombinant pBAD-AS plasmids 

(pBAD-asDI410, pBAD-asDI490, pBAD-asDI510 and pBAD-asDI528) were transformed into 

E.coli BL21 Star (DE3). Plasmids and primers are summarized in Tables B1 and B2.  
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Separate E. coli BL21 (DE3) cultures, one harboring the diaphorase (56) and the other the 

recombinant pBAD-AS plasmids, were used to generate the in vitro CFS. The procedures of the 

in vitro CFS were followed as described in the previous section. Cultures were mixed in a 1:1 ratio 

(diaphorase to pBAD-AS), and the cell mixture was disrupted by sonication. Aliquots of the crude 

extract (200 µL) were used in triplicate in a 96-well plate in the presence of 0.5 mM IPTG to 

induce diaphorase expression and 5 mM Ara to induce sRNAs. The empty plasmid pBAD-LIC 

was used as the control. Bradford protein assay (57) was performed at time 0 and 72 hours to 

determine protein content in the in vitro CFS.  

3.3. Results 

3.3.1. Optimizing induction with pART15-C1 and pART15-C2 (in vivo system) 

pART15-AS was built to characterize the effects of different antisense sequences in our 

synthetic sRNA on the expression level of the AmCyan (cyan) fluorescent reporter. Two control 

plasmids, pART15-C1 and pART15-C2 (described in the Materials and Methods section and in 

Fig. B1 and Table B1) were used to assess the expression of the sRNA and the reporter protein. 

Both control plasmids were first characterized to determine the working concentrations of both 

inducers. We assessed the susceptibility to modulation of both promoters PBAD and PLtet-O1 by 

measuring AmCyan fluorescence at different levels of induction by Ara and ATc. The expression 

level of AmCyan with induction from 0-100 mM Ara is shown in Fig. B3. A linear relationship 

was observed between Ara concentration and fluorescence. Maximum fluorescence was obtained 

at an Ara concentration of 10 mM, and the response plateaued beyond this point. Expression from 

PLtet-O1 is an indirect measure of sRNA levels. A plot of AmCyan fluorescence as a function of 

ATc concentration (0-100 ng/mL) is also shown in Fig. B3, and a linear relationship was observed 

https://www.zotero.org/google-docs/?lwE3ev
https://www.zotero.org/google-docs/?hZ8AFG
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over the induction range to 1 ng/mL, where only slight increases were observed at higher levels. 

The maximum fluorescence level (indicative of asRNA levels) was observed at 100 ng/mL. These 

results indicated that both parts of our system (fluorescent reporter and sRNA expression) could 

be modulated over a wide range of inducer concentrations. At the individual cell level, 

fluorescence intensities have been shown to vary over a broad range within populations growing 

at sub-saturating inducer concentrations (58). Thus, a set of Ara and ATc inducer levels was sought 

that yields high expression levels of both asRNA and AmCyan, where all cells were induced 

uniformly. Therefore, flow cytometry was employed to determine this optimum operating point of 

induction. 

3.3.2. Flow cytometry (in vivo system) 

Flow cytometry experiments were conducted to examine the induction homogeneity of cell 

populations under different concentrations of inducers. First, AmCyan expression in pART15-C1, 

under different concentrations of Ara, was examined. Flow cytometry analysis showed that 

induction with 0.05 mM Ara was sufficient to induce the entire population. This is shown in Fig. 

B4. Similarly, cells harboring pART15-C2 were induced with different levels of ATc, and a 

concentration of 100 ng/mL was observed to yield full and uniform induction of all cells (shown 

in Fig. B5).  

3.3.3. Plate-reader assays (in vivo system) 

After characterizing both parts of the synthetic circuit, all versions of pART15-AS (with 

the different sRNAs) were assessed. Cells transformed with the pART15-AS vectors were 

incubated in 96-well plate for 6 hours with 0.05 mM arabinose, then 100 ng/ml ATc was added. 

Normalized fluorescence (FN) intensity and the fluorescence change (FΔ) (Eq. 1) were calculated. 

https://www.zotero.org/google-docs/?dgB36X
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A total of 12 different antisense binding sequences (Table B3) were tested. Replicates for the 

sRNAs variants did not produce consistent results, with some replicates showing decreases in 

reporter fluorescence, while others with the same sRNA construct showed increases. Statistical 

analysis of fluorescence was performed using ANOVA tests and pairwise comparisons using 

Tukey’s honest significant difference (HSD) method at three different time points (6 h, 18 h, and 

29 h) with the pART15-AS constructs and the control pART15-C1, which contained no asRNA. 

A total of 64 replicates were run for each sRNA, and data were collected at multiple time points. 

All fluorescence data and full ANOVA tests and pairwise comparison results are included in 

Supplementary Appendix B, a graphical representation of fluorescence data is given in Fig. B6, 

and ANOVA results are summarized in Tables 3.1 and 3.2. Results for the in vivo system (Table 

3.1) showed that targeting the RBS and first 20 bp of the AmCyan mRNA lead to statistically 

significant reductions in expression of more than 10% at 29 h. The approach of targeting translation 

initiation has been documented in the literature; although, our sRNA is not Hfq dependent, to our 

knowledge. Results also showed an even greater statistically significant expression knock-down 

of more than 35% at 29 h by targeting a high energy stem in the mRNA secondary structure 

(asB430). This sRNA also was able to achieve about 25% statistically significant knock-down by 

6 h in the culture. Others targeting the translation initiation region did not show statistical 

significance until late in the culture. The antisense sequence of the asB430 sRNA was designed to 

bind nt 430-450 of the reporter mRNA. This is far from the translation initiation region. Targeting 

the high energy stem further (asB407 and asB539) produced decreases in fluorescence, with some 

results being statistically significant (e.g., -43% for asB407 at 18 h). Notably, we observed a 

statistically significant increase in fluorescence of more than 35% from asB606 at 18 h, but a 

statistically significant increase was not observed at 29 h. Pairwise comparisons testing was 
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applied where fluorescence results from all sRNAs at every time point were compared with every 

other to identify statistically significant differences. Of all comparisons made, only 7.7% were 

statistically different. Thus, despite the significant findings described above, most of the sRNA 

constructs varied (some widely) in fluorescence readings, and it has been suggested in the literature 

that the extreme complexity of living cells may play a role (35). In addition, the objective of 

microbial cells is growth, not the production of target products, which is usually opposed to 

synthetic biology and metabolic engineering goals (59). These results were investigated further by 

observing non-uniform induction of the cultures through flow cytometry when using both the Ara 

and ATc inducers. This is shown in Fig. B7 and demonstrates induction heterogeneity that differed 

given different sRNAs and even between replicates. The mechanisms leading to this behavior 

remains unknown; however, a CFS was used to repeat these experiments, since cell-to-cell 

induction variations would be negligible.  

3.3.4. Implementation of a CFS (in vitro system) 

To facilitate the analysis of the synthetic asRNAs and to overcome the induction 

heterogeneity of implementation in vivo, we constructed a very simple CFS system. It consisted 

of cells harboring the pART15 plasmids, which were harvested and sonicated to disrupt cell 

membranes and liberate the cell contents. Optimization of the system parameters (activity, 

sonication time, and volume) are shown in Figs. B8-B12. In order to test the induction linearity in 

the the CFS, the fluorescence response to Ara and ATc inducers was measured as before with 

pART15-C1 and pART15-C2 and the same inducer levels (0-100 mM for Ara; and 0-100 ng/mL 

for ATc). Again, linear relationships were obtained for the CFS (Fig. B13), and the same optimal 

concentrations of of Ara (0.05 mM) and ATc (100 ng/mL) were identified for pART15-AS and 

the CFS. The OD600 of the lysate following sonication remained constant, as shown in Fig. B14.  

https://www.zotero.org/google-docs/?1SHgCL
https://www.zotero.org/google-docs/?EOburS
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3.3.5. Plate-reader assays (in vitro system) 

Sonicated cells previously transformed with pART15-AS constructs were induced in vitro 

with 0.05 mM Ara and 100 ng/ml ATc and incubated for 96 h until the fluorescence reached a 

constant level. With this simplified CFS, the system required 24 h for induction (the point where 

fluorescence appeared), and the maximum was achieved by 96 h. All fluorescence readings were 

averaged and normalized by the OD600. Unlike the in vivo system, fluorescence data with pART15-

AS constructs were more consistent, and these data are shown in Fig. B15 and are given with 

statistical test results in Supplementary Appendix B. Three time points were chosen to analyze the 

data (48 h, 72 h, and 96 h). The CFS produced many more statistically significant results than did 

the in vivo system. In fact, 44.6% of all pairwise comparisons were found statistically significant 

(p < 0.05). This was a stark increase from the 7.7% of the in vivo system, and fluorescence results 

seemed far more consistent. ANOVA test results are given in Table 3.2. Targeting the RBS did 

not produce a statistically significant decrease in fluorescence in the CFS, but this was observed 

when targeting the first 20 nt and repression levels were higher than the in vivo system. However, 

targeting other secondary structures produced far superior repression. For example, targeting the 

high energy stem produced greater than 65% (statistically significant) fluorescence reduction, and 

targeting the 3’ end of the mRNA (asB701) lead to more than 70% fluorescence reduction, 

compared to about 19% reduction in the in vivo system (both statistically significant). However, 

we found that selectively targeting the low energy stem (asB606) lead to a statistically significant 

increase in fluorescence of more than 66% at 48 and 96 h (it was more than 50% at 48 h). This is 

the first time, to our knowledge, that a synthetic sRNA produced an increase in target protein 

expression level by targeting an mRNA secondary structure, in this case a low energy stem near 

the 3’end of the mRNA. We attempted to target another portion of this low energy stem loop 
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(asB615) in the CFS and observed statistically significant decreases in fluorescence ranging from 

30-50%. In addition, it was sought whether existing sRNA scaffolds that recruit Hfq would 

produce similar results. We chose the MicC scaffold from previous published studies (23,60–62). 

MicC is a naturally occurring small RNA involved in the repression of the E.coli outer membrane 

protein, OmpC (63). MicC requires the Hfq RNA chaperone for its function (63,64), and studies 

have shown its superior repression capabilities when compared to other scaffolds (23). In fact, 

there is a high frequency of RNase E mediated cleavages in Hfq-dependent asRNAs (65–68). 

Using the MicC scaffold, we added the same antisense binding regions used in asRBS (targets the 

mRNA RBS), asB1 (targets the first 20 nt of the mRNA) and asB606 (targets the low energy stem 

loop of the reporter mRNA starting at nt 606). Results are also given in Table 3.2. Targeting the 

RBS with our MicC-asRBS sRNA lead to an increase in fluorescence expression, which is contrary 

to results published for other in vivo systems. A possible mechanism for this is discussed later. 

However, targeting the first 20 nt with the MicC-asB1 lead to a statistically significant reduction 

in fluorescence of better than 40%. This was greater repression than the 20% (and not statistically 

significant at 96 h) achieved when using our non-Hfq-dependent synthetic scaffold. Using the 

MicC scaffold with asB606 (MicC-asB606) resulted in virtually no change in fluorescence at 72 

and 96 h (with significant increase observed at 48 h) relative to the control; whereas, our synthetic 

scaffold produced an increase in fluorescence of over 65%. Thus, a mechanism was sought to 

explain the overexpression observation by our asB606 sRNA.  

3.3.6. Probing the mechanism of asB606 with NUPACK and catRAPID 

To determine the mechanism behind asB606 sRNA mediated overexpression, analysis with 

the NUPACK thermodynamic software (55) was performed. Comparison of all sRNAs aligning 

and binding with AmCyan mRNA (shown in Fig. B16 and Fig. B17 for MicC constructs) showed 

https://www.zotero.org/google-docs/?Ayh8Kq
https://www.zotero.org/google-docs/?lgyur5
https://www.zotero.org/google-docs/?EcNBT2
https://www.zotero.org/google-docs/?fWOqe6
https://www.zotero.org/google-docs/?zfRbku
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a non-significant change in free energy of binding. NUPACK analyses allowed the analysis of 

binding probability when an asRNA is bound to its target region. AmCyan mRNA served as a 

template to compare changes of synthetic sRNA antisense-mRNA pairing probability. Only the 

last 200 nt of the AmCyan mRNA were considered for this analysis since there were negligible 

changes in pairing when also including the first 400 nt. Comparison of pair probability (Fig. B18 

and Fig. B19) revealed that asB606 binds to base pairs 606-615 with the sequence 

“CCAAACCAUG.” Further analysis revealed this site contains a potential consensus binding site 

for RNase E (65), which is the most important endonuclease initiating mRNA decay in E. coli 

(66,69–72). RNase E is known to play a role in regulation of gene expression through transcript 

degradation (65–67,71), and in its first step, RNase E recognizes a cleavage site frequently found 

upstream of a stem-loop protected 3’end. Following recognition, an endonucleolytic cut of the 

mRNA is performed (67,69,73,74). Here, the particular site asB606 targets in the reporter mRNA 

is a region near a stem-loop and, when bound, it likely obscurs RNase E recognition. This would 

extend the half-life of AmCyan mRNA in the CFS, resulting in increased translation and expression 

level of the fluorescent reporter.  

To probe this mechanism further, more analyses were conducted with catRAPID software 

(75–77), an accurate prediction tool for protein-RNA interaction propensities. AmCyan mRNA 

and the catalytic and binding regions of RNase E were interacted in catRAPID, and results showed 

strong binding potential between RNAse E and AmCyan mRNA in the 500-650 bp region (shown 

in Fig. B20), providing more evidence sRNA asB606 occludes a potential recognition site of 

RNase E.  

 With NUPACK analyses, we also probed why MicC-asRBS lead to statistically significant 

increases in reporter fluorescence, when a knock-down was hypothesized based on observations 

https://www.zotero.org/google-docs/?MKwZdC
https://www.zotero.org/google-docs/?MM9Bxx
https://www.zotero.org/google-docs/?ReWNby
https://www.zotero.org/google-docs/?iuAYFP
https://www.zotero.org/google-docs/?0F43iP
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in the literature with other reporter genes. The NUPACK predicted AmCyan mRNA secondary 

structure is included as Fig. B16a, and the structure of this bound with the sRNA MicC-asRNA is 

shown in Fig. B17d. A comparison of these structures suggests the native AmCyan mRNA 5’ end 

is sequestered in a stem configuration, and this is alleviated by binding the MicC-asRNA sRNA. 

This also suggests MicC-asRNA does not occlude the RBS or an alternative RBS is liberated by 

unfolding the stem loop structure.  

3.3.7. Implementation for diaphorase production in vitro 

 Diaphorase is a soluble NAD(P)H dehydrogenase (EC 1.6.99.1 or EC 1.6.99.3). It is widely 

applied in synthetic enzymatic pathways for the production of high-value chemicals (48,56,78,79). 

Therefore, overexpression of this enzyme as part of a synthetic pathway is of interest. Previous 

results with the sRNA asB606 showed that occluding the RNase E binding site increased the 

expression of a fluorescent reporter by 50-80% in a CFS. Here, this design was adapted and 

implemented for diaphorase expression in a CFS. Potential binding sites for the RNase E were 

predicted by catRAPID (75–77) (shown in Fig. B21), and four targets were identified (20 nt 

sequences starting at 410, 490, 510, and 528). These are close to stem loop structures and are in 

the predicted interaction region(s) for diaphorase mRNA and RNase E (Fig. B21). Plasmids 

(pBAD-AS) harboring asRNAs targeting those regions were constructed (pBAD-asDI410, pBAD-

asDI490, pBAD-asDI510, and pBAD-asDI528). Descriptions, primers, and antisense sequences 

are given in Tables B1-B3. Next, an in vitro diaphorase-CFS was developed by combining cells 

expressing diaphorase and cells transformed with one of the pBAD-AS plasmids in the same 

sonication reaction. Diaphorase overexpression was observed in the presence of multiple sRNAs, 

as shown in Fig. 3.2.  About 30% increase in expression was observed for asDI410 replicate 1 and 

about 50% for the replicate 2 (separate colonies). The induction of asDI490 replicate 2 and 

https://www.zotero.org/google-docs/?W6IxB9
https://www.zotero.org/google-docs/?jo1Ge3


 

48 
 

asDI510 improved the expression level of diaphorase by about 66% and 75%, respectively. 

However, no increase was observed with asDI490 replicate 1, and asDI510 showed a slight 

increase (3.5%). This result might be due to many factors including: (i) the presence of multiple 

sites for RNase E binding (unlike AmCyan mRNA which contained a single site) and (ii) the 

diapohorasae-expressing strain was E. coli BL21, which can metabolize Ara, lowering the 

induction of sRNAs. However, results suggest the sRNAs described here can be adapted over 

expression of multiple mRNAs in CFSs and CFPSs.   

3.4. Discussion 

 Natural and synthetic sRNAs have many potential applications in synthetic biology and 

metabolic engineering. Synthetic sRNAs are small (allowing several to be expressed from a single 

plasmid or genomic insertion), their expression can be inducible if desired, they can be “fine tuned” 

according to binding thermodynamics, and they can modulate gene expression where gene 

knockout is lethal and conditional gene silencing is required. Here, we have shown, for the first 

time to our knowledge, a synthetic sRNA can also be used to selectively enhance target protein 

expression.  In this study, a new synthetic scaffold was designed to support 20 nt antisense 

sequences that bind target mRNAs, and several sequences were designed to target different regions 

and secondary structures of an AmCyan fluorescent reporter mRNA. An unexpected complication 

was encountered where few of our synthetic sRNAs gave consistent (or statistically significant) 

results when tested in vivo. These experiments highlighted the inherent variability and 

heterogeneity of living cultures, particularly in response to multiple inducers. Furthermore, for 

cells to thrive to grow and divide is contrary to our objective to express a foreign protein or execute 

a synthetic circuit (52,59). This is supported further, as the burden of expressing a heterologous 

gene is imposed by competition between the target and host cell genes for limited cellular resources 

https://www.zotero.org/google-docs/?8arsKB
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(e.g., transcriptional/translational machinery, metabolites, and co-factors) (80,81). Thus, it remains 

unclear to us whether this phenomenon is primarily confined to our system or is present in other 

synthetic circuit designs executed in vivo. Nevertheless, we presented methods on how this can be 

checked using flow cytometry and statistical tests, and have implemented our synthetic sRNA 

circuit in a simple and inexpensive CFS.  

Executions of experiments in our simple CFS came at the expense of time (96 h for 

expression in vitro compared to 18 h for in vivo). With addition of transcriptional/translational 

machinery, nucleotides, and energy buffers (among others), researchers have been able to improve 

yields and reduce protein synthesis times in a CFS from days to hours (40,82,83). This, however, 

comes at the expense of reagents, and our simplified CFS that used cell lysates supplemented with 

LB medium served as a viable option for evaluating our synthetic sRNAs and produced statistically 

significant results. After characterizing this new system, the ability of sRNAs to regulate the 

fluorescence level was demonstrated. Downregulation of the fluorescence level was observed with 

multiple sRNAs that targeted different secondary structures of the mRNA, the RBS, the first 20 

bp, and the 3’ end. It was observed that the modulation of expression can be performed either by 

changing the target region and/or the incubation time. Most importantly, AmCyan overexpression 

was observed with asB606. This result was observed but not statistically significant with in vivo 

expression, but the effect was amplified and found to be statistically significant when using our 

simplified CFS. Furthermore, this effect disappeared when switching to a Hfq-dependent scaffold.  

An understanding of the asB606 mechanism showed that this particular asRNA likely 

promoted overexpression by occluding RNase E, which serves to inhibit mRNA degradation. This 

effectively extends its half-life, enabling increased translation. Importantly, this mechanism is 

likely predictable using NUPACK and catRAPID software. We tested this with the expression of 

https://www.zotero.org/google-docs/?Ox70u5
https://www.zotero.org/google-docs/?d4Sm5a
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diaphorase in vitro and found increased expression relative to the wild-type. We anticipate this 

mechanism can be used in CFPS reactions to further increase yields. There is strong interest in 

utilizing these systems to produce enzymes for catalysis and in vitro metabolic engineering 

(46,56,78,79). The translation of our sRNAs from improving fluorescent reporter expression to 

diaphorase shows promise for this system to be applied universally in CFSs. Further improvements 

are required for reliable function of our synthetic sRNAs in vivo, yet it remains unknown how the 

system is leading to heterogeneous, and somewhat randomized, induction. It is recognized that this 

phenomenon can be inherent of analyzing some synthetic circuit in vivo, making the simplified 

CFS used here a reliable alternative.   

 

 

Figure 3.1. Synthetic sRNA scaffold structure containing a 14 nt synthetic stem-loop as stabilizing 

sequence, a 20 nt binding sequence complementary to the target region, and a 14 nt stem-loop 

transcriptional terminator. The structure shown was exported from NUPACK. 

https://www.zotero.org/google-docs/?rp3x9C
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Figure 3.2. Percent changes in diaphorase expression in the presence of sRNAs containing the 

labeled antisense fragments. Each data point is the average of three biological replicates. 
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Table 3.1. ANOVA test results for in vivo experiments with pART15-AS. 

  6 h (64 replicates) 18 h (64 replicates) 29 h (64 replicates) 

Antisense 

Sequence 

Target 

Description 

ANOVA 

Result  

(p < 0.05) 

Average 

Response 

ANOVA 

Result  

(p < 0.05) 

Average 

Response 

ANOVA 

Result  

(p < 0.05) 

Average 

Response 

asCTRL 
sRNA without 

antisense region 

Not 

Significant 
-16.7% 

Not 

Significant 
-11.8% 

Not 

Significant 
-4.6% 

asRBS RBS 
Not 

Significant 
-6.3% 

Not 

Significant 
+4.8% Significant -12.3% 

asB1 First 20 bp 
Not 

Significant 
-17.9% 

Not 

Significant 
+5.0% Significant -15.6% 

asB30 
High energy 

loop 

Not 

Significant 
-8.8% 

Not 

Significant 
-12.6% 

Not 

Significant 
-6.3% 

asB57 Low energy loop 
Not 

Significant 
+5.3% 

Not 

Significant 
-23.3% Significant -25.9% 

asB180 Low energy loop Significant -22.4% 
Not 

Significant 
+7.4% 

Not 

Significant 
-7.4% 

asB407 
High energy 

stem 

Not 

Significant 
+2.1% Significant -43.1% 

Not 

Significant 
-16.6% 

asB430 
High energy 

stem 
Significant -25.5% 

Not 

Significant 
-16.9% Significant -35.5% 

asB539 
High energy 

stem 

Not 

Significant 
+0.8% 

Not 

Significant 
-11.7% Significant -18.3% 

asB606 Low energy stem Significant -22.2% Significant +36.7% 
Not 

Significant 
+ 7.4% 

asB615 Low energy stem 
Not 

Significant 
+3.0% Significant -19.8% 

Not 

Significant 
-17.2% 

asB693 3' end Significant -31.0% 
Not 

Significant 
+14.2% 

Not 

Significant 
-9.1% 

asB701 3’ end 
Not 

Significant 
+7.0% 

Not 

Significant 
-20.5% Significant -19.4% 

* The average response is the percent increase or decrease in fluorescence observed relative to 

pART15-C1.  

** The asCTRL contains the stabilizer stem loop and terminator but no antisense sequence. 
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Table 3.2. ANOVA test results for in vitro CFS experiments with pART15-AS. 

 

  48 h (30 replicates) 72 h (30 replicates) 96 h (30 replicates) 

Antisense 

Sequence 

Target 

Description 

ANOVA 

Result  

(p < 0.05) 

Average 

Response 

ANOVA 

Result  

(p < 0.05) 

Average 

Response 

ANOVA 

Result  

(p < 0.05) 

Average 

Response 

asCTRL 
sRNA without 

antisense region 

Not 

Significant 
-8.7% 

Not 

Significant 
+0.8% 

Not 

Significant 
-2.8% 

asRBS RBS 
Not 

Significant 
-8.5% 

Not 

Significant 
+1.1% 

Not 

Significant 
+8.6% 

asB1 First 20 bp Significant -22.1% Significant -17.1% 
Not 

Significant 
-11.3% 

asB57 Low energy loop Significant -32.3% Significant -48.0% Significant -41.9% 

asB30 
High energy 

loop 

Not 

Significant 
-2.1% 

Not 

Significant 
+6.0% 

Not 

Significant 
+5.1% 

asB180 Low energy loop 
Not 

Significant 
-10.1% 

Not 

Significant 
-9.3% 

Not 

Significant 
-11.0% 

asB407 
High energy 

stem 
Significant -39.1% Significant -39.9% Significant -38.2% 

asB430 
High energy 

stem 

Not 

Significant 
+19.7% 

Not 

Significant 
+14.9% 

Not 

Significant 
+9.3% 

asB539 
High energy 

stem 
Significant -49.0% Significant -65.1% Significant -65.8% 

asB606 Low energy stem Significant +52.4% Significant +66.0% Significant +66.1% 

asB615 Low energy stem Significant -32.7% Significant -58.1% Significant -34.0% 

asB693 3' end 
Not 

Significant 
-10.5% 

Not 

Significant 
-6.4% 

Not 

Significant 
-3.4% 

asB701 3’ end Significant -38.5% Significant -72.0% Significant -71.0% 

MicC- 

asRBS 
RBS with Hfq Significant +35.2% Significant +23.2% Significant +17.5% 

MicC- 

asB1 

First 20 bp with 

Hfq 

Not 

Significant 
-0.2% Significant -34.6% Significant -42.3% 

MicC- 

asB606 

Low energy stem 

with Hfq 
Significant +29.5% 

Not 

Significant 
0.0% 

Not 

Significant 
+3.7% 

* The average response is the percent increase or decrease in fluorescence observed relative to 

pART15-C1.  

** The asCTRL contains the stabilizer stem loop and terminator but no antisense sequence. 
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Characterizing Synechocystis sp. PCC 6803 with RametrixTM: Glucose, 

illumination, and nitrogen deprivation-induced phenotypes 

 

Abstract 

Background: Synechocystis sp. PCC 6803 is a model cyanobacterium that has been studied widely 

and is considered for metabolic engineering applications. Here, Raman spectroscopy and Raman 

chemometrics (RametrixTM) were used to (i) study broad phenotypic changes in response to growth 

conditions, (ii) identify phenotypic changes associated with its circadian rhythm, and (iii) correlate 

individual Raman bands with biomolecules and verify these with more accepted analytical 

methods.  

Methods: Synechocystis cultures were grown under the following conditions: (i) autotrophic, (ii) 

heterotrophic (with 5 mM glucose), (iii) photoautotrophic, (iv) photoheterotrophic, (v) nitrogen 

deprivation, (vi) dark heterotrophic, and (vii) dark autotrophic (control). The RametrixTM LITE 

Toolbox for MATLABⓇ was used to process Raman spectra and perform principal component 

analysis (PCA) and discriminant analysis of principal components (DAPC). The RametrixTM PRO 

Toolbox was used to validate these models through leave-one-out routines that allowed calculation 

of prediction accuracy, sensitivity, and selectivity for an unkown Raman spectrum. Raman spectra 

were also subjected to statistical tests (ANOVA and pairwise comparisons) to identify statistically 

relevant changes in Synechocystis phenotypes. Finally, experimental methods, including widely 

used analytical and spectroscopic assays were used to quantify glycogen, fatty acids, amino acids, 

and chlorophyll a for correlations with Raman data.  
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Results: PCA and DAPC models produced distinct clustering of Raman spectra, representing 

multiple Synechocystis phenotypes, based on (i) growth in the presence of glucose, (ii) illumination 

(particularly continuous light), (iii) nitrogen deprivation, and (iv) throughout a circadian rhythm 

growth cycle. RametrixTM PRO was successful in identifying glucose-induced phenotypes in 

unkown Raman spectra, with 95.3% accuracy, 93.4% sensitivity, and 96.9% selectivity. Prediction 

accuracy was above random chance values for all other studies. Circadian rhythm analysis showed 

a return to the initial phenotype after 24 hours for cultures grown in light/dark (12h/12h) cycles; 

this did not occur for cultures grown in the dark. Finally, correlation coefficients (R > 0.7) were 

found for glycogen, all amino acids, and chlorophyll a when comparing specific Raman bands to 

other experimental results.  
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4.1. Introduction 

Cyanobacteria constitute a widespread group of Gram-negative bacteria (1,2), and they are 

the only prokaryotes capable of plant-like oxygenic photosynthesis (3). Among the diverse 

cyanobacterial strains, Synechocystis sp. PCC6803 is the most extensively studied model organism 

(4). It has been genetically well characterized and its genome fully sequenced (5), annotated, and 

available at CyanoBase (6). In addition, biochemical and physiological data are well established 

(7), and a “genome-scale” metabolic model has been produced (8). The ability of Synechocystis to 

grow photoautotrophically (fast growth compared to plants), and the ease and high efficiency of 

genetic engineering make this blue-green algae an attractive candidate for biotechnological and 

metabolic engineering applications (3,7). The most interesting are the sustainable biosynthesis of 

commodity chemicals (e.g. isoprene, ethylene), biofuels (e.g. ethanol, butane, fatty acids and fatty 

alcohols), biomaterials, and health-related compounds (3,9,10). Synechocystis sp. PCC 6803 has 

no specific nutritional demands as it has the ability to adapt different growth modes, going from 

fully photoautotrophic, in the absence of an added fixed-carbon source, to fully heterotrophic (11), 

and even chemoheterotrophic when exposed to short periods of blue-light (12). The oxygenic 

photosynthesis is achieved mainly by two multi-subunit complexes, photosystem I and 

photosystem II, which are embedded in the thylakoid membrane (13) and allow adaptation to daily 

fluctuations in nutrients and light. As a result, a circadian rhythm is observed in Synechocystis sp. 

PCC6803 with an approximate period length of 24 h in response to daily environmental changes 

(14). This oscillatory behavior has been well-studied and showed that this cyanobacterium carries 

out photosynthesis and glycogen synthesis in the light and respiration and glycogen degradation 

in the dark (15–18).  
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Although acclimation of Synechocystis to the nutrient availability in the environment has 

been evaluated at the transcriptional and physiological levels (16,19–23), the approaches used 

were time and resource-demanding. In the effort to develop a method, by which Synechocystis (or 

any microorganism) can be rapidly and inexpensively identified/characterized, we chose to 

evaluate Synechocystis phenotypes of the circadian rhythm with Raman spectroscopy and 

RametrixTM (24). This powerful analytical technique has been applied to a wide range of biological 

samples (25) including whole-cell bacteria (26–28). Raman spectroscopy is a non-destructive 

method and requires minimal or no sample preparation. The biological sample is excited by a 

monochromatic laser and the obtained spectrum shows the intensity of the Raman scattered 

radiation as a function of wavenumber, and spectra are extremely sample-specific (29–31) and 

represents a “snapshot” of molecular composition. A major challenge with Raman spectroscopy is 

to deconvolute the complex Raman signal to extract molecular composition information. 

Nonetheless, Raman has been proven a rapid and reliable method for the detection and 

identification of microorganisms (28,32). It has also enabled the detection of phenotype changes 

of E. coli upon exposure to different alcohols (33,34) and antibiotics (35). Furthermore, it has been 

used in conjunction with peptide-guided Surface-Enhanced Raman Scattering (pgSERS) probes to 

locally characterize sub-cellular compartment composition (36).  

In the present study, we used Raman spectroscopy to explore the phenotypic changes in 

the Synechocystis sp. PCC6803 circadian rhythm under different growth conditions: (i) autotrophic 

(i.e., photosynthesis in light/dark cycles), (ii) photoautotrophic (i.e., continuous light), (iii) 

heterotrophic (i.e., growth on glucose in light/dark cycles), (iv) photoheterotrophic (i.e., growth 

on glucose in continuous light), and (v) under nitrogen limitation in continuous light. We also 

included (vi) an autotrophic culture grown in the dark (i.e., “dark autotrophic”) and (vii) a 

https://www.zotero.org/google-docs/?rJ39US
https://www.zotero.org/google-docs/?xnjeW7
https://www.zotero.org/google-docs/?bsrZxf
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heterotrophic culture grown in the dark (i.e., “dark heterotrophic”) as a control. Multivariate 

statistical analyses were performed using the RametrixTM LITE (24) and PRO (37) Toolboxes for 

MATLABⓇ. Here, whole Raman spectra (over the biological range), were used in chemometric 

analyses to distinguish among whole-cell phenotypes in response to metabolic changes and light-

to-dark transitions. Additionally, levels of some metabolites and macromolecules (glycogen, 

amino acids, fatty acids and chlorophyll) were determined using accepted analytical methods and 

compared with specific Raman bands to validate results.  

4.2. Material and Methods 

4.2.1. Cyanobacterial strain 

Kanamycin resistant mutants of Synechocystis sp. PCC 6803 (ATCC® 27184™, a 

glucose-tolerant strain) were generated in previous research (38) and used in all experiments.  

4.2.2. Culture media and growth conditions 

Synechocystis cultures were grown in BG-11 medium (39) containing different amounts of 

nitrogen and glucose, and cultures were grown under different and light settings. “Autotrophic” 

conditions were achieved by growing cells in the minimal BG-11 medium and light to alternate 

light/dark (or day/night) cycles (12h/12h). Photoautotrophic conditions were obtained by growing 

cells in the minimal BG-11 media under continuous artificial light (20 μE m-2 s-1). Heterotrophic 

conditions consisted of growth under light/dark cycles (12h/12h) in BG-11 supplemented with 5 

mM glucose. “Photoheterotrophic” conditions consisted of BG-11 medium supplemented with 5 

mM glucose and growth under continuous artificial light (20 μE m-2 s-1). Nitrogen starvation 

conditions consisted of BG-110 medium (BG-11 medium without nitrate) supplemented with 

https://www.zotero.org/google-docs/?nG2smH
https://www.zotero.org/google-docs/?8PDG27
https://www.zotero.org/google-docs/?Xz1HJd
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different levels of NaNO3 (0.88 mM, 1.76 mM, 3.52 mM, 8.8 mM, 13.2 mM, 16.72 mM and 17.6 

mM corresponding to 5%, 10%, 20%, 50%, 75%, 95%, and 100% of nitrate in the BG-11 medium), 

where 17.6 mM corresponds to an unaltered BG-11 medium. Dark autotrophic and dark 

heterotrophic conditions were identical to autotrophic and Heterotrophic conditions, respectively, 

except the cultures were kept in the dark through the duration of the experiments. Culture growth 

was monitored by optical density at 730 nm (OD730). All cells were grown to the exponential phase 

(OD730 ≈ 1.0) and harvested by centrifugation. For the circadian rhythm phenotype dynamics 

experiments, Synechocystis cells were grown to the log phase in BG-11 media, with or without 

glucose. An aliquot of cells (5-10 μl) was centrifuged every 2 hours for 24 hours prior to analysis.  

4.2.3. Raman spectroscopy 

Cells (5 µl of culture; three biological replicates) were air dried on aluminum foil at room 

temperature prior to analysis. Raman spectroscopy was performed using an Agiltron PeakSeeker 

PRO-785 (Agiltron, Woburn, MA) Raman microscope. The spots of dried cells were imaged using 

a 10x objective, and the following Raman settings were used: 785 nm laser excitation for 5 seconds 

with spectral resolution of 13 cm-1. Twenty spectra were acquired per sample by focusing on 

different regions of the dried spot of cells.  

4.2.4. RametrixTM and statistical analyses  

Raman data were collected/visualized using RSIQ™ software (Agiltron) and analyzed 

further with the Rametrix™ LITE (24) and PRO (37) Toolboxes for MATLABⓇ. All calculations 

were performed using MATLABⓇ r2018a (Mathworks; Natick, MA) and required the Statistics 

and Machine Learning Toolbox.  

https://www.zotero.org/google-docs/?kqipcs
https://www.zotero.org/google-docs/?Bh91ns
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The RametrixTM LITE Toolbox was used to process all spectra, perform principal 

component analysis (PCA), and discriminant analysis of principal components (DAPC). 

Processing Raman spectra consisted of: (i) averaging the 20 spectra replicates; (ii) truncating 

spectra to the Raman shift biological range (400 - 1,800 cm-1); (iii) baselining using the Goldindec 

algorithm (40); and (iv) vector normalization. Goldingdec algorithm parameters used were: (i) 

baseline polynomial order = 3; (ii) estimated peak ratio = 0.5; and (iii) smoothing window size = 

5.  

The RametrixTM PRO Toolbox was used to further evaluate DAPC models generated by 

the LITE Toolbox. Here, leave-one-out DAPC model validations were performed where (i) one 

sample was held out of DAPC model construction, (ii) the classification of that sample was 

predicted by the model, and (iii) the model prediction was compared to the actual classification. 

This procedure was repeated so that every sample was held out of model construction and used for 

prediction accuracy. The following were used to convey results: (i) accuracy (the percentage of 

samples predicted correctly by the model), (ii) sensitivity (the true-positive prediction accuracy), 

and (iii) selectivity (the true-negative prediction accuracy). The RametrixTM PRO Toolbox was 

also used to determine the “random chance” values of accuracy, sensitivity, and selectivity. These 

are calculated with random classification predictions and can vary widely based on the number of 

classification factors in a dataset and their distribution. In short, RametrixTM PRO predictions must 

exceed the random chance values to show effectiveness of Raman spectroscopy and RametrixTM 

to classify unknown samples correctly.  

 Multi-way ANOVA and pairwise comparisons using using Tukey’s honestly significant 

difference (HSD) method, with 99% confidence interval were used to compare Raman spectra 

directly. However Raman spectra consist of intensity data points over a wide range of Raman shifts 

https://www.zotero.org/google-docs/?x5ttTh


 

67 
 

(400-1,800 cm-1). Thus, these data-rich spectra need to be reduced to a single value if several are 

to be compared using the statistical tools above. This is done by calculating the multi-dimensional 

distance between a baselined and vector normalized Raman spectrum and a reference spectrum. 

This is referred to as the Total Spectral Distance (TSD) and is calculated according to Eq. 1, 

𝑇𝑆𝐷 = ∑ √(𝑆𝑥,𝑖 − 𝑆𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒,𝑖)
2

1,800

𝑖=400

   (𝐸𝑞. 1) 

 

where 𝑆𝑥,𝑖is the Raman intensity value of sample x at Raman shift i (where i goes from 400-1,800 

cm-1). The term 𝑆𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒,𝑖represents the Raman intensity value of the reference (or control) 

spectrum over the Raman shift range. The distance calculation was also applied to principal 

components (PCs) from PCA analysis by the RametrixTM LITE Toolbox according to Eq. 2, where 

the first five PCs (usually representing over 95% of the dataset variations) were used. This is 

referred to as the Total Principal Component Distance (TPD). 

𝑇𝑃𝐷 = ∑ √(𝑃𝑥,𝑖 − 𝑃𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒,𝑖)
2

5

𝑖=1

   (𝐸𝑞. 2) 

Finally, this formula was applied to canonical values resulting from DAPC models built using the 

RametrixTM LITE Toolbox. This is referred to as the Total Canonical Distance (TCD) and is given 

in Eq. 3. The TCD is calculated from the top five canonicals in the DAPC model. The TSD, TPD, 

and TCD distance metrics have been developed and used in previous research (41). 

𝑇𝐶𝐷 = ∑ √(𝐶𝑥,𝑖 − 𝐶𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒,𝑖)
2

5

𝑖=1

   (𝐸𝑞. 3) 

 

https://www.zotero.org/google-docs/?fUjZaF
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4.2.5. Estimation of total glucose (glycogen and free glucose) levels 

Glycogen levels were determined with a previously published protocol (42). Briefly, 

lyophilized cells (0.5 mg) were suspended in 100 µl of 3.5% (v/v) sulfuric acid solution and boiled 

for 40 min. Glucose produced by acid hydrolysis was assayed spectrophotometrically at 635 nm 

using 6% o-toluidine solution.  

4.2.6. Amino acid and fatty acid analyses 

Amino acids and fatty acids were analyzed as AccQ-TagTM derivatives and fatty acid 

methyl esters (FAME) using Waters ultra-performance liquid chromatography (UPLC) and gas 

chromatography coupled with flame ionization detection (GC-FID), respectively, as described 

(43). Briefly, 1 mg of lyophilized Synechocystis cells was subjected to biphasic extractions using 

10 μg heptadecanoic acid (C17:0) and 50 mM norvaline as internal standards, followed by protein 

and lipid hydrolysis and derivatizations prior to UPLC and GC-FID analyses. Amino acids were 

analyzed on a Waters AcquityTM H-class UPLC system (Waters Corporation, Milford, MA) using 

fluorescent detection, while FAME on an Agilent 7890A series GC and 5975C series single 

quadrupole MS (Agilent Technologies, Santa Clara, CA).  

4.2.7. Chlorophyll a measurement  

Lyophilized cells were suspended in 100% methanol and disrupted for 5 minutes with bead 

beater. Chlorophyll a was determined spectrophotometrically at 665 nm and 720 nm after 20 

minutes of incubation in the dark at 4ºC (44).  

 

https://www.zotero.org/google-docs/?eqXGTq
https://www.zotero.org/google-docs/?cLCmjc
https://www.zotero.org/google-docs/?fJkfLE
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4.2.8. Public availability 

All Raman spectra and raw data measurements are available publicly at VTechData 

(https://doi.org/10.7294/PKC0-5K96). The RametrixTM LITE Toolbox is available through 

GitHub (https://github.com/SengerLab/RametrixLITEToolbox). The RametrixTM PRO Toolbox is 

also shared through GitHub (https://github.com/SengerLab/RametrixPROToolbox). Both are 

shared under licence agreement. 

4.3. Results  

4.3.1. Raman spectroscopy of Synechocystis grown under different conditions 

Raman spectroscopy was used to detect specific phenotypic changes in Synechocystis sp. 

PCC6803 under the following growth conditions: (i) autotrophic, (ii) heterotrophic, (iii) 

photoautotrophic, (iv) photoheterotrophic, (v) nitrogen deprivation, (vi) dark autotrophic (control), 

and (vii) dark heterotrophic (control). Cells were analyzed by Raman microscopy, and the resulting 

spectra were processed using the Rametrix™ LITE (24) and PRO (37) Toolboxes in MATLABⓇ. 

Averaged, truncated (400 - 1800 cm-1), baselined, and vector normalized Raman spectra are shown 

in Fig. 4.1 for the different growth conditions defined above. While the overall spectral signatures 

remained consistent with each other, Raman spectroscopy was able to detect significant differences 

in cell phenotypes that were induced by the different growth conditions. These differences were 

analyzed further using PCA and DAPC in the RametrixTM LITE Toolbox, and the RametrixTM 

PRO Toolbox was used to determine if these phenotypes (i.e., growth conditions) were predictable 

from a Raman spectrum alone (when no other information is given). Furthermore, the phenotype 

changes were further validated through more traditional measurements (e.g., UPLC, GC-FID, and 

spectroscopy), as described in the Materials and Methods section. Thus, the remainder of the 

https://doi.org/10.7294/PKC0-5K96
https://github.com/SengerLab/RametrixLITEToolbox
https://github.com/SengerLab/RametrixPROToolbox
https://www.zotero.org/google-docs/?IbmKfW
https://www.zotero.org/google-docs/?OBJQB1
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Results section details two different types of analyses: (i) chemometric phenotype analyses by 

RametrixTM and (ii) correlation of individual Raman bands with metabolites and their levels 

analyzed by well-established analytical approaches. 

 

Figure 4.1. Averaged, truncated (400-1,800 cm-1), baselined, and vector normalized Raman 

spectra from all culture conditions studied. 

4.3.2. Chemometric phenotype analyses by RametrixTM 

4.3.2.1. Glucose-induced phenotypes 

To investigate the effect of glucose addition to BG-11 medium on Synechocystis 

phenotypes, RametrixTM was used to analyze the autotrophic, heterotrophic, photoautotrophic, and 

photoheterotrophic growth. These different growth modes were assigned “BG-11 medium” and 

“BG-11 (with 5 mM glucose)” classifications. PCA, DAPC, and principal component contribution 

results generated by the RametrixTM LITE Toolbox are given in Fig. 4.2. PCA of Raman spectra 

(Fig. 4.2A) demonstrated no apparent clustering in the first two PCs, which comprised over 68% 
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of the dataset variance. Application of DAPC (Fig. 4.2B), however, revealed two marked clusters, 

based on the presence of glucose in the culture medium, when using 40 PCs (representing over 

99.9% of the dataset variance). These two clusters suggest cellular phenotype differences could 

exist as a result of adding glucose to BG-11 medium. Next, the contributions of different Raman 

shifts to the PCA and DAPC results were examined. This analysis lends to discovering molecular 

differences between clusters of Raman scans. In this case, it provided information about the 

molecular differences between cultures grown in the presence and absence of glucose. The Raman 

shift contributions between the two groups in PCA are shown in Fig. 4.2C, and the contributions 

leading to the separations in DAPC are shown in Supplementary Appendix C, Fig. C1. Raman 

band assignments were assigned based on a popular published library (31). Specific lists of Raman 

band contributions and molecular assignments (for both PCA and DAPC) are given in 

Supplementary Appendix C, and highlights are given in Table 4.1.  

Next, from spectral, PCA, and DAPC data, the TSD, TPD, and TCD distance values (Eqs. 

1-3) were calculated and used in ANOVA and pairwise comparison tests. As shown previously 

(41), statistical calculations with TSD and TPD are very similar, so only TPD and TCD are 

reported here. All distance data (both raw and mean values) are given in Supplementary Appendix 

C. With TPD data, ANOVA returned an insignificant p-value (p = 0.13) for the overall change in 

phenotypes between cultures grown in BG-11 medium and cultures grown in BG-11 (with 5 mM 

glucose). TCD calculations (when using 40 PCs in DAPC), however, did find significant 

differences (p < 0.001), and these findings are consistent with the clustering shown in Figs. 4.2AB. 

With only 2 possible classifications (i.e., BG-11 with and without glucose), pairwise comparisons 

were identical to ANOVA results here. 

https://www.zotero.org/google-docs/?JQmdQg
https://www.zotero.org/google-docs/?N8Mten
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Finally, RametrixTM PRO was used to apply leave-one-out analysis to the DAPC clustering 

results in Fig. 4.2B. Essentially, this analysis determines the ability of the DAPC model to correctly 

predict the classification (i.e., BG-11 medium with or without glucose) when presented with an 

unknown Raman spectrum of Synechocystis cells. All RametrixTM PRO results, for DAPC models 

constructed with different numbers of PCs, are given in Supplementary Appendix C, and the best-

performer DAPC model is summarized in Table 4.2. Given that nearly equal numbers of positive 

and negative scans were used, the random chance accuracy, sensitivity, and selectivity for this case 

are all 50%. Thus, model performance far exceeded random chance. DAPC models with fewer 

PCs (i.e., including less dataset variability) performed worse, as did models including more than 

40 PCs. Models with more than 40 PCs likely suffered from over-fitting. 

 

 

Figure 4.2. RametrixTM models for the glucose-induced phenotypes study. (A) PCA results, (B) 

DAPC results when using 40 PCs, and (C) Raman shift contributions to the differences between 

the groups in PCA.  
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4.3.2.2. Illumination phenotypes 

Similar to the previous section, Raman spectra of cultures grown in autotrophic, 

heterotrophic, photoautotrophic, photoheterotrophic, dark autotrophic, and dark heterotrophic 

conditions were analyzed according to the different light settings: (i) continuous artificial light, (ii) 

dark/light cycle (12h/12h), and (iii) dark. PCA, DAPC, and PC contributions generated by the 

RametrixTM LITE Toolbox are shown in Fig. 4.3. Some clustering was apparent in PCA, and this 

was improved significantly for the DAPC model constructed with 9 PCs, representing 

approximately 99% of the dataset variance. The full lists of Raman shift contributions for PCA 

and DAPC are given in Supplementary Appendix C, and these results for the DAPC model are 

shown in Fig. C2. A summary is given in Table 4.1. For Raman shift contributions to PCA, similar 

results were observed as reported for the glucose-induced phenotypes.  

TSD, TPD, and TCD distances (Eqs. 1-3) were calculated based on spectral, PCA, and 

DAPC data and are given in Supplementary Appendix C (both raw and mean values). An ANOVA 

test based on the type of illumination (options listed above) revealed statistically significant 

differences in TPD data (p < 0.01) and TCD data (p < 0.001). Pairwise comparisons showed 

insignificant differences in TPD values between light/dark and dark growth conditions (p = 0.81), 

somewhat significant differences between light/dark and continuous light (p = 0.022), and 

significant differences between dark and continuous light (p < 0.01). With TCD data (when using 

9 PCs in DAPC), both pairwise comparisons involving continuous light were statistically 

significant (p < 0.001). However, the pairwise comparison for dark and light/dark was not 

statistically significant (p = 0.55). These results agree with the clustering results in Fig. 4.3AB, 

suggesting that phenotypes resulting from growth in continuous light are more easily distinguished 

(and separated by clustering) than those arising from growth in the dark or light/dark.  
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RametrixTM PRO was used to apply leave-one-out analysis to the DAPC results in Fig. 

4.3B. Here, RametrixTM PRO had three classification options, dark, light/dark, or continuous light. 

The following example shows how the positive and negative conditions were assigned when using 

more than two classifications. To test the condition dark, this was assigned as the positive 

condition. Both light/dark and continuous light comprised the negative condition. All three 

conditions were tested as the positive condition in this analysis. Here, the prediction accuracy 

metric remains the same, the ability to classify correctly the positive and negative conditions. The 

sensitivity (true positive rate) holds more importance, where the selectivity (true negative rate) 

must also be high (i.e., above random chance). With our dataset, the random chance selectivity is 

33% for each classification, and the random chance selectivity is 67%. Thus, model performance 

sensitivity and selectivity must be higher than these values if the model is truly able to classify 

Synechocystis phenotypes based on Raman spectra.  

Using a DAPC model built with 9 PCs (99% of dataset variability), all conditions far 

exceeded the random chance sensitivity and selectivity values, as shown in Table 4.2. In fact, the 

phenotypes resulting from continuous light were highly distinguishable, resulting in 100% 

accuracy, sensitivity, and selectivity. Results for other DAPC models, constructed with different 

numbers of PCs, are given in Supplementary Appendix C. 
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Figure 4.3. RametrixTM models for the illumination-induced phenotypes study. (A) PCA results, 

(B) DAPC results when using 40 PCs, and (C) Raman shift contributions to the differences 

between the groups in PCA.  

4.3.2.3. Nitrogen limitation phenotypes 

Nitrate is the most common nitrogen source used by Synechocystis (45,46), and we 

hypothesized that growth with different nitrate levels would result in significant phenotype 

changes observable by RametrixTM. Thus, Synechocystis cultures were grown in BG-11 medium 

with different nitrate levels (0-100% of native BG-11) and continuous light. Raman spectra were 

obtained of cultures at each nitrate level and were truncated (400-1,800 cm-1), baseline corrected, 

vector normalized, and averaged. These results are shown in Fig. C5 in Supplementary Appendix 

C. Clear differences were observed in Raman signal intensity over certain regions of the Raman 

shift, suggesting that there are specific changes in culture phenotypes related to nitrate deprivation.  

 PCA and DAPC model results are presented in Fig. 4.4. Again, little clustering was 

observed with PCA (Fig. 4.4A). DAPC models were built with several numbers of PCs, and 

https://www.zotero.org/google-docs/?cQNjII
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analyses of these are given in Supplementary Appendix C. DAPC models built with 3, 5, and 10 

PCs (representing 83.2%, 95.6%, and 99.4% of dataset variance, respectively) are shown in Figs. 

4.4B-D. As more PCs were included in the DAPC model, the separation of the more nitrate 

deprived cultures (5% and 10%) separated and cultures receiving 50-100% of BG-11 levels of 

nitrate clustered together, suggesting significantly altered phenotypes may only occur at low nitrate 

levels. PCA and canonical contributions are given in Supplementary Appendix C and are 

summzarized in Table 4.1. 

 TSD, TPD, and TCD data were generated (Eqs. 1-3) and are available in Supplementary 

Appendix C. ANOVA and pairwise comparison tests were applied, and nitrate concentrations were 

found to be statistically significant in ANOVA (p < 0.001) for all TSD, TPD, and TCD data. Some 

pairwise comparisons showed statistical significance when considering TCD data (for DAPC 

model built with 3 PCs). In particular, no statistical differences were found between 100%, 95%, 

and 75% of nitrate present in the medium. Comparing 100% and 50% gave a p-value of 0.02, and 

comparisons with 10% and 5% gave p-values ≤ 0.01. Unique to this analysis, regression analysis 

was performed to determine the correlation between the percentage of nitrate included and 

calculated distances (TSD, TPD, and TCD). These results are also given in Supplementary 

Appendix C, and are summarized here. In particular, a correlation coefficient (R) of 0.87 was 

found between TSD values and the percentage of nitrate in BG-11 medium (0-100%). With TPD, 

a value of R = 0.84 was calculated. The calculation was repeated for TCD data from DAPC models 

built with different numbers of PCs. For a model built with 3 PCs, R = 0.81. For 5 PCs, R = 0.88, 

but for 10 PCs, R = 0.59. This further shows the incidence of “overfitting” as too many PCs are 

used to build a DAPC model.  
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Finally, leave-one-out analysis was applied using RametrixTM PRO. For the nitrate 

limitation dataset, sensitivity must exceed the random chance sensitivity and selectivity values of 

14% and 86%, respectively, demonstrate some prediction success. The best-performer DAPC 

model results are given in Table 4.2, and results for all models tested are in Supplementary 

Appendix 1. The DAPC model built with 3 PCs (Table 4.2) generated an overall sensitivity of 

44.4% and selectivity of 86.4% across all nitrate levels, exceeding the random chance values. It is 

noted that some individual sensitivity/selectivity values for this study (Table 4.2) fell below the 

random chance values. This would likely be remedied by expanding the number of measurements 

in the dataset. Models built with more PCs showed greater overall sensitivity but had inadequate 

selectivity. For example, 5 PCs yielded sensitivity = 77.8% but selectivity = 56.5%, and 10 PCs 

yielded selectivity = 77.8% but selectivity = 22.2% (Supplementary Appendix C).   

 

 

 

 

 



 

78 
 

 

Figure 4.4. RametrixTM models for the nitrate limitation phenotypes study. (A) PCA results, (B) 

DAPC results when using 3 PCs, and (C) Raman shift contributions to the differences between the 

groups in PCA. Percentages of nitrate in BG-11 medium are given (with 100% being native BG-

11). The following are conversions between percentages and mM: 5% = 0.88 mM; 10% = 1.76 

mM; 20% = 3.52 mM; 50% = 8.8 mM; 75% = 13.2 mM; 95% = 16.72 mM; 100% = 17.6 mM. 

4.3.2.4. Classification of all phenotypes 

 The production of PCA and DAPC models with RametrixTM LITE and validation with 

leave-one-out analysis with RametrixTM PRO was repeated for a dataset consisting of all Raman 

scans used in this study. This included the growth conditions: (i) autotrophic, (ii) heterotrophic, 

(iii) photoautotrophic, (iv) photoheterotrophic, (v) nitrate limited, (vi) dark autotrophic, and (vii) 

dark heterotrophic. The autotrophic and heterotrophic conditions used light/dark illumination, and 

the photoautotrophic, photoheterotrophic, and nitrate-limited conditions used continuous light. 

The dark heterotrophic and dark autotrophic (control) cultures were grown in the dark. PCA results 

are shown in Fig. 4.5A and, again, reveal little clustering. DAPC models were built using several 
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numbers of PCs (complete list in Supplemental Appendix C). Models constructed with 8 and 50 

PCs are shown in Figs. 4.5B and 4.5C, respectively. The clustering in Fig. 4.5C largely reveals 

clustering of phenotypes according to the presence of glucose and illumination. The following 

clusters were observed: (i) autotrophic and dark autotrophic conditions (no glucose; light/dark and 

dark), (ii) nitrate limited and photoautotrophic (no glucose; continuous light), and (iii) 

heterotrophic and dark heterotrophic (no glucose; light/dark and dark). The only condition to not 

cluster was photoheterotrophic, which appeared closer to the continuous light cluster than the 

heterotrophic cluster in Fig. 4.5C.  

 When considering all phenotypes (listed above), statistically significant ANOVA test 

results (p < 0.001) were obtained from both TPD and TCD data. All TSD, TPD, and TCD raw and 

mean distance values are given in Supplementary Appendix C, along with ANOVA and pairwise 

comparison test results. For TPD data, pairwise comparisons showed statistical significance (p ≤ 

0.001) between the pairs: autotrophic/heterotrophic, autotrophic/photoautotrophic, and 

autotrophic/photoheterotrophic. For TCD data, all comparisons were statistically significant (p < 

0.001), meaning differences were found in the cell phenotypes.  

 RametrixTM PRO was used to determine if these phenotypes could be predicted from 

Raman spectra. With seven different classifications, the random sensitivity was calculated at 14% 

for each, and random selectivity was calculated at 86% for each. The DAPC model built with 8 

PCs (98% of dataset variance) performed the best. Results were better than random chance (except 

for one selectivity value) and included sensitivity and selectivity values (respectively) of: (i) 25% 

and 91% for autotrophic, (ii) 38% and 94% for autotrophic control, (iii) 38% and 93% for dark 

heterotrophic, (iv) 50% and 87% for heterotrophic, (v) 39% and 91% for nitrate limited, (vi) 50% 

and 91% for photoautotrophic, and (vii) 67% and 76% for photoheterotrophic. Ultimately, 
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prediction metrics would likely be improved with more data points given seven different possible 

classifications. 

 

Figure 4.5. RametrixTM models for the all phenotypes study. (A) PCA, (B) DAPC model built 

with 8 PCs, (C) DAPC model built with 50 PCs. 

4.3.2.5. Circadian rhythm growth phenotypes  

Synechocystis have a circadian rhythm to cope with daily fluctuations in available nutrients 

and light intensities (14). Studies have shown that photosynthesis and glycogen synthesis is 

carried-out in the light, and respiration and glycogen degradation is adopted in the dark (15–18). 

Here, RametrixTM was employed to detect phenotypic changes related to the circadian rhythm in 

Synechocystis sp. PCC 6803 grown under four different conditions: (i) autotrophic (with 12-hour 

light/dark cycles), (ii) heterotrophic (with 12-hour light/dark cycles), (iii) autotrophic in the dark, 

and (iv) heterotrophic in the dark. It was hypothesized that a circadian rhythm would be observed 

in cultures grown under light/dark cycles and absent from cultures grown in the dark only. For a 

https://www.zotero.org/google-docs/?hpuTwP
https://www.zotero.org/google-docs/?TtxGl4
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circadian rhythm, phenotypes should deviate from its initial point during the course of the 24-hour 

light/dark cycle and eventually return to the starting point at the end of the cycle. RametrixTM is 

well-suited to probe this cycle, and the TSD was chosen to represent phenotype changes. The TPD 

calculations would also work here. As a phenotype deviates from its initial phenotype, the TSD 

should become larger in value, and as a culture returns to its initial phenotype, the TSD value will 

become smaller (or very close to zero). Results for the four culturing conditions are shown in Fig. 

4.6. Raw TSD data (available in Supplementary Appendix C) were first filtered in MATLAB to 

remove outliers according to the median method. Next, TSD values exceeding 0.15 were excluded 

as outliers from the time-course data in Fig. 4.6. Cultures grown in light/dark cycles (both 

autotrophic and heterotrophic) exhibited bimodal deviations from the initial phenotype and 

including the time-course outliers still produced the bimodal shape. The highest values of TSD 

occurred at 6 and 18 hours, with a near return to the initial phenotype at 12 hours and a full return 

to the initial phenotype at 24 hours. Fourth-order polynomials were then fitted through the time-

course data for each growth condition in Fig. 4.6. These high-order polynomials were chosen 

because of their ability to detect the bimodal deviation, should it exist. As shown in Fig. 4.6CD, 

the bimodal deviation did not occur for the autotrophic and heterotrophic cultures grown in the 

dark and the final phenotypes (after 24 hours) did not return to the initial phenotypes.    
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Figure 4.6. Identification of circadian rhythm phenotype changes based on TSD data for cultures 

grown in the following conditions: (A) autotrophic (light/dark), (B) heterotrophic (light/dark), (C) 

dark autotrophic, and (D) dark heterotrophic. 

4.3.3. Correlation of individual Raman bands with metabolites and their levels analyzed by 

well-established analytical approaches 

 The nitrogen-limited cultures (0-100% of BG-11 medium nitrate; continuous light), 

described in earlier chemometric studies, were used in further phenotype validation experiments 

using analytical methods described in the Materials and Methods section. The purpose was to 

correlate individual Raman band intensities with specific biomolecules and results from other, 

widely accepted analytical methods (e.g., GC-FID, UPLC, and spectroscopy). 

4.3.3.1. Glycogen  

Previous studies reported an activation of glycogen synthesis during nitrogen-limited 

conditions (47–51). Therefore, glycogen levels were studied by comparing glycogen assigned 

https://www.zotero.org/google-docs/?1stxcf
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bands in Raman spectroscopy (31,52) and an established spectrophotometric method (42). As 

expected, glycogen levels increased in response to nitrogen deprivation by using both methods 

(Fig. C6). Cultures given 0.88 mM nitrate (5% of BG-11) showed about 2.5-fold increase in 

glycogen levels compared to cells grown at 17.6 mM (100% of BG-11) nitrate. Cultures grown in 

nitrate concentrations of 1.76 mM (10%), 13.2 mM (75%) and 16.72 mM (95%) showed increased 

glycogen levels by about 1.5-fold. However, growth in 3.52 mM (20%) and 8.8 mM (50%) nitrate 

showed no additional accumulation of glycogen. 

Raman band assignments for glycogen (31,52) were correlated with the spectrophotometric 

measurements (Fig. C6). A strong correlation was obtained with the glycogen-related bands at 

1150 cm-1 (R = 0.82) and at 1155 cm-1 (R = 0.80), suggesting that Raman band analysis may be 

used for determining glycogen levels. Although Raman spectroscopy cannot be used to obtain 

absolute concentrations of molecules, the trends reflecting changes in glycogen levels in response 

to varying nitrate availability were comparable between the two methods.  

4.3.3.2. Amino acids 

Proteins and amino acids represent the major nitrogen-containing compounds in a cell. 

Previous studies have demonstrated that protein and amino acid levels decrease dramatically with 

prolonged nitrate limitation (48–51,53). The levels of total amino acids (protein-derived and free 

amino acids) were determined by both Raman spectroscopy (54,55) and UPLC coupled with 

fluorescence detection (Fig. C7). Individual Raman bands used for each amino acid are given in 

Table C11 in Supplementary Appendix 2. Strong correlations that varied between R = 0.6 - 0.91 

were observed between Raman spectroscopy and UPLC data (Fig. C8) for the majority of amino 

acids. Only Gly and Phe had moderate correlations, where the correlation coefficient varied from 

https://www.zotero.org/google-docs/?nkDt2q
https://www.zotero.org/google-docs/?Q5Xmk2
https://www.zotero.org/google-docs/?MbFzRU
https://www.zotero.org/google-docs/?xP7eIa
https://www.zotero.org/google-docs/?1iL4jn
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R = 0.44 - 0.54. It is important to note that some amino acids such as Cys and Trp are degraded 

during acidic hydrolysis and are not detected by UPLC (56–58). Raman band data enabled the 

prediction of expression trend of these two amino acids (Fig. C9), suggesting also a decrease in 

Cys and Trp levels during prolonged nitrate starvation. In addition, Asn and Gln are converted to 

Asp and Glu during acidic protein hydrolysis and, as such, Asp and Glu levels reflect Asp/Asn and 

Glu/Gln levels, respectively (59,60). Our Raman spectroscopy and UPLC measurements are in 

good agreement, and the results are consistent with previously published metabolic phenotypes 

reflecting metabolic adaptations to nitrogen deprivation (51,53). 

4.3.3.3. Fatty acids 

Nitrogen starvation leads to oxidative stress, which causes damage to membrane lipids 

(61–64). The levels of total saturated and unsaturated fatty acids were determined by both GC-FID 

(Fig. C10A) and Raman spectroscopy. Overall, decreases in fatty acids levels were observed at 

low nitrate concentrations (0.88 mM and 1.76 mM; 5% and 10% of BG-11 medium, respectively). 

Moderate correlations were obtained between Raman assigned bands to fatty acids (31) and GC-

FID data. While the correlation coefficients were somewhat low (R ~ 0.5), this may be due to GC-

FID-measured fatty acids at 13.2 mM (75%) nitrate that do not appear to fit with time-course data, 

suggesting a problem with this particular GC-FID data point (Fig. C10). For example, with 

measurements at 13.2 mM nitrate included in the dataset, the correlation with the Raman band 

intensity at 1,078 cm-1 (I1078) was R < 0.5. With the data at 13.2 mM nitrate removed, the 

correlation improved, R > 0.85.  

 

 

https://www.zotero.org/google-docs/?p4UGkG
https://www.zotero.org/google-docs/?cchSj7
https://www.zotero.org/google-docs/?veV0zc
https://www.zotero.org/google-docs/?2QGNkV
https://www.zotero.org/google-docs/?D2S1i7
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4.3.3.4. Chlorophyll a  

Nitrogen deprivation stress leads to damage of photosynthetic components, including 

chlorophyll degradation, resulting in chlorosis (48,65). Levels of photosynthetic pigments can be 

measured by both Raman spectroscopy and using spectrophotometric methods (44). As such, 

changes in chlorophyll levels were evaluated by these two approaches (Fig. C11 in Supplementary 

Appendix C). Raman signals corresponding to chlorophyll a (66,67) have a strong correlation with 

the spectrophotometric measurements (Fig. C11). The Raman band assignment 1,239 cm-1 had the 

highest correlation coefficient (R = 0.92) with spectroscopic data. As expected, chlorophyll a 

levels decreased with the severity of nitrogen deprivation. Based on these results, Raman 

spectroscopy may also be used to quantify the levels of pigments in Synechocystis. 

4.4. Discussion 

Raman spectroscopy with RametrixTM was used as an analysis tool to study metabolic 

changes related to different growth conditions in Synechocystis sp. PCC6803. Two methods were 

explored here: (i) broad phenotype changes to external stimuli using chemometric approaches and 

(ii) the correlation of individual Raman bands with specific biomolecules, with validation by 

accepted analytical methods. Raman spectroscopy is rapid, non-destructive, and reliable for the 

characterization of changes in metabolic phenotypes as a response to changes in growth conditions. 

Clear distinctions were observed between cells grown in the absence or presence of glucose and 

in various light conditions. In most cases, Raman spectral data were found to represent changes in 

the biomolecular composition of cells well and enabled the differentiation of phenotypes. For 

example, clear statistically relevant differences were found between phenotypes of autotrophic 

cultures growing in BG-11 medium and heterotrophic cultures growing in BG-11 medium with 5 

https://www.zotero.org/google-docs/?D8Z8Pc
https://www.zotero.org/google-docs/?D94apB
https://www.zotero.org/google-docs/?UN7xtW
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mM glucose. Given an unkown Raman spectrum of Synechocystis growing in one of these 

environments, RametrixTM PRO could determine that environment with 95.3% accuracy 

(sensitivity = 93.4%; selectivity = 96.9%). The observation of glucose-induced phenotypes agrees 

with previous studies (10,11,45,47,68). It was reported previously that glucose has an effect on the 

Synechocystis growth rate and it activates other sets of metabolic pathways (10,45,47,68); these 

should lead to phenotype changes detectable by Raman spectroscopy. 

Phenotype changes due to different illumination were also found through RametrixTM LITE 

clustering of Raman spectral data, confirmed for the continuous light phenotypes through 

statistical analyses (ANOVA and pairwise comparisons), and predictable over random chance 

using RametrixTM PRO (including 100% sensitivity and selectivity for the continuous light 

phenotype). Previous studies have revealed that light is one of the most important environmental 

factors relevant to growth of photosynthetic organisms (11,12,45,69,70) . Light plays fundamental 

roles including, but not limited to, altering gene expression (70,71), initiating phototaxis (72), and 

resetting circadian rhythm (15,72). In addition, excess of light (11,73–75) and UV (76) might 

induce damage to the photosystem II. These light excess phenotypic changes appear to be the most 

easily detected by Raman spectroscopy and RametrixTM.  

While clear cluster separations were not observed with RametrixTM LITE models for 

nitrogen-limited phenotypes, ANOVA and pairwise comparisons confirmed phenotype changes. 

In addition, RametrixTM PRO was able to predict the level of nitrate in the culture medium with 

accuracy, sensitivity, and selectivity greater than by random chance. Further, analyses by accepted 

analytical methods (e.g., GC-FID, UPLC, spectroscopy, etc.) confirmed changes in glycogen, fatty 

acids, amino acids, and chlorophyll a, which were then correlated with specific Raman bands in 

good agreement. These results agree with several literature reports suggesting nitrogen-limitation 

https://www.zotero.org/google-docs/?me68o7
https://www.zotero.org/google-docs/?frsx3i
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induced phenotype changes. In particular, Synechocystis cells respond to nitrate starvation by 

reprogramming central carbon and nitrogen metabolism, which is reflected by changes in the levels 

of various high abundance macromolecules and metabolites, including glycogen (47–50), proteins, 

amino acids (48–50,53), lipids (61–64), and photosynthetic pigments (43,60). All of these changes 

and phenotypes were confirmed here as the metabolites and macromolecules could be reliably 

detected from Raman spectra. Previous studies also revealed that nitrogen limitation induces 

specific cellular responses including nitrogen assimilation up-regulation (60) as well as 

degradation of chlorophyll, phycobilisomes, and light harvesting complexes, leading to chlorosis 

(48,65,77), which is consistent with our results (Fig. C5B in Supplementary Appendix C). In 

addition, cyanobacteria placed under low nitrogen stress conditions degrade intracellular proteins 

to amino acids to mobilize nitrogen and to catabolize amino acids to provide carbon precursors for 

sugar and glycogen synthesis (48–51).  

Regarding the circadian rhythm results, our observations confirmed our hypothesis that 

TSD values (representative of phenotypes) would return to their initial values after 24 hours for 

cultures grown in light/dark (12h/12h) cycles. This was true of both autotrophic and heterotrophic 

cultures. The bimodal nature of this 24-hour cycle was unexpected and warrants further 

investigations. We also noted more extreme variances for light/dark grown cultures compared to 

cultures grown in the dark. This could be indicative of a higher degree of heterogeneity for 

light/dark grown cultures, based on whether analyzed cells were closer to the flask exterior or 

center when sampled. This has been known in the literature to play a role in metabolic activity 

(78). 

Overall, there was a strong correlation between Raman band intensities and the data 

obtained by well-established analytical methods. As such, Raman spectroscopy is suitable for 
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comparative studies when relative levels of metabolites and macromolecules need to be 

determined. However, Raman spectra are highly convoluted and finding correlating bands may 

not always be possible. In addition, preliminary experiments such as the ones described in this 

study, should be performed for new cell types and culturing environments. Specific bands may 

become “hidden” due to potentially interfering bands belonging to other biomolecules. The 

presence of interfering compounds will be highly dependent on the type of the sample. Once the 

correlating bands are established, Raman spectroscopy can be used for nearly any type of high-

throughput screening of metabolic phenotypes.  

Table 4.1. Raman shift contributions to PCA and DAPC models for selected studies. 

 

Study Model Biomolecules and Raman bands (cm-1) 

Glucose-induced PCA Sterols and phosphatidylinositol (430 and 575 cm-1, 

respectively); protein (750, 1102, and 1156 cm-1); and 

carotenoids (1156, 1520 cm-1) 

Glucose-induced DAPC Sterols and phosphatidylinositol (430, 704, 778 cm-1); protein 

and amino acids (509, 632, 1052, 1245, 1403 cm-1); 

DNA/RNA (664, 747 cm-1), and lipids (1305 cm-1) 

Illumination-induced PCA Sterols and phosphatidylinositol (430, 516, 574 cm-1) and 

protein/carotenoids (1156, 1520 cm-1) 

Illumination-induced DAPC Phosphatidylinositol (509, 776 cm-1), phospholipids (719, 

1328 cm-1), lipids (1063, 1074 cm-1), glycogen (1049, 1155 

cm-1), carotenoids (1155 cm-1), porphyrin (1620 cm-1), and 

several protein/polypeptide/amide bands (1005, 1155, 1628, 

1633, 1638 cm-1) 

Nitrogen limitation-

induced 

PCA, 

DAPC 

Protein-related bands (571, 623, 639, 1156, 1359 cm-1), 

carotenoids and porphyrin (1156, 1518, 1520 cm-1) 
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Table 4.2. Summary of RametrixTM PRO results for best-performing DAPC models. 

Study 
Number  

of PCs* 

Classification 

Predicted 
Accuracy Sensitivity Selectivity 

Glucose- 

induced 
Random chance** 50% 50% 50% 

Glucose- 

induced 
40 (99.9%) 

BG-11 with 5 mM 

Glucose 
95% 93% 97% 

Illumination- 

induced 
Random chance** 56%*** 33% 67% 

Illumination- 

induced 
9 (99%) Dark 89.5% 69% 90%% 

Illumination- 

induced 
9 (99%) Light/Dark 78% 81% 75% 

Illumination- 

induced 
9 (99%) Continuous Light 100% 100% 100% 

Nitrate limitation- 

induced 
Random chance** 76% 14% 86% 

Nitrate limitation- 

induced 
3 (83%) 5% (0.88 mM) 76% 67% 78% 

Nitrate limitation- 

induced 
3 (83%) 10% (1.76 mM) 95% 67% 100% 

Nitrate limitation- 

induced 
3 (83%) 20% (3.52 mM) 62% 0% 72% 

Nitrate limitation- 

induced 
3 (83%) 50% (8.8 mM) 81% 33% 89% 

Nitrate limitation- 

induced 
3 (83%) 75% (13.2 mM) 95% 67% 100% 

Nitrate limitation- 

induced 
3 (83%) 95% (16.72 mM) 52% 33% 80% 

All phenotypes Random chance** 76%*** 14% 86% 

All phenotypes 8 (98%) Autotrophic 79% 25% 91% 
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All phenotypes 8 (98%) Autotrophic control 86% 38% 94% 

All phenotypes 8 (98%) Dark heterotrophic 85% 38% 93% 

All phenotypes 8 (98%) Heterotrophic 80% 50% 87% 

All phenotypes 8 (98%) Nitrate limited 80% 39% 91% 

All phenotypes 8 (98%) Photoautotrophic 88% 50% 91% 

All phenotypes 8 (98%) Photoheterotrophic 75% 67% 76% 

 

* Number of PCs used to build the DAPC model. The percent variance of the dataset represented 

is given in parentheses. 

** The random chance sensitivity and selectivity values were calculated statistically, not by 

RametrixTM PRO. They were the same for all studies here. 

*** These values are classification-dependent. The average value is given here, and individual 

values are given in Supplementary Appendix C. 
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Characterizing Synechocystis sp. PCC 6803 with RametrixTM: Acetate, NaCl, 

and MgSO4 deprivation-induced phenotypes 

 

 

Abstract 

Background: During their long evolution, Synechocystis sp. PCC6803 developed a remarkable 

capacity to acclimate to diverse environmental conditions. In this study, Raman spectroscopy and 

Raman chemometrics tools (RametrixTM) were employed to investigate the phenotypic changes in 

response to external stressors and correlate specific Raman bands with their corresponding 

biomolecules determined with widely used analytical methods.  

Methods: Synechocystis cells were grown in the presence of (i) acetate, (ii) NaCl and (iii) limiting 

levels of MgSO4. Principal component analysis (PCA) and discriminant analysis of PCs (DAPC) 

were performed through RametrixTM LITE Toolbox for MATLABⓇ. Next, validation of these 

models was realized via RametrixTM PRO Toolbox where prediction of accuracy, sensitivity, and 

selectivity for an unknown Raman spectrum was calculated. These analyses were coupled with 

statistical tests (ANOVA and pairwise comparison) to determine statistically significant changes 

in the phenotypic responses. Finally, amino acid and fatty acid levels were measured with UPLC 

and GC-FID, respectively. The obtained data were correlated with previously established Raman 

bands assigned to these biomolecules. 

Results: Distinguishable clusterings representative of phenotypic responses were observed based 

on the external stimuli (i.e. acetate, NaCl, MgSO4, and controls grown on BG-11 medium) or its 

concentration when analyzing separately. For all these cases, RametrixTM PRO was able to predict 

efficiently the corresponding concentration in the culture media for an unknown Raman spectra 
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with accuracy, sensitivity and selectivity exceeding random chance. Finally, overall strong 

correlations (R > 0.7) were obtained for all amino acids and fatty acids between well-established 

analytical methods and Raman bands.  
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5.1. Introduction 

 Microbial cells undergo phenotypic variations in response to changing environmental 

conditions. These changes directly affect the chemical composition of the cell, allowing it to 

maintain integrity, and the study of these changes is referred to as “microbial phenotyping” (1–4). 

For example, exposure to high salt concentrations (e.g., NaCl, MgSO4) results in ionic and osmotic 

imbalances (5–10). This leads to the accumulation of carboxylic acids (e.g. acetate), which can be 

toxic and require a reorganization of the cell membrane for survival (11–14). Thus, cells have the 

ability to respond to such chemical stresses, adapt for survival, and even acquire tolerance (1). 

These characteristics are necessary in biotechnology, where cultures are engineered to produce 

products that are toxic in high concentrations (e.g., biofuels), operate in stressful environments 

(e.g., low pH), or perform bioremediation. Here, Raman spectroscopy was further developed as a 

microbial phenotyping methodology, with the focus on analyzing responses of cyanobacteria to 

salt and acid stressors.  

In this context, the cyanobacterium Synechocystis sp. PCC6803 (hereafter Synechocystis) 

is of interest to biotechnology because of its ability to grow on low-cost resources (i.e. CO2 and 

sunlight) and produce high value chemicals (15). This species demonstrates a highly versatile 

carbon metabolism, growing in autotrophic as well as under heterotrophic and mixotrophic 

conditions (16). It has been observed that acclimation of Synechocystis to high salt concentrations 

begins with adjustment of osmotic equilibrium with the outside medium (6,9,17), followed by the 

accumulation of the osmoprotectant glycosylglycerol (6,17–19). This osmoprotectant enhances the 

internal osmotic potential and protects proteins and membranes (20,21). Mechanisms of acetate 

toxicity have been studied mainly in Gram-negative bacteria and include alterations in cell 

membranes, active secretion, and activation of stress responses (22,23). However, relatively little 

https://www.zotero.org/google-docs/?GI7oPP
https://www.zotero.org/google-docs/?s0TJzw
https://www.zotero.org/google-docs/?zPSt1d
https://www.zotero.org/google-docs/?tcdyQQ
https://www.zotero.org/google-docs/?K3Srul
https://www.zotero.org/google-docs/?kPR6ck
https://www.zotero.org/google-docs/?8XspXh
https://www.zotero.org/google-docs/?KEZ0UI
https://www.zotero.org/google-docs/?9EUPGR
https://www.zotero.org/google-docs/?26RjCs
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is known about the phenotypic responses of Synechocystis to carboxylic acids (e.g., acetate) and 

salts (e.g., NaCl and MgSO4). Commonly, biological studies of physiological responses to 

chemical stressors have have taken place using genomic methods (9,17,24–26) to study gene 

expression and biochemical approaches (6,27) to characterize biomolecules. These require 

extensive sample preparation and long analysis times. Near real-time methods of analysis are 

needed alongside standardized procedures to provide rapid information to further understand 

microbial phenotypic response to environmental stress or for phenotype screening purposes. With 

such methods, cultures could be monitored in near real-time in biotechnological applications so 

that the appearance of unhealthy or unproductive phenotypes could be remedied quickly.  

Raman spectroscopy has been proven a powerful analytical technique for the analysis of 

biological materials. It uses monochromatic light to provide a qualitative measurement of the 

biochemical composition of the biological specimen (28) and gives distinctive signals from 

macromolecules (i.e. proteins, lipids, carbohydrates, and nucleic acids) (29). Therefore, a 

characteristic fingerprint is assigned to each biological sample and allows a better understanding 

of its chemical composition. Raman spectroscopy allows near real-time and noninvasive 

acquisition of phenotype data from living systems (28–33). In addition, the analysis is label free, 

requires minimal or no sample preparation, and there is no spectral interference from water (30–

32). The application of Raman spectroscopy is an expanding field and it includes fermentation 

monitoring (34–37), detection and identification of microorganisms (38–40), monitoring the 

kinetics of germination of individual Clostridium difficile spores (41) and detection of its toxins 

(42). It has been also demonstrated that Raman spectroscopy can be used in near-real time 

phenotyping of E. coli exposed to alcohol (31,32) and antibiotics (43), single cell phenotyping 

(33,44), and characterizing phenotypic differences among E. coli enriched for 1-butanol tolerance 

https://www.zotero.org/google-docs/?4sHmAM
https://www.zotero.org/google-docs/?lQ3Z31
https://www.zotero.org/google-docs/?AgQZaA
https://www.zotero.org/google-docs/?zRs8wy
https://www.zotero.org/google-docs/?hUTdH0
https://www.zotero.org/google-docs/?DKQzx7
https://www.zotero.org/google-docs/?DKQzx7
https://www.zotero.org/google-docs/?wq5sIL
https://www.zotero.org/google-docs/?je6cSt
https://www.zotero.org/google-docs/?XIHvzX
https://www.zotero.org/google-docs/?h67QEx
https://www.zotero.org/google-docs/?ryL7WD
https://www.zotero.org/google-docs/?itMD2O
https://www.zotero.org/google-docs/?MHQpS1
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(28). Thus, Raman spectroscopy was selected as an effective method for probing changes in 

Synechocystis phenotypes in near real-time when exposed to external stimuli.  

In this research, Raman spectroscopy was used to perform microbial phenotyping of 

Synechocystis cultures growing in different concentrations of (i) acetic acid, (ii) NaCl, and (iii) 

MgSO4. Two types of analyses were performed with the resulting Raman spectra: (i) Raman 

chemometrics (RametrixTM) using Raman spectra processed with principal component analysis 

(PCA) and linear discriminant analysis of principal components (DAPC) and (ii) Raman band 

intensity analysis (31). The RametrixTM LITE Toolbox for MATLABⓇ (45) was used to build PCA 

and DAPC models, and the RametrixTM PRO Toolbox (46) was used to validate these models and 

determine what characteristics of a growing Synechocystis culture could be determined given only 

a Raman scan. Routine analytical methodology was used to measure the levels of several 

biomolecules (e.g., fatty acids and amino acids) so correlations could be made with individual 

Raman bands.  

5.2. Material and Methods 

5.2.1. Bacterial strain and culture conditions 

 The wild-type and glucose tolerant strain Synechocystis sp. PCC6803 (ATCC®27184TM) 

were used to create kanamycin resistant mutants for the comparative growth experiments (47). 

This strain was used with kanamycin to help prevent contamination. Cells were cultivated in the 

BG-11 medium (48) supplemented with 5 mM glucose. Kanamycin at a final concentration of 15 

μg/mL was added to the medium. BG-11 plates containing additional 1.5% (w/v) phyto-agar, 1% 

(v/v) TES/NaOH buffer pH 8.2 and 3 g/L sodium thiosulfate were used for transformation and cell 

selection.  

https://www.zotero.org/google-docs/?LqTIoT
https://www.zotero.org/google-docs/?dPhnOQ
https://www.zotero.org/google-docs/?3Rvm9g
https://www.zotero.org/google-docs/?k16lX5
https://www.zotero.org/google-docs/?vxXC5u
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The kanamycin resistant strains were grown in three different conditions: (i) NaCl (50, 100, 

and 150 mM), (ii) acetate (7.5, 15, and 30 mM) and (iii) MgSO4 (0, 15.6, 31.2, and 62.5 mM; 

representing 0%, 25%, 50% and 100% of BG-11). Cultures grown in BG-11 were used as controls. 

Each culture type condition experiment was performed in biological triplicate. All flask cultures 

were incubated at 25°C under continuous light, 140 rpm, and ambient CO2. Cells were harvested 

at mid-exponential phase and washed twice with ice-cold purified water. 2 μL of cells were kept 

for Raman scans and the remaining pellet was freeze-dried and prepared for analyses by UPLC 

and GC-FID.   

5.2.2. Raman Spectroscopy 

To prepare samples for Raman analysis, 2 μL of washed cells were dried at room 

temperature on aluminum foil (three samples per biological replicate). Dried cells were analyzed 

using a PeakSeeker PRO-785 Raman microscope (Agiltron; Woburn ,MA) with 10X objective. 

Measurements were carried out using the following settings: laser excitation of 785 nm for 5 

seconds with spectral resolution of 13 cm-1. Twenty individual scans were taken per sample by 

focusing on different areas of the dried cells. Raman data were collected using RSIQTM software.  

5.2.3. Computational methods 

Acquired Raman scans were processed and analyzed using the Rametrix™ LITE Toolbox 

(45) and Rametrix™ PRO Toolbox (46) for MATLAB®.  MATLAB® R1018A with the Statistics 

and Machine Learning Toolbox was used for all calculations. Data analysis with Rametrix™ LITE 

Toolbox (45) consisted of averaging the 20 spectra replicates and then baselining with the 

Goldindec algorithm (53) (baseline polynomial order = 3, estimated peak ratio = 0.5, and 

smoothing window size = 5) and vector normalizing over the biological range (400 cm-1-1800 cm-

https://www.zotero.org/google-docs/?KsN4PU
https://www.zotero.org/google-docs/?KvizUO
https://www.zotero.org/google-docs/?UGXYHi
https://www.zotero.org/google-docs/?egTFcg
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1). PCA was performed, and outlier scans were identified and excluded from analysis. Next, DAPC 

was applied, and several DAPC models were constructed by varying the number of principal 

components (PCs) used to build each one.  DAPC models enabled the separation of Raman spectra 

according to a preset experimental factor. Here, the culture medium composition and 

environmental stimuli (acetate, NaCl, and MgSO4) concentrations were used. The Rametrix™ 

PRO Toolbox (46) was used to apply leave-one-out analysis to DAPC clustering. This analysis 

determines the ability of DAPC model to predict correctly the classification when presented with 

an unknown Raman spectrum. The performance of DAPC models are quantitated by prediction 

accuracy (percent of unknown spectra classified correctly), sensitivity (true positive percentage), 

and selectivity (true negative percentage).  

Other statistical analyses required the representation of the RametrixTM LITE outputs 

(DAPC, PCA, and spectra) as a single value. From here, the distance formula is applied to 

determine the similarity between two spectra, where one is a reference. When using PCA data, the 

Total Principal Component Distance (TPD) is calculated according to Eq.1, where the first five 

PCs (representing more than 95% of the dataset variance) were used and 

𝑇𝑃𝐷 = ∑ √(𝑃𝑥,𝑖 − 𝑃𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒,𝑖)
2

5

𝑖=1

           (𝐸𝑞. 1) 

where 𝑃𝑥,𝑖 is the ith PC of sample 𝑥 and 𝑃𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒,𝑖 represents the ith PC of the reference. 

Similarly, the distance calculation was applied to calculate the Total Spectral Distance (TSD) and 

the Total Canonical Distance (TCD) based on the first five canonicals in the DAPC model. More 

detailed descriptions of these calculations have been published (54). Reduction of the data to a 

single value allowed statistical analysis including analysis of variance (ANOVA), pairwise 

https://www.zotero.org/google-docs/?U3Ot59
https://www.zotero.org/google-docs/?fq1di9
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comparisons using Tukey’s honest significant difference (HSD), and regression. These analyses 

were performed to assess whether significant differences exist among the separated groups of 

spectra (ANOVA), to determine which group differences are statistically significant (pairwise 

comparisons), and establish a linear fit among data.  

5.2.4. Biomass measurements 

 Fatty acid content was determined by GC-FID after direct hydrolysis and conversion to 

fatty acid methyl esters (FAME). Lyophilized cells were incubated with methanolic HCl and 10 

μg heptadecanoic acid (C17:0) as internal standard at 75°C for 2 h to form FAME. GC-FID was 

done on an Agilent 7890A series GC equipped with FID. For fatty acid identification purposes, 

the same GC was coupled to a 5975C series single quadrupole MS and fatty acids were identified 

by comparing the spectra with the corresponding spectra in the NIST library (Agilent 

Technologies, Santa Clara, CA).  

Protein hydrolysis was carried out in a custom-made teflon hydrolysis chamber (see photo 

in Supplementary Appendix D) under vacuum at 110°C in the presence of 6N HCl. 50 mM 

norvaline was used as an internal standard. Amino acid levels were determined after derivatization 

with AccQ-TagTM reagent using a Waters AcquityTM H-class UPLC system equipped with a 

fluorescent detector (Waters Corporation, Mildford, MA).  

5.2.5. Public access 

The Rametrix™ LITE Toolbox is shared through GitHub with license agreement 

(https://github.com/SengerLab/RametrixLITEToolbox), and the Rametrix™ PRO Toolbox is also 

https://github.com/SengerLab/RametrixLITEToolbox
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accessible through GitHub with licence agreement 

(https://github.com/SengerLab/RametrixPROToolbox).  

5.3. Results  

5.3.1. Raman spectroscopy of Synechocystis grown in the presence of acetate and salts 

Raman spectroscopy was used to identify phenotypic changes in Synechocystis induced by 

the presence of: (i) acetate, (ii) NaCl, and (iii) MgSO4. Cells were scanned with Raman microscopy 

and the resulting spectra were analyzed using the RametrixTM LITE (48) and PRO (46) Toolboxes. 

The obtained spectra were averaged, truncated (400 – 1800 cm-1), baselined, and vector normalized 

prior to further processing using PCA and DAPC in the RametrixTM LITE (48). RametrixTM PRO 

(46) was used to determine the ability to predict a particular metabolic phenotype given a Raman 

spectrum of cells but unknown growth conditions. Next, statistical analyses (i.e., ANOVA and 

pairwise comparisons) were performed on TCD and TPD results. It was noticed previously that 

TPD and TSD produced similar results (54); thus, analysis of TSD was omitted. Finally, specific 

Raman bands assigned to certain metabolites (i.e. amino acids and fatty acids) were compared to 

standardized analytical methods (e.g., UPLC, GC-FID). The remainder of the results section is 

divided according to analysis type: (i) RametrixTM analyses and (ii) correlation of individual 

Raman bands with well-established analytical approaches. 

5.3.2. RametrixTM analyses 

5.3.2.1. Acetate-induced phenotypes 

Raman spectra of cultures growing in three concentrations of acetate (7.5 mM, 15 mM and 

30 mM) and the control (BG-11 without acetate) were analyzed by Raman spectroscopy and the 

https://github.com/SengerLab/RametrixPROToolbox
https://www.zotero.org/google-docs/?xWLZ8u
https://www.zotero.org/google-docs/?3UDX5r
https://www.zotero.org/google-docs/?Rc6Gti
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RametrixTM LITE and RametrixTM PRO Toolboxes. PCA, DAPC, and PC contributions results are 

shown in Fig. 5.1. PCA of Raman spectra (Fig. 5.1A) showed some separation of clusters in the 

two first PCs, which contained more than 68% of the dataset variance. This clustering is more 

noticeable with the DAPC model (Fig. 5.1B) constructed with 12 PCs (representing more than 

99% of the dataset variance). Although four marked clusters were revealed, based on the 

concentration of acetate in the BG-11 medium, only three major groups were observed. These 

clusters suggest that phenotypic differences could be generated as a result of acetate addition to 

BG-11 medium and that cells grown in the presence of 7.5 mM and 15 mM could have similar 

phenotypic responses. Next, Raman shift contributions for both PCA and DAPC were studied to 

point to molecular differences between clusters of Raman scans. In this particular case, it provided 

information about the molecular differences between cultures grown in the presence and absence 

of acetate. Raman shift contributions between groups in PCA are shown in Fig. 5.1C and the 

contributions associated with DAPC model are represented in Fig. D1. Raman band assignments 

were selected based on published libraries (55–57). The full list of assignments is given in 

Supplementary Appendix D, and highlights are given in Table 5.1.  

Next, TCD, TPD and TSD (both raw and mean values) were calculated using PCA and 

DAPC data and used in ANOVA and pairwise comparisons. Full results are given in the 

Supplementary Appendix D. In general, as the phenotype deviates from the reference (represented 

here by phenotypes of cells grown on BG-11 medium), the TCD (or the TPD) mean value should 

become larger. Similar phenotypes should have comparable values. In the acetate-induced 

phenotypes, TCD and TPD mean values increased proportionally to the increase of acetate 

concentration. Based on TCD data (using 12 PCs in DAPC model) ANOVA results indicated that 

differences between the groups are significant (p < 0.001). With TPD data, ANOVA returned a 

https://www.zotero.org/google-docs/?tbQJhL
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significant p-value (p < 0.001). This result indicates that even though no clear clustering was 

observed in PCA (Fig. 5.1A), there are statistically significant differences between the groups. 

Pairwise comparisons identified all phenotypes (groups) to be significantly different based on the 

TCD data (p < 0.001). However, using TPD data, 7.5 mM and 15 mM induced phenotypes were 

found not significantly different (p = 0.997). The small difference in mean TPD and the near 

clustering observed in Fig. 5.1B are consistent with this result. Next, regression (Supplementary 

Appendix D) was computed between acetate concentrations (0 mM, 7.5 mM, 15 mM, 30 mM) and 

the TCD and TPD mean values, respectively. Results show a good fit and linear relationship among 

the data with a coefficient of determination (R2) of 0.97 and 0.84 for TPD and TCD, respectively.  

RametrixTM PRO was used to apply leave-one-out analysis to the DAPC clustering in Fig. 

5.1B. The purpose of this analysis is to determine the ability of the DAPC model to predict 

precisely the classification (i.e. 0 mM, 7.5 mM, 15 mM, 30 mM of acetate) when presented with a 

Raman spectrum of Synechocystis cells grown in an unknown condition. RametrixTM PRO results 

are also given in Supplementary Appendix D. Here, four classification options, 0 mM, 7.5 mM, 

15 mM and 30 mM, were assessed. To test the first condition, 0 mM was assigned as the positive 

condition. The remaining conditions were assigned as negative. All four conditions were tested as 

positive condition in this analysis. Here, the prediction accuracy reports the ability to classify 

correctly the positive and negative conditions. The sensitivity (true positive rate) is more 

important, where the selectivity (true negative rate) must be also high (i.e. above the random 

chance). With four different classifications, the random chance selectivity was calculated as 25% 

and the random chance selectivity as 75% for this dataset. Therefore, model performance 

sensitivity and selectivity must be higher than these values if the model is truly able to predict 

Synechocystis phenotypes based on Raman spectra. Highlighted RametrixTM PRO results are given 
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in Table 5.2, and all sensitivity and selectivity values exceeded random chance values, with 

selectivity and sensitivity values ranging between 56-100% and 81-100%, respectively. Thus, the 

approach showed some success at identifying acetate-induced metabolic phenotypes in 

Synechocystis.  

 

Figure 5.1. RametrixTM LITE analysis of acetate induced phenotypes. A. PCA, B. DAPC and C. 

Raman shifts contributions between groups in PCA. (Acetate concentration in mM, 0 mM 

represents BG-11 medium). 

5.3.2.2. NaCl-induced metabolic phenotypes 

In order to determine the effect of NaCl addition to BG-11 medium on Synechocystis 

metabolic phenotypes, cells were grown in BG-11 at three salt concentrations (50 mM, 100 mM, 

and 150 mM) and compared to a control (cells grown in BG-11 only, 0 mM NaCl). PCA, DAPC 

and PC contribution results generated by the RametrixTM LITE are represented in Fig. 5.2. PCA 

of Raman spectra (Fig. 5.2A), again, showed no apparent clustering in the first two PCs, which 
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comprised about 69% of the dataset variance. However, the application of DAPC (Fig. 5.2B) 

demonstrated four clusters representative of the three different concentrations of NaCl and the 

control. These results were obtained using 12 PCs (representing over 99% of the dataset variance). 

Based on the presence of NaCl, two major groups were noticed (Fig. 5.2B), suggesting significant 

cellular phenotype differences could occur in response to as little as 50 mM NaCl in BG-11 

medium. Next, Raman shift contributions to the PCA and DAPC results were examined. Raman 

shift contributions between the groups in PCA are shown in Fig. 5.2C, and those related to DAPC 

contributions are represented in Fig. D2. Specific lists of Raman band contributions and molecular 

assignments (for both PCA and DAPC) are given in Supplementary Appendix D, and highlights 

are given in Table 5.1.  

DAPC model and PCA were used to compute TCD, TPD, TSD, and their mean values. 

Multi-way ANOVA and pairwise comparisons were used to assess these parameters, and full 

results are given in Supplementary Appendix D. As mentioned previously, the TCD and TPD mean 

values increase with the increased difference from the reference phenotype. Using the TPD mean 

values, as the concentration of NaCl increased, the distance also increased. However, a small 

difference was observed between the 50 mM and the 100 mM TPD means, suggesting comparable 

phenotypes. The TCD mean values and the clustering in the Fig. 5.2B confirm this result. ANOVA 

revealed that molecular phenotypes induced at different NaCl concentrations were significantly 

different (p < 0.001) for TCD and TPD data. Pairwise comparison allowed the identification of 

significantly different phenotypes. Based on TPD data, the phenotypic responses associated with 

100 mM NaCl were not significantly different from the BG-11 medium (p = 0.165) and 50 mM (p 

= 0.091). Pairwise comparisons also showed that the phenotypes observed at 150 mM NaCl were 

not statistically different from the phenotypes at 50 mM (p = 0.04). On the other hand, based on 
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the TCD data, the phenotypes resulting from 50 mM, 100 mM, and 150 mM NaCl treatments were 

all statistically different from the BG-11 medium control (all p-values < 0.001), but they were not 

different from one another (all p-values > 0.027).  Finally, Regression (Supplementary Appendix 

D) was applied between NaCl concentrations and the TCD and TPD mean values. A coefficient of 

determination (R2) of 0.64 and 0.51 were obtained for TPD and TCD, respectively.   

RametrixTM PRO was used to apply leave-one-out analysis to DAPC in Fig. 5.2B. Similar 

to the previous analysis, four classification options were included: 0 mM, 50 mM, 100 mM, and 

150 mM NaCl. Each of these conditions was selected as the positive condition to generate 

accuracy, sensitivity, and selectivity results. As mentioned previously, sensitivity and selectivity 

values should exceed those of the random chance values to confirm at least some function of the 

model in correctly identifying whether a Synechocystis culture was exposed to NaCl given only a 

Raman spectrum of cells. Highlighted results for a DAPC model built with 12 PCs (representing 

more than 99% of dataset variability) are given in Table 5.2. Results for additional DAPC models 

are given in Supplementary Appendix D. The best-performing model (Table 5.2) returned 

sensitivity and selectivity values that exceeded the random chance values. In addition, 0 mM 

classification showed the highest sensitivity and selectivity rates (100%). This suggests that NaCl-

induced phenotypes may occur below 50 mM and remain somewhat similar through 150 mM. The 

BG-11 control phenotypes were significantly distinguishable from the ones observed for the other 

three conditions, as shown in Fig. 5.2B.  
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Figure 5.2. RametrixTM LITE analysis of NaCl induced phenotypes. A. PCA, B. DAPC and C. 

Raman shifts contributions between groups in PCA. (Sodium chloride concentration in mM, 0 mM 

represents BG-11 medium). 

5.3.2.3. MgSO4-induced phenotypes 

Synechocystis cells growing under different levels of MgSO4 present in BG-11 medium 

were analyzed using Raman spectroscopy. PCA, DAPC and PCA contributions generated by the 

RametrixTM LITE Toolbox are presented in Fig. 5.3. Again, no clustering was observed with PCA 

of Raman spectra (Fig. 5.3A) in the first two PCs (representing over 75% of the dataset variance). 

Application of DAPC using 12 PCs (representative of more than 99% of the dataset variance) 

revealed four distinguishable clusters (Fig. 5.3B), based on the concentration of MgSO4 in BG-11 

medium. These clusters formed two separate groups representing cells grown under limiting 

concentrations of MgSO4 and BG-11 medium, confirming that limiting MgSO4 in the medium is 

linked with altering cellular phenotypes. Analysis of Raman shift contributions to the PCA and 
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DAPC groups was also performed. Full results are given in Supplementary Appendix D, and 

highlights are given in Table 5.1. DAPC contributions are also identified in Fig. D3.  

TSD, TCD and TPD values were calculated based on spectra, DAPC, and PCA results. 

These were analyzed further by ANOVA and pairwise comparisons. All results are available in 

the Supplementary Appendix D. In general, TCD and TPD increased with the decrease of MgSO4 

concentration, with the 15.6 mM classification mean values being closer to the reference when 

using the TPD means, compared to TCD mean values. Next, ANOVA and pairwise comparison 

tests were performed. It was found that differences between the groups (in both DAPC and PCA) 

are statistically significant (p < 0.001). Pairwise comparisons allowed the identification of 

significantly different phenotypes. With both TPD and TCD data, all phenotypes were different 

from those observed when cells were grown in the original BG-11 medium containing 62.5 mM 

MgSO4. These results confirm that even at 50% reduction in MgSO4 from the original BG-11 

medium gives rise to various phenotypes. Results also show that phenotypes associated with the 

reduced MgSO4 content (31 mM) are not significantly different from 0 mM (p = 0.096) and 

phenotypes with even more reduced content (15 mM) (p = 0.032), when using TPD data. Similar 

results were found when using TCD values. Regression analysis (Supplementary Appendix D) 

between MgSO4 concentrations and both TCD and TPD mean values was performed. Results show 

a good fit and linear relationship between the data for both cases with a coefficient of determination 

(R2) of 0.81 and 0.76 for TPD and TCD, respectively.  

For RametrixTM PRO leave-one-out analysis on the DAPC model (Fig. 5.3B), four 

classification options were included for the four tested concentrations of MgSO4. Each one of these 

conditions was treated as a positive condition to generate accuracy, sensitivity, and selectivity 

results. Again, results for several DAPC models are given in Supplementary Appendix D, and 
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results for the DAPC model generated with 12 PCs (the best performer) are given in Table 5.2. 

Results confirmed the BG-11 cluster (62.5 mM MgSO4) (100% sensitivity and selectivity) is 

significantly different from the other clusters. Again, all sensitivity and selectivity values exceeded 

random chance, meaning the DAPC model was capable of applying these classifications for an 

unknown Raman scan of Synechocystis with accuracy greater than random chance. 

 

Figure 5.3. RametrixTM LITE analysis of MgSO4 induced phenotypes. A. PCA, B. DAPC and C. 

Raman shifts contributions between groups in PCA. (Magnesium sulfate concentration in mM, 

62.5 mM represents BG-11 medium). 

5.3.2.4. Classification of all phenotypes 

All Raman scans performed in this study were compiled in a single dataset and included 

the growth conditions in the presence of the following environmental stimuli: (i) acetate, (ii) NaCl, 

(iii) MgSO4 and (iv) BG-11 medium (set as the control). Data analysis included the generation of 

PCA and DAPC models and validation with the leave-one-out analysis using RametrixTM LITE 
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and RametrixTM PRO Toolboxes, respectively. PCA results are given in Fig. 5.4A and show some 

clustering, based on the two first two PCs which covered over 59% of the dataset variance. A 

DAPC model was constructed based on 15 PCs (representing over 99% of the dataset variance) 

and indicates four distinct clusters based on the presence or absence of environmental stimuli in 

the BG-11 medium (Fig. 5.4B). These clusters could be the result of potential differences in the 

cellular phenotypes obtained with every growth condition. Most importantly, a major segregation 

was observed for cells grown under MgSO4, clearly separating from the other conditions. Raman 

shift contributions to PCA (Fig. 5.4C) and DAPC groups (Fig. D4) are listed in the Supplementary 

Appendix D.  

The analysis of TCD and TPD, using the BG-11 medium as a reference, allowed the 

classification of phenotypes. Both TCD and TPD mean values indicated the distance from the 

control (indicating more different phenotypes): (i) acetate-induced phenotypes, (ii) NaCl-induced 

phenotypes and (iii) MgSO4-induced phenotypes. It appears that MgSO4 limitation generated the 

most significant changes in the cellular phenotypic response (also shown in Fig. 5.4B). In addition, 

multi-way ANOVA indicated statistically significant differences between the groups representing 

each phenotype (p < 0.001). Using TPD data, pairwise comparisons indicated that all groups are 

significantly different from each other, only acetate (over all concentrations together) was not 

statistically different from BG-11 (p = 0.021). Based on TCD data (using 15 PCs), all phenotypes 

are significantly different (p < 0.001).   

Next, RametrixTM PRO was applied to determine if the phenotypes generated by the DAPC 

model could be predicted from Raman spectra (Supplementary Appendix D). Results are 

highlighted in Table 5.2. Again, all results exceeded the random chance values, indicating ability 
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by the DAPC model to identify environmental stimuli exposure with accuracy much better than 

random chance.  

 

Figure 5.4. RametrixTM LITE analysis of all phenotypes. A. PCA, B. DAPC and C. Raman shifts 

contributions between groups in PCA. 

5.3.3. Correlation of individual Raman bands with well-established analytical approaches 

 Another method of comparing phenotypes is analysis of Raman bands assigned to 

functional groups of biomolecules. These signals are then correlated with results from accepted 

analytical methods such as GC-FID and UPLC for fatty acids and amino acids, respectively. The 

analysis of individual Raman band intensities was conducted based on the sets of Raman bands 

identified in previous research (55–57) and all band assignment are available in Supplementary 

Appendix D (Table D13). 

 

 

https://www.zotero.org/google-docs/?Jcj1bM
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5.3.3.1. Acetate study 

Synechocystis has the ability to grow mixotrophically in the presence of glucose and acetate 

(58); however, its utilization as the sole carbon source is limited as it lacks major enzymes required 

for acetate uptake (59–61). Acetate could serve as a supplementary precursor for the synthesis of 

certain biomass building blocks such as amino acids (59,61) and lipids (59). The levels of amino 

acids (protein-derived and free amino acids) were determined by both Raman spectroscopy and 

UPLC analysis (Fig. D5). The general trend is an increase in amino acids levels for the three tested 

concentration of acetate (7.5 mM, 15 mM, 30 mM) compared to the control with an over-

production of amino acids at 15 mM acetate and comparable levels at 7.5 mM and 30 mM acetate.  

Raman assigned bands for the different amino acids (56,57) were correlated with the UPLC 

data (Fig. D6). Strong to very strong correlations were obtained for most amino acids with the 

correlation coefficients (R) varying between 0.61 and 0.97. Ala, Leu, Lys, Met, and Ser had 

moderate correlations with values of R ranging from 0.43 to 0.59. Since the acidic protein 

hydrolysis method used to release amino acid prevents from determining Cys and Trp levels (62–

64), these amino acids were predicted using Raman band assignment alone (Fig. D7). The same 

trend was observed where Cys and Trp levels achieved a higher expression at 15 mM of acetate.  

Similarly, fatty acid content was evaluated and then compared to Raman bands (57,65). 

Overall, there was an increase in fatty acid levels, mainly for C16:0, C18:2 and C18:3, where 15 

mM showed the highest values (Fig. D8). However, minor changes were observed for C16:1 and 

C18:1. Next, Raman signals corresponding those fatty acids were compared with GC-FID results 

(Fig. S9). Very strong correlations were observed for C16:0 (R = 0.92) and C18:2 (R = 0.82), 

https://www.zotero.org/google-docs/?l3otFH
https://www.zotero.org/google-docs/?T5w3n9
https://www.zotero.org/google-docs/?o3TK8G
https://www.zotero.org/google-docs/?n5BMT4
https://www.zotero.org/google-docs/?WLH8rY
https://www.zotero.org/google-docs/?vMzjlx
https://www.zotero.org/google-docs/?vMzjlx
https://www.zotero.org/google-docs/?J7PTMk
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strong correlations were found for C18:1 and C18:3 with the correlation coefficients of 0.67 and 

0.68, respectively. C16:1 had a moderate correlation between both data (R = 0.46).  

5.3.3.2. NaCl study 

 Cyanobacteria is known to be able to tolerate high salt concentrations (7). It has been shown 

previously that long-term salt stress induces accumulation of specific proteins (25,26,66,67) and 

alteration in fatty acids composition (68–71). Cells growing in different concentrations of NaCl 

were examined for their amino acid and fatty acid levels with UPLC and GC-FID, respectively. 

Raman signals corresponding to these biomolecules were used for comparison. Amino acid 

analysis revealed an increase in their levels proportionally to the amount of NaCl supplied to the 

media with a distinguishable over production of amino acids in the cells grown in the presence of 

150 mM NaCl (Fig. D10). Comparison with the associated Raman bands showed a very strong 

correlation between the UPLC and Raman microscopy data (Fig. D11), where correlation values 

were comprised between 0.7-0.99 and a strong correlation obtained with Val (R = 0.64). As stated 

previously, Cys and Trp are only predicted using Raman spectroscopy since they degrade during 

acidic hydrolysis (62–64). Again, Raman assignments were able to resolve the patterns of these 

two amino acids showing an increase of their levels mainly at 150 mM of acetate (Fig. D12). 

 Finally,GC-FID analysis of the levels of free and lipid-derived fatty acids (Fig. D13) 

revealed an increase in the levels of C16:0, C18:2, and C18:3 in cells subjected to 50 mM of NaCl. 

In addition, no changes were observed for C16:1 and C18:1 levels. These results were compared 

with specific Raman bands assigned to each fatty acid (Fig. D14). With the exception of C18:2, 

very strong correlations (0.7 < R < 0.95) were obtained. A weak correlation was observed for the 

https://www.zotero.org/google-docs/?VnwrEJ
https://www.zotero.org/google-docs/?NplZZE
https://www.zotero.org/google-docs/?e0FTBU
https://www.zotero.org/google-docs/?iXFwQh
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C18:2 between the Raman and GC-FID data (R = 0.28), which improved to 0.7 when the control 

(0 mM NaCl) was removed.  

5.3.3.3. MgSO4 study 

The correlation of the individual Raman bands with their associated biomolecules could 

not be achieved for this study. MgSO4 is the major source of both elements in the BG-11 medium 

and sufficient amounts of the biomass could not be obtained for cells deprived of this salt, which 

prevented UPLC and GC-FID analyses. Magnesium is an important cofactor for activities of many 

enzymes, while sulfur represents one of the major macronutrients (0.6% of the biomass DW) 

(72,73) as it is incorporated in proteins, lipids, and other vital compounds. In addition, sulfur is 

needed for the thioredoxin-mediated regulation of involved in photosynthesis and respiratory 

activities (24,74). Therefore, obtained biomass after growth in limiting MgSO4, which is the major 

source of both Mg and S in the BG-11 medium, was very little even at high volume of BG-11 and 

prevented the analysis with UPLC or GC-FID.  

5.4. Discussion 

 Newly developed methods of analysis by Raman spectroscopy using RametrixTM enabled 

the assessment of phenotypic variations among Synechocystis cells growing in the presence of 

external substrates or stressors (i.e. acetate, NaCl, and MgSO4). Two different approaches of 

analysis were undertaken: (i) overall metabolic phenotype changes using RametrixTM chemometric 

methods and (ii) correlation of specific Raman bands with their corresponding biomolecules and 

comparisons with data obtained by well-established analytical methods (i.e. UPLC and GC-FID).  

https://www.zotero.org/google-docs/?2fSbN3
https://www.zotero.org/google-docs/?bBAUtD
https://www.zotero.org/google-docs/?bBAUtD
https://www.zotero.org/google-docs/?bBAUtD
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Synechocystis can grow in the presence of acetate in heterotrophic conditions (58). 

However, this microorganism cannot utilize acetate efficiently as it does not express necessary 

transporters (59–61). Phenotype changes due to different concentrations of acetate were observed 

through RametrixTM LITE clustering of Raman spectral data and validated through statistical 

analyses (ANOVA and pairwise comparisons). RametrixTM PRO displayed higher values of 

sensitivity and selectivity (100% and 89%, respectively) over random chance values, supporting 

that our model can predict effectively the level of acetate in the culture media. Previous studies 

revealed that acetate is used for the biosynthesis of amino acids (59,61) and lipids (59) which is in 

agreement with our results (both with Raman spectroscopy and standard analytical methods). An 

over-accumulation of amino acids and fatty acids was observed mainly for acetate concentration 

of 15 mM. However, addition of 30 mM acetate into the BG-11 medium did not have a stronger 

effect compared to the 15 mM acetate. It is obvious that the amount of acetate supplied is limited 

by diffusion through the cell membrane (59–61) and that 15 mM might be the maximum 

concentration that could induce changes in the levels of the tested biomolecules. This result does 

not exclude the changes in the phenotypic responses observed with the clustering in RametrixTM 

LITE and suggest that other changes might happen at 30 mM acetate. According to DAPC 

contributions, these changes include altered polysaccharide composition, and the levels and types 

of nucleotides and carotenoids.  

NaCl-induced phenotypes were clearly different among the cells grown in the presence of 

different concentrations of this salt. ANOVA confirmed these results and pairwise comparisons 

revealed which phenotypes are significantly different from each other. In addition, RametrixTM 

PRO was able to predict with accuracy, sensitivity (100%) and selectivity (100%) greater than 

random chance the concentration of NaCl in an unknown Raman spectrum of Synechocystis cells. 

https://www.zotero.org/google-docs/?JZ3W5A
https://www.zotero.org/google-docs/?RPiHoY
https://www.zotero.org/google-docs/?xXWbLh
https://www.zotero.org/google-docs/?S2lCSS
https://www.zotero.org/google-docs/?UhZglk
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Data from both Raman and the chromatography-based methods showed strong correlations and 

were in an agreement with previously published data. In fact, salt stress triggers specific cellular 

responses including synthesis of stress related proteins (25,26,66,67) and alterations in fatty acid 

composition (68–71). In particular, 150 mM NaCl induces an over-production of amino acids 

(exceeding a 15-fold increase compared to the control) and significant changes in fatty acid 

composition.    

Clustering of Raman spectral data via RametrixTM LITE allowed the differentiation of 

metabolic phenotypes among Synechocystis cells in the presence of MgSO4 limiting 

concentrations. These results were validated by ANOVA and pairwise comparison. In addition, 

the DAPC model could predict the MgSO4 levels in the culture media with 100% selectivity and 

sensitivity. The importance of Raman spectroscopy is well-demonstrated also, as it provided 

valuable information with a limited biomass sample and without upstream preparation when the 

traditional analytical approaches could not be implemented. In addition, Raman shift contributions 

to the PCA and DAPC allowed the identification of specific biomolecules that contributed to the 

phenotypic changes observed with RametrixTM LITE. These biomolecules included carotenoids, 

amino acids, lipids, phospholipids, and saccharides. Specific responses observed in photosynthetic 

organisms during acclimation to Mg and S deprivation include glycogen accumulation (72), 

changes in amino acids composition (74) as well as lipids (75) and degradation of the 

photosynthetic system (i.e. chlorophyll a, PBS and carotenoids) (76–78). Interestingly, most of 

these biomolecules were identified with Raman shift contributions, suggesting that our findings 

are in an agreement with previously established results. 

 In conclusion, Raman spectroscopy enabled the identification of phenotypic changes in 

cells growing in the presence of different concentrations of external stressor or nutrient. In general, 

https://www.zotero.org/google-docs/?dRMNXl
https://www.zotero.org/google-docs/?kACrPo
https://www.zotero.org/google-docs/?wBTxyO
https://www.zotero.org/google-docs/?SV0L7Z
https://www.zotero.org/google-docs/?pe3ZOw
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a strong correlation was observed between Raman band intensities and measurements obtained 

with well-established analytical methods. Most importantly, Raman spectroscopy enabled the 

identification of the major biomolecules contributing to the phenotypic changes in samples with 

limited biomass, demonstrating its usefulness. 

Table 5.1. Highlighted Raman shift contributions to PCA and DAPC models. 

Study Model Biomolecules and Raman bands (cm-1) 

Acetate-

induced 

PCA Glycerol (630 cm-1), amino acid (573 cm-1) protein (1156 cm-1), and 

carotenoids (1156, 1518 cm-1) 

Acetate-

induced 

DAPC Proteins (524, 618, 1005, 1155 cm-1), carotenoids (1155, 1528 cm-1), 

amino acids (532, 638, 715, 920, 988, 1005, 1196 1327, 1495, 1550, 1558, 

1615 cm-1), phosphatidylinositol (415 cm-1), polysaccharides (477 cm-1), 

DNA/RNA (746, 1510 cm-1), and lipids (1086 cm-1) 

NaCl-

induced 

PCA Glycerol (630 cm-1); proteins, amides and lipids (1260 cm-1); carotenoids 

and β-carotene (1157, 1520 cm-1); and amino acids (515, 573, 669, 684, 

1188 cm-1) 

NaCl-

induced 

DAPC Sterols (430 cm-1), phosphatidylinositol (594 cm-1), DNA/RNA (746 cm-

1), DNA (1090, 1329 cm-1), amino acids (730, 854, 1040, 1495 cm-1), 

carotenoids and β-carotene (1157, 1517 cm-1), nucleic acids (650, 1200, 

1329 cm-1), and lipids (1255 cm-1) 

MgSO4-

induced 

PCA Sterols (429 cm-1), glycerol (630 cm-1), carotenoids and carotene (1157, 

1520 cm-1), amino acids (573, 684, 1188 cm-1), lipids (1380 cm-1), and 

phospholipids (1330 cm-1) 

MgSO4-

induced 

DAPC Carotenoids and carotene (1157, 1520 cm-1) and amino acids (850, 992 cm-

1) in addition to phosphatidylinositol (412 cm-1) and saccharides (850, 868, 

1456 cm-1) 

 

 

 



 

122 
 

Table 5.2. Highlighted RametrixTM PRO results. 

 

Study Classification 

Predicted 

Sensitivity Selectivity 

All Studies Random chance** 25% 75% 

Acetate-induced 0 mM 100% 89% 

Acetate-induced 7.5 mM 67% 81% 

Acetate-induced 15 mM 56% 100% 

Acetate-induced 30 mM 56% 96% 

NaCl-induced 0 mM 100% 100% 

NaCl-induced 50 mM 33% 96% 

NaCl-induced 100 mM 44% 100% 

NaCl-induced 150 mM 44% 89% 

MgSO4-induced 62.5 mM 100% 100% 

MgSO4-induced 31.2 mM 89% 96% 

MgSO4-induced 15.6 mM 100% 89% 

MgSO4-induced 0 mM 56% 78% 

All phenotypes BG-11 control 100% 100% 

All phenotypes Acetate-induced 56% 100% 

All phenotypes NaCl-induced 71% 95% 

All phenotypes MgSO4-induced 93% 100% 

 

* All DAPC models were built with 12 PCs representing 99% of the dataset variance. 

** The random chance sensitivity and selectivity values were calculated statistically, not by 

RametrixTM PRO. They were the same for all studies here. 
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Screening metagenomic DNA libraries for enzymes able to detoxify 

deoxynivalenol  

 

 

Abstract 

 Enzymatic inactivation of fungal toxins is an attractive strategy for the detoxification of 

crops and their food derivatives. The trichothecene mycotoxin deoxynivalenol (DON) represents 

one of the common contaminant of grain. DON-degrading bacteria and fungi are likely to be found 

in metagenomic environments in contact with this mycotoxin.  In this study, we used metagenomic 

DNA library preparation and enrichment for the selection of cells capable of enzymatic 

degradation of DON. Different library fragments were cultured in the presence of DON as the 

unique carbon source and in the presence of ferulic acid, an efflux pump inhibitor. Five cultures 

showed capabilities to reduce DON concentrations by up to 30% in cultures. However, these 

strains failed to out-perform the DON-sensitive control culture with no DNA library. On the other 

hand, with the control culture also showing 30% DON degradation, it is possible that DON 

degradation mechanism(s) have evolved in DON-sensitive control culture after several rounds of 

sub-culturing in the presence of DON. 
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6.1. Introduction 

Mycotoxins are highly toxic secondary metabolites produced by fungi and compromises 

the health of human and animals (1–3). The trichothecenes are a major class of mycotoxins and 

comprise over 180 structurally related toxic compounds (3). These mycotoxins bind to eukaryotic 

ribosomes and prevent protein and polypeptide synthesis (1,3–6). The trichothecene mycotoxin 

deoxynivalenol (DON) is produced by the fungus Fusarium graminearum in cereal crops in the 

field or during storage (1–3,7). Exposure to low doses of DON causes diarrhea, vomiting, and 

gastroenteritis (1,3), and higher doses result in severe health issues such as immune system 

dysregulation (1,2,8) and reproductive and teratogenic disorders (1,2,7,9,10). One of the most 

important physicochemical properties of DON is its heat-stability (2,11), which contributes to the 

risk of its occurrence in food. Therefore, degradation of DON, by either chemical, physical, or 

biological means (12–14) is of great importance.  

A large number of mycotoxin-degrading microorganisms are found in rumen fluids (15–

17). Soil is also a promising source of DON-degrading bacteria and fungi. Previous studies focused 

on the isolation of these organisms from metagenomic environmental samples (18–23). In general, 

biological degradation of DON includes enzymatic degradation or transformation to a less toxic 

products (12,24–27).  

A genomic DNA library is a collection of DNA fragments representing nearly the entire 

genome of the organism(s) from which the DNA was extracted. These fragments are then 

transformed into expression vectors (28,29). DNA library enrichment is a combinatorial approach 

that involves exposing the culture to a selective pressure and screening for the targeted trait 

(19,28). The DNA fragment(s) conferring that trait are then enriched in the culture. In the current 
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study, metagenomic DNA libraries isolated from natural soil environments and plants (18) were 

transformed into a DON sensitive yeast strain (18) are and enriched in the presence of toxic levels 

of DON. In particular, these strains were incubated in the presence of 100 µg/mL DON as the sole 

carbon source and different concentrations of ferulic acid. Here, ferulic acid is used to prevent the 

enrichment of efflux pumps (30), which was seen previously, since those membrane proteins are 

responsible for exporting trichothecenes and not their detoxification (26,31). In this case, DNA 

library fragments that confer higher growth rates and DON detoxification will ultimately dominate 

the culture to where a DON-detoxifying enzyme can be identified and isolated for overexpression 

in pure cultures.  

6.2. Material and Methods 

6.2.1. Strain and culture media 

Wild-type Saccharomyces cerevisiae strains RW2802 (PDR5 leu2 ura3-52 met5) and 

JG436 (pdr5::Tn5 leu2 ura3-35 met5) were used to generate the DON sensitive strain (18). Genes 

encoding for transporters under stress conditions PDR5 and PDR10 or PDR10 and 

acetyltransferase (AYTI) were knocked out (Table 6.1). 

The DON sensitive strain containing a metagenomic DNA library was grown for 

enrichment on synthetic drop-out medium without uracil (SD-U) containing all standard amino 

acids (76 mg/liter final) plus leucine (380 mg/liter final) and lacked uracil (Sigma, St. Louis, MO). 

Yeast extract-peptone-dextrose (YPD) medium (1% yeast extract, 2% peptone, and 2% glucose) 

was used to grow S. cerevisiae before the enrichment. 
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6.2.2.  Microbial DNA library fragments 

 Microbial DNA library fragments were generated from one pure culture of bacteria 

(Achromobacter), and three mixed cultures obtained from plant and soil environmental samples 

(18). DOP-PCR (28) was used to construct the metagenomic DNA library from DNA extracted 

from soil microbes. Next, the library DNA was cloned into pYesDEST-52 using the Invitrogen 

Gateway LR Clonase kit (Thermo Fisher Scientific, Waltham, MA) and then transformed into both 

DON sensitive yeast strains.    

6.2.3. Enrichment and isolation  

For culture enrichment, samples of the different genomic library (yeast strain transformed 

with different DNA fragments) were suspended in YPD media and grown for 2 days at 28℃. 

Aliquots of the cultures (200 µL) were used to inoculate 2 mL of SD-U media and were incubated 

at 28℃ for two days. Assays were then prepared in a 96-well plate. 50 µL of the culture was used 

to inoculate a 200 µL SD-U media supplemented with 100 µg/mL DON and ferulic acid at the 

following concentration: 0.5 mM and 1.5 mM. A control without ferulic acid was also included. 

The cultures were incubated at 28℃ and 140 rpm for 3 days. Afterward, 50 µL of the culture was 

subcultured into a freshly prepared 200 µL SD-U media supplemented with 100 µg/mL DON and 

the different concentration of ferulic acid.  

6.2.4. Determination of DON level with GC/MS 

An aliquot of the resulting cultures (50 µL) was used to screen for DON degradation with 

GC/MS following standard protocols (32). Each sample was dried under a nitrogen flow at 55℃ 

and then derivatized at room temperature with 99 µL of N-trimethylsilylimidazole (TMSI) and 1 
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µL of trimethylchlorosilane (TMCS) for 20 min. Then, 500 µL of isooctane containing 0.5 µg/g 

mirex were added to the samples and vortexed. Finally, 500 µL of water was added to quench the 

reaction and a volume of 150 µL was used for analysis. An Agilent 6890/5975 system was used 

for GC/MS analysis operating in selected ion monitoring (SIM) mode.  

6.3. Results 

 An initial screening of nine DNA libraries was performed using DON (100 µg/mL) as the 

sole carbon source and in the presence of 0.5 mM and 1 mM of ferulic acid, respectively. The 

DON sensitive strain transformed with the empty vector pYesDEST52 (Table 6.1) was used as the 

negative control. Five cultures, which sustained growth, were identified where DON relative 

concentration (compared to the empty vector) decreased up to 30% in presence of 0.5 and 1.5 mM 

ferulic acid (Fig. 6.1AB). About 40% decrease in DON concentration was observed in the absence 

of ferulic acid (Fig. 6.1C). These five cultures were subjected to more subculturing. Results 

indicated that there is no additional degradation of DON compared to the control. However, as 

shown in Fig. 6.2, about a 30% decrease in DON was observed for the DON-sensitive control 

culture. This suggests that this strain may have evolved a natural mechanism(s) for degrading 

DON. Known DON degradation products have not been detected by GC/MS analysis.  

6.4. Discussion 

 Enzymes responsible for the detoxification of DON may be used for the development of 

inactivation procedures at agricultural level, animal feeds and food production (12). In this study, 

we were able to isolate five culture that reduced concentration of DON by about 30%, when grown 

on DON as their sole carbon source and in the presence of efflux pump inhibitor ferulic acid. These 

cultures provide a first step toward the identification of an enzyme able of the detoxification of 

https://www.zotero.org/google-docs/?mROdw5
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DON. Even though further enrichment of these cultures did not yield lower levels of this 

mycotoxin, the DON-sensitive yeast strain control showed decreased concentrations of DON. We 

hypothesize that the DON-sensitive strain is acquiring DON-degradation capabilities after several 

rounds of sub-culturing in the presence of DON. This should be investigated further by additional 

sub-culturing and possibly through the addition of chemical mutagens to increase the culture 

evolution rate. This observed inconsistency might also be due to the storage of the enriched 

libraries in glycerol at -80℃, which could affect their ability to modify DON. In addition, after the 

long-term storage, cells are usually revived in YPD and SD-U without DON, which might allow 

for the growth of all the organisms in the mixed culture.   

6.5. Future development 

 In addition to the subculturing mentioned above, the adjustment of the enrichment 

technique in this study is required in order to maintain the acquired ability of cells to degrade 

DON. It is suggested to do more round of subculturing (19) in order to isolate a strain capable of 

detoxifying DON. The next step should be the identification by sequencing of the gene responsible 

of DON disappearance and its mechanism. Another alternative is the use of cell-free-system (12) 

alongside with the genomic DNA library to identify enzymes capable of degrading DON. In fact, 

based on preliminary studies, where Saccharomyces cerevisiae cellular membrane was disrupted 

by sonication, the crude extract sustained the production of two reporter fluorescent proteins (GFP 

and mCherry) for about 96 h (Fig. 6.3 AB). This represents a promising result toward the use of 

this technique in future work.  
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Table 6.1. Saccharomyces cerevisiae strains description 

 

Strain  Culture 

ID 

Description Reference 

RW2802 NA Parent strain to DON sensitive yeast strain 5 

(DSY5) 

invitrogen 

JG436 NA Parent strain to DON sensitive yeast strain 8 

(DSY8) 

invitrogen 

DSY5 NA DON sensitive yeast strain 5 - has two efflux 

pumps knocked out, PDR5 and PDR10 

(18) 

DSY8 NA DON sensitive yeast strain 8 - has one efflux 

pump knocked out, PDR10 and an 

acetyltransferase gene knocked out, AYT1 

(18) 

pYesDEST52 NA DON sensitive yeast strain transformed with 

Empty vector pYesDEST52 

(18) 

S3B YG5 5 PYO mixed 

culture 1 

pYesDEST vector without the TEF1 (18) 

S3B YG3 5 

PYW 

mixed 

culture 1 

 pYesDEST vector containing the TEF1 promoter (18) 

S3B YG5 5 

PYW 

mixed 

culture 1 

 pYesDEST vector containing the TEF1 promoter (18) 

S3I YG5 5 PYO mixed 

culture 3 

pYesDEST vector without the TEF1 (18) 

S3I YG5 5 PYW mixed 

culture 3 

pYesDEST vector containing the TEF1 promoter (18) 

S3H YBAC YG5 

PYO 

pure 

culture 1  

pYesDEST vector without the TEF1 (18) 

S3H YBAC YG5 

5 PYW 

mixed 

culture 2 

pYesDEST vector containing the TEF1 promoter (18) 

S3H YG5 5 

PYW 

mixed 

culture 2 

pYesDEST vector containing the TEF1 promoter (18) 

S3H YG3 5 PYO mixed 

culture 2 

pYesDEST vector without the TEF1 (18) 
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Figure 6.1. DON modification by metagenomic DNA library in Saccharomyces cerevisiae. (A) 

Percent change in the presence of 0 mM ferulic acid, (B), Percent change in the presence of 0.5 

mM ferulic acid and (C) Percent change in the presence of 1.5 mM ferulic acid. Results are 

averages of two biological replicates.  
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Figure 6.2. DON modification by enriched metagenomics library. (A) Percent change in the 

presence of 0 mM ferulic acid, (B), Percent change in the presence of 0.5 mM ferulic acid and (C) 

Percent change in the presence of 1.5 mM ferulic acid. Results are averages of three biological 

replicates. 

 

Figure 6.3. Expression of fluorescent proteins in Saccharomyces cerevisiae cell-free-system. (A) 

mCherry fluorescence level, (B) EGFP fluorescence level. Results are averages of 12 biological 

replicates. 
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Chapter 7: Conclusions 

 

 Metabolic engineering of microbes for the production of high value biochemicals and 

biofuels needs new tools for (i) genetic engineering, (ii) synthetic or metabolic pathways “fine-

tuning”, (iii) analytical methods that can be applied in near real-time, and (iv) techniques for the 

isolation of microbial strains with desired features. In this study, λ-PCR, a novel method for 

plasmid DNA construction was developed (Chapter 2). λ-PCR is a time- and resource-saving open-

source method for DNA manipulation. This technique allows different types of genetic 

manipulations including DNA insertion, deletion, substitution and point mutation for nearly any 

location in a DNA vector. High DNA assembly and cloning efficiencies have been achieved for a 

fraction of cost and time associated with conventional methods and commercial kits.  

In the next study, novel synthetic small RNAs (sRNAs) with antisense binding regions 

were developed. The technology was of interest as it offers protein synthesis modulations, 

applicable to synthetic biology and metabolic engineering. A new synthetic scaffold was designed 

to support 20 bp antisense sequences that bind specific mRNAs regions (Chapter 3). This sRNA 

was part of an inducible synthetic-circuit expressed in cell-free-system to assess the different 

sRNA fragments of a fluorescent reporter protein.  Downregulation of the fluorescence level was 

observed either by changing the target region or incubation time. Interestingly, we were able to 

characterize a synthetic sRNA that can increase target protein expression. This mechanism can be 

used in cell-free protein synthesis reactions to improve yields.   

Analysis of phenotypic response of the cyanobacterium Synechocystis was performed 

using Raman spectroscopy (Chapters 4 and 5). Two methods were explored: (i) broad phenotype 
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changes to environmental conditions using chemometric methods and (ii) the correlation of 

individual Raman bands with their corresponding biomolecules with validation by accepted 

analytical methods. RametrixTM Toolboxes enabled the characterization of changes in metabolic 

phenotypes as a response to changes in growth conditions. Clear distinctions were observed 

between cells growing in different environments. These results were validated through RametrixTM 

with high accuracy, sensitivity, and selectivity. In addition, ANOVA and pairwise comparison 

confirmed our findings and determined which clusterings are statistically relevant. Finally, Raman 

data were correlated with standardized analytical methods (UPLC, GC-FID and spectrometric 

analysis), which showed strong correlation. 

Finally, detoxification of the mycotoxin deoxynivalenol (DON) was investigated. For this, 

metagenomic DNA library fragments from microorganisms were enriched in a DON sensitive 

yeast strain (Saccharomyces cerevisiae) for the isolation of an enzyme(s) capable of DON 

degradation or modification. Although the enrichment for an enzymatic activity was not fully 

achieved, our results showed optimistic future possibilities in this regard. Low level of DON were 

observed after rounds of sub-culturing even for the sensitive strain, suggesting a possible 

acquisition of resistance or degradation mechanism(s). The path forward for this research is (i) 

increase of enrichment cycles, (ii) characterization and purification of detoxification enzymes. 

Cloning of these genes is easily achieved through λ-PCR and overexpression is accomplished via 

our asRNA system expressed in vitro. Detoxification enzymes can be cloned and expressed in 

crops to confer resistance to DON contamination.  
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Supplementary Appendix A: λ-PCR for precise DNA assembly and modification 

 

Table A. 1. Plasmids used and constructed in this study. 

Plasmid Description Origin 

pUC19 ColE1 ori, Ampr, Plac 

promoter  

New England Biolabs 

pET-GFP pBR322 ori, Ampr, T7 

promoter 

Contributed by collaborator 

pAmCyan pUC ori, Ampr, Plac 

promoter, amcyan bp 289 -

978 

Takara Bio USA 

pACYC177 p15A ori, Ampr and Kanr Life Technologies 

pBAD-B pBR322 ori, Ampr, PBAD 

promoter, His-Tag coding 

sequence 331-348 

ThermoFisher Scientific 

pET-28a  pBR322 ori, Kanr, T7 

promoter, His-Tag coding 

sequence 270-287 

Invitrogen 

pET-HBcAg pET-28a with Hepatitis B 

Core Antigen (HBcAg) 

Virus Like Particle (VLP) 

gene in the MCS 

corresponding to the NheI 

and HindIII restriction 

enzyme cut sites 

This study 

pUC19-lacZ𝛼-GFP pUC19 backbone, gfp bp 

2610-3329 

This study 

pUC19-lacZ𝛼-GFP-

AmCyan 

pUC19 backbone, gfp-cfp bp 

2683-4109 

This study 

pUC19-GFP pUC19 backbone, gfp bp 45-

764 

This study 
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pUC19-psba2 pUC19 backbone, 

constructed by substitution 

of lacZ𝛼 gene by psba2 gene 

This study 

pUC19-psba2-kan pUC19 backbone, 

constructed by insertion of 

kanamycin resistance gene 

in the middle of psba2 gene 

This study 

pBAD-B-MCLA pBAD-B harboring mcla 

gene downstream of PBAD 

promoter  

This study 

pBAD-MCRT pBAD-B harboring mcrt 

gene downstream of PBAD 

promoter  

This study 

pET-HBcAgEps pET-28a with HBcAg 

inserted into the MCS of the 

plasmid, with the addition of 

the gene for foreign epitopes 

of another virus inserted into 

the MIR 

This study 
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Table A. 2. Primers used in λ-PCR case studies. 

Primer Sequence (5’ → 3’) Primer Name Description 

TAATAATGGTTTCTTAGACG_AGG

AGGAACAGCT_ATGGTGAGCAAG

GGCGA 

Om_GFP_F Case Study 1; Insertion of gfp 

into pUC19; Forward primer 

ACATTTCCCCGAAAAGT_TTACTT

GTACAGCTCGTCCATGC 

Om_GFP_R Case Study 1: Insertion of gfp 

into pUC19; Reverse primer 

AACTTGTTTGAAAGAGCCAT_AGC

TGTTCCTCCTTTTT_TTACTTGTAC

AGCTCGTCCATGC 

Om_GFP_CFP_R  Case Study 1; Insertion of gfp 

and amcyan into pUC19; 

Reverse primer 1 

ACATTTCCCCGAAAAGT_TCAGAA

AGGGACAACAGAG 

Om_CFP_R Case Study 1; Insertion of gfp 

and amcyan into pUC19; 

Reverse primer 2 

TTCACACAGGAAACAGCT_ATGG

TGAGCAAGGGCGA 

Om_Sub_GFP_F Case Study 1; Substitution of 

lacZ𝛼 with gfp in pUC19; 

Forward primer 

AACCTCTGACACATGCAG_TTACT

TGTACAGCTCGTCCATGC 

Om_Sub_GFP_R  Case Study 1; Substitution of 

lacZ𝛼 with gfp in pUC19; 

Reverse primer 

TTGTAAAACGACGGCCAGTG_AT

GACAACGACTCTCCAACAG 

PSBA2_Om_Fw Case Study 2; Substitution of 

lacZ𝛼 with psbas2 in pUC19; 

Forward primer 

GCTATGACCATGATTACGCCA_TT

AACCGTTGACAGCAGGAGCGGTC 

PSBA2_Om_Rev Case Study 2; Substitution of 

lacZ𝛼 with psba2 in pUC19; 

Reverse primer 

CTACCGCTTAGGTATGCGTC_TTC

AACAAAGCCACGTTG 

KanR_Om_Fw Case Study 2; Insertion of kanr 

in the middle of psbas2 in 

pUC19; Forward primer 

AGTTCTGGGATTCAACTTCGG_CC

AAATTTGATTCCTTTCAGCTTTGC

TTCCT 

KanR_Om_Rev Case Study 2; Insertion of kanr 

in the middle of psbas2 in 

pUC19; Reverse primer 

AACCCCTATTTGTTTATTTTTCTA

AATAC 

p19-𝜆-R Case Study 2; Reverse primer 
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GTATGTTGTGTGGAATTGT Check_F Case Study 1 and 2; Forward 

Check primer 

GTCACAGCTTGTCTGTAAG Check_R Case Study 1 and 2; Reverse 

Check primer 

CGCAAGCTAGCTCACAAC Lambda1_mcla_F Case Study 3; Insertion of 

mcla into pBAD24; Forward 

primer 

CAGGCGTATGGTCTGTGA_GCAG

CTGGTACCATATGGG 

Lambda1_mcla_R Case Study 3: Insertion of 

mcla into pBAD24; Reverse 

primer 

GATCCGAGCTCGAGATCT Lambda2_mcla_R Case Study 3: Insertion of 

mcla into pBAD24; Reverse 

primer 

CGCCGTACCTTAAAA Lambda1_mcrt_F Case Study 3; Insertion of 

mcrt into pBAD24; Forward 

primer 

AAAAAGGTTACATTGAAAAATAA

_GCAGCTGGTACCATATGGGAATT

CGAAGCTT 

Lambda1_mcrt_R Case Study 3: Insertion of 

mcrt into pBAD24; Reverse 

primer 

CGATGACGATAAGGATCCGAGCT

CGAGATCT 

Lambda2_mcrt_R Case Study 3: Insertion of 

mcrt into pBAD24; Reverse 

primer 

ACTTCTCGTGACCTGGTTG HBcAgMIR_F Case Study 3: Insertion of 

HBcAg into pET28a; Forward 

primer 

GTCTTCCAGGTTACCACC HBcAgMIR_R Case Study 3: Insertion of 

HBcAg into pET28a; Reverse 

primer 

*Different chimeric sections of the primer are separated by underscore symbol(s). 

*The red section of the primer anneals to the pUC19 plasmid. 

*The green section of the primer anneals to the pBAD24 plasmid. 

*The yellow section of the primer anneals to the psb2 gene. 
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CASE STUDY 1: Fluorescent reporter gene insertions into pUC19 

 

Figure A. 1. Plasmid constructions using the gfp and amcyan genes to validate the λ-PCR method. 

pUC19 was used as the backbone in all plasmid constructions.  

(top – single insertion experiment) The gfp gene inserted downstream of the lacZ𝛼 gene.  

(middle – substitution experiment) Replacing the lacZ𝛼 gene by the gfp gene.  

(bottom – double insertion experiment) The gfp and amcyan genes were inserted simultaneously 

downstream of the lacZ𝛼 gene. 

 

Gene map: 

colE1: Blue 

ampR: Red-orange 

lacZ𝛼: Yellow (short) 

gfp: Yellow (long) 

amcyan: Light orange 
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Figure A. 2. Validation of fluorescent reporter genes insertion into pUC19.  

(A) PCR amplification of the gfp gene (720 bp) (lanes 1-3), λ-exonuclease digestion of the gfp 

PCR products (lanes 4-6), 1 kb DNA marker (lane M); 

(B) Asymmetric PCR of the gfp gene (lanes 1-3), S1 nuclease digestion of asymmetric PCR 

products (lanes 4-6). 1 kb DNA marker (lane M); 

(C) PCR amplification of pUC19 with the ssDNA megaprimer generated through complete λ-

exonuclease digestion (lanes 1-3), and generated with asymmetric PCR (lanes 4-6). 1 kb DNA 

marker (lane M). 

 

In all gels, lanes 1 and 4 were used in single gfp insertion experiment; lanes 2 and 5 were used in 

the double gfp-amcyan insertion experiment, and lanes 3 and 6 were used in the gfp for lacZ𝛼 

substitution experiment. 
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Figure A. 3. Additional asymmetric PCR results.  

Lane M: 1 Kb DNA ladder,  

Lanes 1-3: before S1 nuclease digestion; 

Lanes 4-6: after S1 nuclease digestion; 

Lanes 1 and 4: gfp insertion; 

Lanes 2 and 5: gfp-cfp simultaneous insertion; 

Lanes 3 and 6: gfp substitution. 
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CASE STUDY 2: Plasmid construction for Synechocystis PCC 6803 gene knockout 

Step 1. Amplification and insertion of psba2 

 

Figure A. 4. Plasmid construction to insert the psba2 gene (step 1).  

(A) Schematic of the pUC19-psba2 construction by λ-PCR.  

(B) λ-Exonuclease partial digestion of psba2 gene (1083 bp) (lanes 1-3). 1 kb DNA marker (lane 

M), the PCR-amplified and undigested psba2 gene (lanes 2 and 4), after 15 min of λ-

exonuclease digestion (lane 2), after 30 min of λ-exonuclease digestion (lane 3), PCR 

amplification of pUC19 with the dsDNA megaprimer after 15 min of λ-exonuclease digestion 

(lane 5), and PCR amplification of pUC19 with the dsDNA megaprimer after 30 min of λ-

exonuclease digestion (lane 6).  

(C) Colony PCR following pUC19-psba2 plasmid transformation. 1 kb DNA marker (lane M), 

pUC19-psba2 constructed with dsDNA megaprimer after 15 min of λ-exonuclease digestion 

(lanes 1-4). pUC19-psba2 constructed with dsDNA megaprimer after 30 min of λ-exonuclease 

digestion (lanes 5-7).   

(D) Sequencing results to confirm insertion of psba2 in the pUC19 plasmid (when using the 

dsDNA megaprimer after 30 min of λ-exonuclease digestion). (1) and (2) sequencing with the 

forward primer, (3) and (4) results of sequencing with reverse primer.  
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Gene map: 

colE1: Blue 

ampR: Red-orange 

lacZ𝛼: Yellow (short) 

psba2: Orange 

 

 

Step 2. Insertion of the kanamycin resistance gene 

 

Figure A. 5. Plasmid construction to insert the kanamycin resistance gene into the psba2 gene.  

(A) Schematic of the pUC19-psba2-kanr construction by λ-PCR.  

(B) PCR amplification of the kanamycin resistance gene (lane 1), λ-exonuclease digestion of the 

kanamycin resistance gene (lane 2).  

(C) PCR amplification of the pUC19-psba2-kanr plasmid.  

(D) Colony PCR of the pUC19-psba2-kanr transformation (lanes 1-4). 1 kb DNA marker (lane M). 

(E) Sequencing results to confirm insertion of the kanamycin resistance gene into the pUC19-

psba2 plasmid. (1) and (2) sequencing with the forward primer, (3) and (4) results of sequencing 

with reverse primer.  
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Gene map: 

colE1: Blue 

ampR: Red-orange 

kanR: Red-orange 

psba2 homology regions: Purple 

 

CASE STUDY 3: Cloning heterologous genes for enzyme engineering 

 
Figure A. 6. Mcla gene cloning in pBAD-A by λ-PCR v3.  

(A) pBAD-mcla amplification with the mcla ssDNA megaprimer and the reverse primer (lane 1);  

(B) Colony PCR of pBAD-mcla. Negative colonies (lanes 1, 3 and 4) and positive colonies (lanes 

2 and 5). 1 kb gene marker (lane M).  

 

 

Figure A. 7. Mcrt gene cloning in pBAD-A by λ-PCR v3.  

(A) pBAD-mcrt amplification with the mcrt ssDNA megaprimer and the reverse primer (lanes 1 

and 2);  

(B) Colony PCR of pBAD-mcrt. Negative colonies (lanes 2, 3, 5-7) and positive colonies (lanes 1 

and 4). 1 kb gene marker (lane M).   
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CASE STUDY 4: Troubleshooting using thermodynamic calculations 

DNA gel images of the three attempts at inserting an immunodominant region (MIR) into the 

Hepatitis B Core Antigen (HBcAg) gene, which was previously inserted into the pET-28a plasmid, 

are shown in Fig. A8. In each case, an additional MIR sequence was inserted into the existing MIR 

of the HBcAg, at approximately the mid-point of the gene. The first image (Fig. A8A) shows an 

attempt where the result was a “smear” of DNA without any dominant products, indicating a failure 

of single product amplification and the possible presence of a heterogeneous mixture of PCR 

products. It was hypothesized that GG(X)3 regions (encoding glycine residues) of the ssDNA 

portion of the megaprimer were forming inhibitory secondary structures. These were validated by 

thermodynamic calculations, which are described in detail below. The second attempt (Fig. A8B), 

with the GG(X)3 rich portion of the inserted MIR DNA fragment removed, led to successful single-

product amplification. Additionally, the extension of the annealing portion of the ssDNA 

megaprimer past the hairpin loop indicated by thermodynamic calculations allowed for successful 

amplification (Fig. A8C) of the plasmid with the glycine residues and the GG(X)3 portions of DNA 

to occur. The two successful plasmids were re-circularized (using ligase in this case) and 

transformed into E. coli BL21-DE3. The transformed plasmids were then sequenced, each showing 

successful cloning took place (Fig. A8D-E).  

 

 
 

Figure A. 8. Attempts at inserting the MIR into the HBcAg gene in the pET-28a plasmid.  

(A) pET-28a-MIR1 amplification using the native MIR, suspected of forming inhibitory 

secondary structures; 

(B) pET-28a-MIR2 amplification using the MIR with GG(X)3 sequences removed; 

(C) pET-28a-MIR3 amplification using the native MIR with an extended annealing sequence that 

avoids secondary structure formation.  

(D,E) Sequencing results confirming the correct identity of cloned gene products in (B) and (C). 
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It was hypothesized that the reason for the success and failure of these amplification attempts was 

related to inhibitory secondary structures in the annealing ssDNA portion of the megaprimer 

during PCR. This hypothesis was tested by simulating ssDNA folding using the NUPACK web 

application (http://www.nupack.org). NUPACK simulations of the ssDNA megaprimer at various 

temperatures are shown in Figs. A9A-F. The first two simulations (Fig. A9A,B) demonstrate a 

linear ssDNA strand with a hairpin secondary structure toward the middle of the megaprimer at 

95°C and 80°C, respectively. The second two simulations (Fig. A9C,D) indicate that second and 

third hairpin structures form at 65°C and 64°C, respectively. The larger of these structures is 

located only 6 bp away from the 3’ annealing end, as indicated by the arrows. Because this 

secondary structure was within the annealing portion of the ssDNA megaprimer to the plasmid, it 

was hypothesized that there was disruption of the original design, and correct annealing did not 

occur. Instead, this phenomenon resulted in somewhat random annealing, leading to the resulting 

“smear” in the gel image (Fig. A8A). The removal of the GG(X)3 regions from the megaprimer 

eliminated the second and third hairpin structures at the annealing temperature (Fig. AE), which 

allowed for correct annealing and the plasmid amplification to take place (Fig. A8B). Finally, 

simple extension of the annealing portion, shown in Fig. A9F, moved the hairpin structure away 

from the terminal 3’ end, allowing proper annealing to occur with the plasmid. There was, 

therefore, a new annealing sequence, which remained as unbound ssDNA at the 64°C annealing 

temperature in the cloning reaction.    

 

 
 

about:blank
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Figure A. 9. NUPACK folding simulation screenshots of the ssDNA megaprimer containing the 

MIR to be cloned at different temperatures. The 3’ terminal end is identified by an arrow in each 

screenshot.  

(A) The original megaprimer at 95°C;  

(B) the original megaprimer at 80°C;  

(C) the original megaprimer at 65°C;  

(D) the original megaprimer at 64°C;  

(E) the megaprimer with GG(X)3 regions removed at 64°C; and  

(F) the extended megaprimer at 64°C. The sequences upstream of the 3’ terminal end anneal to the 

plasmid. It was hypothesized that secondary structures interfered with this annealing process.  

 

The ssDNA megaprimer containing the foreign epitope gene with the GG(X)3 terminal ends 

encoding for glycine residues is shown below in Fig. A10. The grey highlighted portion represents 

the original binding region to the plasmid. The bold region 3’ downstream of the highlighted region 

represents the extended annealing portion used to successfully clone in the epitopes with the 

GG(X)3 codons. Interior bases not involved in secondary structure formation have been changed 

to “X” to protect sequence identity for other ongoing research. 

 

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

ATCTCTCGTGACCTGGTTGTTTCTTACGTTAACACC 

 

Figure A. 10. The final design for extending the ssDNA megaprimer to clone the MIR. 
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Supplementary Appendix B: A novel synthetic sRNA promoting protein overexpression in 

cell-free systems 

 

Table B. 1. Strains and plasmids 

 

Strain/plasmid Relevant Characteristic Reference 

Escherichia coli 10-𝛽 Δ(ara-leu) 7697 araD139 fhuA ΔlacX74 

galK16 galE15 e14- ϕ80dlacZΔM15 

recA1 relA1 endA1 nupG 

rpsL (StrR) rph spoT1 Δ(mrr-hsdRMS-

mcrBC) 

New England 

Biolabs 

pACYC177 Ampr; Kanr; p15 origin Life Technologies 

pBAD24 Ampr; ColE1 origin; araC; rrnB; PBAD (1) 

pKLiO20 Ampr; ColE1 origin; tetR (2) 

pKLiO30 Ampr; ColE1 origin; PLtetO-1 (2) 

pUC19 Ampr; ColE1 origin; Plac; lacZ New England 

Biolabs 

pAmCyan Ampr; pUC origin; AmCyan Takara Bio USA, 

Mountain View, 

CA 

pART15 Ampr; p15 origin; araC; rrnB; tetR; 

PBAD; PLtetO-1 

This study 

pART15-C1 Ampr; p15 origin; araC; rrnB; tetR; 

AmCyan; PBAD; PLtetO-1 

This study 

pART15-C1-LacZ Ampr; p15 origin; araC; rrnB; tetR; 

AmCyan; lacZ; PBAD; PLtetO-1 

This study 

pART15-C2 Ampr; p15 origin; araC; rrnB; tetR; 

AmCyan; PBAD; PLtetO-1 

This study 

pART15-asCTL Ampr; p15 origin; araC; rrnB; tetR; 

AmCyan; PBAD; PLtetO-1; Control 

This study 

pART15-asRBS Ampr; p15 origin; araC; rrnB; tetR; 

AmCyan; PBAD; PLtetO-1; asRNA anti-

RBS 

This study 

pART15-asB1 Ampr; p15 origin; araC; rrnB; tetR; 

AmCyan; PBAD; PLtetO-1; asRNA anti-bp 

1-20 

This study 

pART15-asB30 Ampr; p15 origin; araC; rrnB; tetR; 

AmCyan; PBAD; PLtetO-1; asRNA anti-bp 

30-50 

This study 

pART15-asB57 Ampr; p15 origin; araC; rrnB; tetR; 

AmCyan; PBAD; PLtetO-1; asRNA anti-bp 

57-77 

This study 

https://www.zotero.org/google-docs/?kLSc8f
https://www.zotero.org/google-docs/?uANbjy
https://www.zotero.org/google-docs/?yPXkE7
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pART15-asB180 Ampr; p15 origin; araC; rrnB; tetR; 

AmCyan; PBAD; PLtetO-1; asRNA anti-bp 

180-200 

This study 

pART15-asB407 Ampr; p15 origin; araC; rrnB; tetR; 

AmCyan; PBAD; PLtetO-1; asRNA anti-bp 

407-427 

This study 

pART15-asB430 Ampr; p15 origin; araC; rrnB; tetR; 

AmCyan; PBAD; PLtetO-1; asRNA anti-bp 

430-450 

This study 

pART15-asB539 Ampr; p15 origin; araC; rrnB; tetR; 

AmCyan; PBAD; PLtetO-1; asRNA anti-bp 

539-559 

This study 

pART15-asB606 Ampr; p15 origin; araC; rrnB; tetR; 

AmCyan; PBAD; PLtetO-1; asRNA anti-bp 

606-626 

This study 

pART15-asB615 Ampr; p15 origin; araC; rrnB; tetR; 

AmCyan; PBAD; PLtetO-1; asRNA anti-bp 

615-635 

This study 

pART15-asB693 Ampr; p15 origin; araC; rrnB; tetR; 

AmCyan; PBAD; PLtetO-1; asRNA anti-bp 

693-713 

This study 

pART15-asB701 Ampr; p15 origin; araC; rrnB; tetR; 

AmCyan; PBAD; PLtetO-1; asRNA anti-bp 

701-721 

This study 

pART15-MicC Ampr; p15 origin; araC; rrnB; tetR; 

AmCyan; PBAD; PLtetO-1; MicC 

This study 

pART15-MicC-asRBS Ampr; p15 origin; araC; rrnB; tetR; 

AmCyan; PBAD; PLtetO-1; MicC-asRNA 

anti-RBS 

This study 

pART15-MicC-aB1 Ampr; p15 origin; araC; rrnB; tetR; 

AmCyan; PBAD; PLtetO-1; MicC-asRNA 

anti-bp 1-20 

This study 

pART15-MicC-aB606 Ampr; p15 origin; araC; rrnB; tetR; 

AmCyan; PBAD; PLtetO-1; MicC-asRNA 

anti-bp 606-626 

This study 

pET20b-Gsdi Ampr; pBR322 origin; diaphorase; T7; 

T7 terminator 

(3) 

pBAD-LIC (8A) Ampr; ColE1 origin; araC; rrnB; PBAD; 

asRNA anti-bp 701-721 

Addgene 

pBAD-asDI420 Ampr; ColE1 origin; araC; rrnB; PBAD; 

asRNA anti-bp 420-440 

This study 

pBAD-asDI490 Ampr; ColE1 origin; araC; rrnB; PBAD; 

asRNA anti-bp 490-510 

This study 

pBAD-asDI510 Ampr; ColE1 origin; araC; rrnB; PBAD; 

asRNA anti-bp 510-530 

This study 

https://www.zotero.org/google-docs/?0iFCQJ
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pBAD-asDI528 Ampr; ColE1 origin; araC; rrnB; PBAD; 

asRNA anti-bp 528-548 

This study 

 

 

 

Table B. 2. Primer sequences 

 

Primer Name Primer Sequence (5’→3’) Description 

pART15-177-F 
GAGTCAGCAACACCTTCTT

C  

Amplification of p15 origin of 

replication and ampr gene from 

pACYC177 

pART15-177-R 
AACCCCTATTTGTTTATTTT

TCTAAATAC  

Amplification of p15 origin of 

replication and ampr gene from 

pACYC177 

pART15-24-F aaataaacaaataggggttGCTCATG

AGCCCGAAGTG  

Amplification of araC gene 

with PBAD and T1T2 segment 

from pBAD24 

pART15-24-R aggcgcccAAACAAAAGAGTT

TGTAGAAACGC  

Amplification of araC gene 

with PBAD and T1T2 segment 

from pBAD24 

pART15-20-F 
tcttttgtttGGGCGCCTGTCACT

TTGC  

Amplification of tetR gene 

from pKLiO20 

pART15-20-R 
aaggtgttgctgactcCCAGGCATC

AAATAAAACGAAAGG  

Amplification of tetR gene 

from pKLiO20 

pART15-30-F 

atgagaattatttaaccttaCTCGAGA

TCTGATCTTCAGCATCTTTT

ACTTTCAC 

Amplification of PLteto-1 

promoter from pKLiO30 

pART15-30-R 
cgttgcttttttctcatttaGGATCCCA

GCTGTCCCTA 

Amplification of PLteto-1 

promoter from pKLiO30 

pART15-C1-F 

cgtttttttgggctagcaggaggaaagctA

TGGCTCTTTCAAACAAGTT

TATC  

Insertion of amcyan gene 

downstream of PBAD promoter 

pART15-C1-R 
gatccccgggtaccatggtgTCAGAA

AGGGACAACAGAG 

Insertion of amcyan gene 

downstream of PBAD promoter 

pART15-C2-F 
tgagaattatttaaccttacTCAGAAA

GGGACAACAGAG 

Insertion of amcyan gene 

downstream of PLteto-1 

promoter 

pART15-C2-R 
gagcacatcagcaggagatcATGGCT

CTTTCAAACAAGTTTATC 

Insertion of amcyan gene 

downstream of PLteto-1 

promoter 
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Pc-RBS-F 

cagcatagcatagacaaccaAGGAGG

AACAGCTATGTCTCGTTTA

GATAAAAGTAAAGTG 

Insertion of RBS region 

upstream of TetR gene  

Pc-RBS-R 

atctacaactggcatgcCGGCAGAA

AAGTCCACATTGATCAGCT

GTTCAGCGACTAAG 

Insertion of RBS region 

upstream of TetR gene 

Inverse-RBS2-F 
caaaaaaacgggtatggagaaTCTCT

ATCACTGATAGGGATGTC 

Insertion of RBS region 

upstream of amcyan gene in 

pART15-C2 

AmCyan2-RBS-R ggctagcaggaggaaagctATGGCT

CTTTCAAACAAGTTTATC 

Insertion of RBS region 

upstream of amcyan gene in 

pART15-C2 

pART15-LacZ-F 
gagaattatttaaccttacCTATGCGG

CATCAGAGCAG 

Insertion of lacz gene 

downstream of PLteto-1 

promoter 

pART15-LacZ-R 

gagcacatcagcaggagatcaggaggaa

agctATGACCATGATTACGC

CAAG 

Insertion of lacz gene 

downstream of PLteto-1 

promoter 

p15-C1-V2-F TCCTGCTGATGTGCTCAG 
Modification of PLteto-1 

promoter downstream region 

p15-LacZ-V2-R 
CGCACTGACCGATCAGGA

GGAAAGCTATGACC 

Modification of PLteto-1 

promoter downstream region 

ST-V2-RBS-F  

GGGCTAGCAGGAGGAAAG

CTGCTGCTTTCGCAGCGGT

CAGTGCGTCCTG  

Insertion of antisense RNA 

anti-RBS downstream of PLteto-

1 promoter 

ST-V2-B1-F  

ATGGCTCTTTCAAACAAGT

TGCTGCTTTCGCAGCGGTC

AGTGCGTCCTG  

Insertion of antisense RNA 

anti-B1 downstream of PLteto-1 

promoter 

ST-V2-B30-F 

CTATGGCTCTTTCAAACAA

GGCTGCTTTCGCAGCGGTC

AGTGCGTCCTG  

Insertion of antisense RNA 

anti-B30 downstream of PLteto-1 

promoter 

ST-V2-B57-F 

AGATGACATGAAAATGAC

CTGCTGCTTTCGCAGCGGT

CAGTGCGTCCTG 

Insertion of antisense RNA 

anti-B57 downstream of PLteto-1 

promoter 

ST-V2-B180-F 

TGGCCAACGGTGGGCCCCT

TGCTGCTTTCGCAGCGGTC

AGTGCGTCCTG  

Insertion of antisense RNA 

anti-B180 downstream of 

PLteto-1 promoter 

ST-V2-B407-F 

TTTCATGGAGTGAACTTTC

CGCTGCTTTCGCAGCGGTC

AGTGCGTCCTG 

Insertion of antisense RNA 

anti-B407 downstream of 

PLteto-1 promoter 
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ST-V2-B430-F 

TGATGGACCTGTGATGGCG

AGCTGCTTTCGCAGCGGTC

AGTGCGTCCTG  

Insertion of antisense RNA 

anti-B430 downstream of 

PLteto-1 promoter 

ST-V2-B539-F 

AAGGAGGTGGCAATTACA

GAGCTGCTTTCGCAGCGGT

CAGTGCGTCCTG 

Insertion of antisense RNA 

anti-B539 downstream of 

PLteto-1 promoter 

ST-V2-B606-F 

CACCAAACCATGCGGTGG

AAGCTGCTTTCGCAGCGGT

CAGTGCGTCCTG  

Insertion of antisense RNA 

anti-B606 downstream of 

PLteto-1 promoter 

ST-V2-B615-F 

ATGCGGTGGAACATCGCAT

TGCTGCTTTCGCAGCGGTC

AGTGCGTCCTG 

Insertion of antisense RNA 

anti-B615 downstream of 

PLteto-1 promoter 

ST-V2-B693-F 

CACATATAACCTCTGTTGT

CGCTGCTTTCGCAGCGGTC

AGTGCGTCCTG  

Insertion of antisense RNA 

anti-B693 downstream of 

PLteto-1 promoter 

ST-V2-B701-F 

CCTCTGTTGTCCCTTTCTGA

GCTGCTTTCGCAGCGGTCA

GTGCGTCCTG 

Insertion of antisense RNA 

anti-B701 downstream of 

PLteto-1 promoter 

C-V2-control-F 

GCTGCTTTCGCAGCGGTCA

GTGCGTCCTG 

Insertion of antisense RNA 

control downstream of PLteto-1 

promoter 

asRNA-UniR-2 

CCCGCGAAAGCGGGAAGG

TTAAATAATTCTCATATAT

CAAGCAAAG 

Reverse primer for the 

insertion of all antisense RNAs 

pART15-MicC-F 

TGTTGGAAAATCAGTGGCA

ATGCAATGGCCCAACAGA

AACCTATGCGGCATCAGA

GCAG 

Insertion of MicC scaffold 

downstream of PLteto-1 

promoter 

 

 

pART15-MicC-R 

TATAAAAAGACAAGCCCG

AACAGTCGTCCGGGCTTTT

TTTAAGGTTAAATAATTCT

CATATATCAAGCAAAGTG

A 

Insertion of MicC scaffold 

downstream of PLteto-1 

promoter 

MicC-asRBS-F 
GGGCTAGCAGGAGGAAAG

CTCCTGCTGATGTGCTCAG

TATC  

Insertion of antisense RNA 

control MicC-asRBS 

downstream of PLteto-1 

promoter 
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MicC-asB1-F 
ATGGCTCTTTCAAACAAGT

TCCTGCTGATGTGCTCAGT

ATC  

Insertion of antisense RNA 

control MicC-asB1 

downstream of PLteto-1 

promoter 

MicC-asB606-F 
CACCAAACCATGCGGTGG

AACCTGCTGATGTGCTCAG

TATC  

Insertion of antisense RNA 

control MicC-asB606 

downstream of PLteto-1 

promoter 

MicC-Uni-R TTCTGTTGGGCCATTGCAT

TG 

Reverse primer for the 

insertion of MicC antisense 

RNAs 

DI410-F 

GTGGAGCGCTTTTTTATCG

GCCCGCGAAAGCGGGCCC

GTTTTTTTGGGCTAG 

Insertion of antisense asDI410 

downstream of PBAD promoter 

in pBAD-LIC plasmid  

DI490-F 

ATAATGACGCTTAAGTACC

GCCCGCGAAAGCGGGCCC

GTTTTTTTGGGCTAG 

Insertion of antisense asDI490 

downstream of PBAD promoter 

in pBAD-LIC plasmid 

DI510-F 

ACGGAACACCGAAAAATT

GCCCCGCGAAAGCGGGCC

CGTTTTTTTGGGCTAG 

Insertion of antisense asDI510 

downstream of PBAD promoter 

in pBAD-LIC plasmid 

DI528-F 

CAAACAGTCCTTCAAACGA

CCCCGCGAAAGCGGGCCC

GTTTTTTTGGGCTAG 

Insertion of antisense asDI528 

downstream of PBAD promoter 

in pBAD-LIC plasmid 

DI-Uni-R GCTGCTTTCGCAGCTATGG

AGAAACAGTAGAGAG 

Reverse primer for the 

insertion of antisense RNAs in 

PBAD-LIC 

*Lowercase are overlaps for Gibson assembly® cloning. 

**RBS sequence is in red. 

*** The underlined sequence in pART15-30-F is cut sites for XhoI and BglII. 

****Antisense RNA binding region is blue. 

*****Stabilizer region is in green. 

******Terminator is orange. 

*******MicC scaffold is in purple. 

 

 

Table B. 3. Antisense sequences added to the sRNA 

 

Antisense Name Sequence (5’ → 3’) 

asRBS  

GCTGCGAAAGCAGCAGCTTTCCTCCTGCTAGCCCCCCGC

GAAAGCGGG 
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asB1  

GCTGCGAAAGCAGCAACTTGTTTGAAAGAGCCATCCCG

CGAAAGCGGG 

asB30 

GCTGCGAAAGCAGCCTTGTTTGAAAGAGCCATAGCCCG

CGAAAGCGGG 

asB57 

GCTGCGAAAGCAGCAGGTCATTTTCATGTCATCTCCCCG

CGAAAGCGGG 

asB180 

GCTGCGAAAGCAGCAAGGGGCCCACCGTTGGCCACCCG

CGAAAGCGGG 

asB407 

GCTGCGAAAGCAGCGGAAAGTTCACTCCATGAAACCCC

GCGAAAGCGGG 

asB430 

GCTGCGAAAGCAGCTCGCCATCACAGGTCCATCACCCG

CGAAAGCGGG 

asB539 

GCTGCGAAAGCAGCTCTGTAATTGCCACCTCCTTGCCCC

GCGAAAGCGGG 

asB606 

GCTGCGAAAGCAGCTTCCACCGCATGGTTTGGTGCCCG

CGAAAGCGGG 

asB615 

GCTGCGAAAGCAGCAATGCGATGTTCCACCGCATCCCC

GCGAAAGCGGG 

asB693  

GCTGCGAAAGCAGCGACAACAGAGGTTATATGTGCCCG

CGAAAGCGGG 

asB701 

GCTGCGAAAGCAGCTCAGAAAGGGACAACAGAGGCCC

CGCGAAAGCGGG 

asCTRL GCTGCGAAAGCAGCCCCGCGAAAGCGGG 

MicC-asRBS 

AGCUUUCCUCCUGCUAGCCCUUCUGUUGGGCCAUUGC

AUUGCCACUGAUUUUCCAACAUAUAAAAAGACAAGCC

CGAACAGUCGUCCGGGCUUUUUUU 

MicC-asB1 

AACUUGUUUGAAAGAGCCAUUUCUGUUGGGCCAUUGC

AUUGCCACUGAUUUUCCAACAUAUAAAAAGACAAGCC

CGAACAGUCGUCCGGGCUUUUUUU 

MicC-asB606 

TTCCACCGCATGGTTTGGTGUUCUGUUGGGCCAUUGCA

UUGCCACUGAUUUUCCAACAUAUAAAAAGACAAGCCC

GAACAGUCGUCCGGGCUUUUUUU 

asDI410 

GCTGCGAAAGCAGCGTGGAGCGCTTTTTTATCGGCCCG

CGAAAGCGGG 

asDI490 

GCTGCGAAAGCAGCATAATGACGCTTAAGTACCGCCCG

CGAAAGCGGG 

asDI510 

GCTGCGAAAGCAGCACGGAACACCGAAAAATTGCCCCG

CGAAAGCGGG 

asDI528 

GCTGCGAAAGCAGCCAAACAGTCCTTCAAACGACCCCG

CGAAAGCGGG 



 

163 
 

*Stabilizer region is highlighted in red. 

** 20 nt antisense region is in black. 

***Terminator region is highlighted in blue. 

****MicC scaffold is highlighted in green. 

 

 
Figure B. 1. Construction of the single-plasmid dual-inducible pART15 reporter system. (1) 

Amplification of p15 origin of replication and ampicillin resistant gene from pACYC177, (2) 

amplification of araC gene, PBAD promoter, and T1T2 terminator from pBAD24, (3) amplification 

of tetR gene from pKLiO20, (4) amplification of PLtetO-1 promoter from pKLiO30 and cloning to 

construct pART15. (5) Construction of control plasmids pART15-C1 (6) and pART15-C2 (5) by 

cloning AmCyan gene from pAmCyan plasmid under the control of PBAD promoter and PLtetO-1 

promoter for pART15-C1 and pART15-C2, respectively. (7) Construction of pART15-C1-LacZ 

by cloning lacZ gene downstream of PLtetO-1 promoter. (8) Construction of pART15-AS from 

pART15-C1-LacZ by reverse PCR and blue/white screening results in generation of various 

reporter systems each contain a different asRNA sequence. The dual stem-loop structure (bottom-

left) shows the secondary structure of a sample asRNA designed and used in this research. 
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Figure B. 2. The synthetic circuit for sRNA and AmCyan expression used in pART15-AS. 
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Figure B. 3. Modulation of expression from the araC-PBAD (pART15-C1) and tetR-PLtetO-1 

(pART15-C2) systems. (a) Induction of pART15-C1 activity under the control of PBAD at arabinose 

concentrations indicated. (b) Dependence of AmCyan levels on arabinose concentration. Data 

shown are the average values for three independent experiments. Error bars indicate 1 standard 

deviation at each arabinose concentration. (C) Induction of pART15-C2 activity under the control 

of PLtetO-1 at ATc concentrations indicated. (b) Dependence of AmCyan levels on ATc 

concentration. Data shown are the average values for three independent experiments. Error bars 

indicate 1 standard deviation at each ATc concentration. 
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Figure B. 4. Flow cytometry analysis of induction of AmCyan expression with different 

concentrations of arabinose (pART15-C1). Each histogram represents 100,000 cells. 

 

 

 

 
Figure B. 5. Flow cytometry analysis of induction of AmCyan expression with different 

concentrations of ATc (pART15-C2). Each histogram represents 100,000 cells. 
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Figure B. 6. Normalized Fluorescence levels for the different sRNA when induced in vivo with 

both Ara and ATc. The following time points are represented: (a) 6hrs, (b) 18hrs and (c) 29 hrs.  
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Figure B. 7. Flow cytometry results for induced cultures transformed with pART15-AS plasmids 

constructs. The antisense sequences are labeled above. Each histogram contains four biological 

replicates, each representing 100,000 cells. 

 

 

 

 

 
 

 

Figure B. 8. Optimization of sonication parameters: localization of the activity. (a) Optical density 

(OD600). (b) Fluorescence level. Cell were sonicated as described in the manuscript Materials and 

Methods section. Fluorescence was measured on the whole cell lysate. Then the cell lysate was 

pelleted and the fluorescence was measured on both the cell pellet supplemented with water and 

the supernatant. All experiments were performed on pART15-C2 with and without ATc. Data 

shown are the average values for three independent experiments.  
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Figure B. 9. Optimization of sonication parameters: sonication time. (a) Optical density (OD600). 

(b) Fluorescence level. A set volume of cells was sonicated at 5 different times: 1 min, 2 min, 3 

min30, 5 min and 7 min.  

 

 
Figure B. 10. Optimization of sonication parameters: sonication volume (5 mL). (a) and (c) 

Optical density (OD600). (b) and (d) Fluorescence level. Each figure represents 12 biological 

replicates. 
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Figure B. 11. Optimization of sonication parameters: sonication volume (5.5 mL). (a) and (c) 

Optical density (OD600). (b) and (d) Fluorescence level. Each figure represents 12 biological 

replicates. 
 
 
 

 
Figure B. 12. Optimization of sonication parameters: sonication volume (6.5 mL). (a) and (c) 

Optical density (OD600). (b) and (d) Fluorescence level. Each figure represents 12 biological 

replicates. 
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Figure B. 13. Modulation of expression from the araC-PBAD (pART15-C1) and tetR-PLtetO-1 

(pART15-C2) cell-free-systems. (a) Induction of pART15-C1 activity under the control of PBAD 

at arabinose concentrations indicated. (b) Induction of pART15-C2 activity under the control of 

PLtetO-1 at ATc concentrations indicated. Data represent the average values for four independent 

experiments. Error bars indicate 1 standard deviation. 

 

 
Figure B. 14. Stability of OD600 for different replicates after sonication. Data represent 24 

biological replicates. 
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Figure B. 15. Normalized Fluorescence levels for the different pART15-AS plasmids after 

sonication and induction with 0.05 mM Ara and 100 ng/ml ATc. (a) pART15-C1, (b) pART15-

C2, (c) pART15-asCTRL, (d) pART15-asRBS, (e) pART15-asB30, (f) pART15-asB180, (i) 

pART15-asB430, (j) pART15-asB693, (k) pART15-asB701. Each figure represents eight 

biological replicates.  
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Figure B. 16. NUPACK predictions of the secondary structure interactions of the AmCyan mRNA 

with sRNA constructs. (a) AmCyan mRNA, (b) asRBS, (c) asB1, (d) asB30, (e) asB57, (f) asB180, 

(g) asB407, (h) asB430, (i) asB539, (j) asB606, (k) asB615, (l) asB693, and (m) asB701. Images 

shown here were exported from NUPACK directly. 
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Figure B. 17. NUPACK predictions of secondary structures. (a) MicC-asRBS, (b) MicC-asB1, (c) 

MicC-asB606, (d) interaction of AmCyan mRNA with MicC-asRBS, (e) interaction of AmCyan 

mRNA with MicC-asB1, and (f) Interaction of AmCyan mRNA with MicC-asB606. Images shown 

here were exported from NUPACK directly. 

 
 

 
Figure B. 18. NUPACK predictions for the pairing probability of antisense binding sequences to 

the 3’ end of AmCyan mRNA.  
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Figure B. 19. NUPACK predictions for the pairing probability of asB606 compared to AmCyan 

mRNA.  

 

 

 
Figure B. 20. catRAPID prediction of the interactions between AmCyan mRNA and RNase E. (a) 

Heat-map of the interaction between AmCyan mRNA and RNase E. (b) Interaction profile of 

AmCyan mRNA and RNase E. Strong binding potential is shown between nucleotides 500-650. 

Images shown here were exported from catRAPID directly. 
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Figure B. 21. catRAPID predicted interaction profile between diaphorase mRNA and RNase E. 

Image shown here was exported from catRAPID directly.
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Table B. 4. Statistical analysis of cells at 6 hours 

  

 Analysis at 6 hours 

12 Replicates 12 Replicates 16 Replicates 

Antisense fragment Description Test Effect Percentage Test Effect Percentage Test Effect Percentage 

asCTRL asRNA without binding region 
Not Significant Decrease -7.663202 Not Significant  Increase 25.05724 Significant Increase 35.292322 

asRBS anti-RBS 
Not Significant Increase 2.5849878 Not Significant  Increase 6.2377387 Not Significant Increase 7.8641634 

asB1 anti B1-B20 
Not Significant Increase 14.218705 Not Significant  Increase 19.313995 Not Significant Increase 21.543783 

asB30 High energy loop 
Not Significant Increase 7.6869364 Not Significant  Increase 22.750795 Not Significant Increase 18.882914 

asB180 Low energy loop 
Not Significant Decrease -17.33571 Not Significant  Decrease -8.829779 Not Significant Increase 8.3549574 

asB430 High energy stem 
Significant Increase 58.664968 Not Significant  Increase 5.0890216 Not Significant Increase 0.4277631 

asB606 Low energy stem 
Significant Increase 225.34136 Not Significant  Decrease -21.26586 Significant Decrease -22.67322 

asB693 3' end 
Not Significant Decrease -12.6226 Not Significant  Increase 9.0216175 Significant Increase 27.522785 

 

 

  

 Analysis at 6 hours 

12 Replicates 16 Replicates 20 Replicates 

Antisense 

fragment 

Description Test Effect Percentage Test Effect Percentage Test Effect Percentage 

asCTRL asRNA without binding region 
Not Significant Decrease -25.28448 Significant Decrease -41.98634 Significant Decrease -38.04358 

asRBS anti-RBS 
Not Significant Increase 14.215538 Not Significant Decrease -19.86572 Significant Decrease -28.62801 

asB1 anti B1-B20 
Significant Decrease -29.34372 Significant Decrease -49.44783 Significant Decrease -49.28037 

asB30 High energy loop 
Not Significant Decrease -23.03424 Not Significant Decrease -23.71095 Significant Decrease -34.14256 

asB180 Low energy loop 
Significant Decrease -51.87402 Significant Decrease -38.80624 Significant Decrease -44.91313 

asB430 High energy stem 
Significant Decrease -52.46481 Significant Decrease -48.88103 Significant Decrease -57.35283 

asB606 Low energy stem 
Significant Decrease -58.31373 Significant Decrease -62.18697 Significant Decrease -68.28539 

asB693 3' end 
Significant Decrease -58.90158 Significant Decrease -68.95734 Significant Decrease -68.69067 
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 Analysis at 6 hours 

8 Replicates 12 Replicates 16 Replicates 

Antisense 

fragment 

Description Test Effect Percentage Test Effect Percentage Test Effect Percentage 

asCTRL asRNA without binding 
region Significant Decrease -49.60996 Not Significant Decrease -9.289039 Not Significant Decrease -6.32448 

asRBS anti-RBS 
Significant Decrease -67.46655 Not Significant Increase 24.240042 Not Significant Increase 25.19224 

asB1 anti B1-B20 
Significant Decrease -67.35334 Not Significant Decrease -1.329196 Not Significant Increase 8.1090045 

asB30 High energy loop 
Significant Decrease -44.21247 Not Significant Increase 21.445525 Not Significant Increase 18.33155 

asB180 Low energy loop 
Significant Decrease -38.60295 Not Significant Decrease -16.66149 Not Significant Increase 2.5934136 

asB430 High energy stem 
Significant Decrease -61.78392 Not Significant Decrease -18.00572 Not Significant Decrease -13.24962 

asB606 Low energy stem 
Significant Decrease -77.32491 Significant Decrease -35.88656 Significant Decrease -36.3959 

asB693 3' end 
Significant Decrease -77.56468 Not Significant Increase 4.6835431 Not Significant Increase 3.0668937 

 

 

  

 Analysis at 6 hours 

12 Replicates 64 Replicates (all data) 

Antisense 

fragment 

Description Test Effect Percentage Test Effect Percentage 

asCTRL asRNA without binding region 
Not Significant Decrease -5.619308 Not Significant Decrease -16.65345 

asRBS anti-RBS 
Significant Increase 51.630093 Not Significant Decrease -6.255507 

asB1 anti B1-B20 
Not Significant Increase 20.191692 Not Significant Decrease -17.91576 

asB30 High energy loop 
Significant Increase 37.028743 Not Significant Decrease -8.775777 

asB180 Low energy loop 
Not Significant Increase 21.255962 Significant Decrease -22.35274 

asB430 High energy stem 
Not Significant Decrease -8.460255 Significant Decrease -25.45119 

asB606 Low energy stem 
Significant Decrease -28.26426 Significant Decrease -22.23165 

asB693 3' end 
Not Significant Decrease -24.57304 Significant Decrease -30.96131 
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 Analysis at 6 hours 

16 Replicates 12 Replicates 12 Replicates 

Antisense 

fragment 

Description Test Effect Percentage Test Effect Percentage Test Effect Percentage 

asCTRL asRNA without binding 
region Significant Increase 40.761202 Not Significant Increase 28.235969 Not Significant Decrease -16.17517 

asB57 Low energy loop Significant Increase 47.706932 Significant Increase 9.3540536 Not Significant Decrease -25.8866 

asB407 High energy stem Significant Increase 39.094567 Significant Increase 21.987944 Significant Decrease -36.67383 

asB539 High energy stem Significant Increase 33.271043 Not Significant Increase 15.344119 Significant Decrease -31.07188 

asB615 Low energy stem Not Significant Increase 25.493485 Not Significant Increase 8.0091017 Not Significant Decrease -15.50954 

asB701 3' end Significant Increase 37.829949 Not Significant Increase 7.4005435 Not Significant Decrease -13.89445 

 

 

  
 Analysis at 6 hours 

40 Replicates (all data) 

Antisense fragment Description Test Effect Percentage 

asCTRL asRNA without binding region 
Not Significant Increase 13.033286 

asB57 Low energy loop Not Significant Increase 5.3109544 

asB407 High energy stem Not Significant Increase 2.0657457 

asB539 High energy stem Not Significant Increase 0.8202616 

asB615 Low energy stem Not Significant Increase 3.0212919 

asB701 3' end Not Significant Increase 7.0049184 

*Statistical analysis was performed using N-way analysis of variance (anovan) in comparison with control pART15-C1.  
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Table B. 5. Statistical analysis of cells at 18 hours 

  

 Analysis at 18 hours 

12 Replicates 12 Replicates 16 Replicates 

Antisense fragment Description Test Effect Percentage Test Effect Percentage Test Effect Percentage 

asCTRL asRNA without binding region 
Not Significant Increase 4.3397063 Not Significant  Decrease -19.92991 Significant Decrease -25.45696 

asRBS anti-RBS 
Not Significant Increase 20.388573 Not Significant  Decrease -26.77061 Significant Decrease -30.66551 

asB1 anti B1-B20 
Not Significant Decrease -17.41496 Not Significant  Decrease -29.06459 Significant Decrease -36.33874 

asB30 High energy loop 
Not Significant Decrease -18.28792 Not Significant  Decrease -21.8097 Significant Decrease -30.15082 

asB180 Low energy loop 
Not Significant Decrease -8.891648 Significant Decrease -31.19874 Significant Decrease -32.0784 

asB430 High energy stem 
Significant Decrease -48.41497 Significant Decrease -39.05451 Significant Decrease -43.41052 

asB606 Low energy stem 
Significant Increase 122.6962 Significant Decrease -28.01504 Significant Decrease -27.81517 

asB693 3' end 
Not Significant Increase 14.632378 Significant Decrease -36.70026 Significant Decrease -38.22331 

 

 

  

 Analysis at 18 hours 

12 Replicates 16 Replicates 20 Replicates 

Antisense 

fragment 

Description Test Effect Percentage Test Effect Percentage Test Effect Percentage 

asCTRL asRNA without binding region 
Not Significant Decrease -32.25984 Not Significant Decrease -7.536022 Not Significant Decrease -0.140804 

asRBS anti-RBS 
Not Significant Increase 26.932489 Significant Increase  55.594663 Significant Increase 54.047143 

asB1 anti B1-B20 
Significant Increase 49.334714 Significant Increase  81.249425 Significant Increase 70.854608 

asB30 High energy loop 
Not Significant Decrease -5.72862 Not Significant Increase  3.6204659 Not Significant Increase 12.403016 

asB180 Low energy loop 
Significant Increase 90.998953 Significant Increase  85.454474 Significant Increase 70.524074 

asB430 High energy stem 
Not Significant Increase 29.517837 Significant Increase  46.868527 Significant Increase 30.211988 

asB606 Low energy stem 
Significant Increase 113.68292 Significant Increase  142.80968 Significant Increase 127.54198 

asB693 3' end 
Significant Increase 96.947623 Significant Increase  123.12852 Significant Increase 98.862198 
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 Analysis at 18 hours 

8 Replicates 12 Replicates 16 Replicates 

Antisense 

fragment 

Description Test Effect Percentage Test Effect Percentage Test Effect Percentage 

asCTRL asRNA without binding 
region Significant Increase 55.626948 Not Significant Decrease -9.70834 Not Significant Decrease -6.943725 

asRBS anti-RBS 
Significant Increase 101.12587 Not Significant Increase 10.816202 Not Significant Increase 5.2635583 

asB1 anti B1-B20 
Significant Increase 108.21925 Significant Increase 33.341433 Not Significant Increase 15.9821 

asB30 High energy loop 
Not Significant Increase 43.884678 Not Significant Decrease -8.232026 Not Significant Decrease -5.917549 

asB180 Low energy loop 
Not Significant Increase 34.973877 Not Significant Increase 26.518942 Not Significant Increase 14.829511 

asB430 High energy stem 
Not Significant Increase 31.41723 Not Significant Increase 2.8598941 Not Significant Decrease -7.153498 

asB606 Low energy stem 
Significant Increase 151.60523 Not Significant Increase 5.2939669 Not Significant Increase 4.4153944 

asB693 3' end 
Significant Increase 102.18644 Not Significant Increase 14.725811 Not Significant Increase 10.550582 

 

 

  

 Analysis at 18 hours 

12 Replicates 64 Replicates (all data) 

Antisense 

fragment 

Description Test Effect Percentage Test Effect Percentage 

asCTRL asRNA without binding region 
Not Significant Decrease -192.2916 Not Significant Decrease -11.84918 

asRBS anti-RBS 
Not Significant Increase -206.1378 Not Significant Increase 4.7540968 

asB1 anti B1-B20 
Not Significant Increase -208.0914 Not Significant Increase 4.9729289 

asB30 High energy loop 
Not Significant Decrease -196.3262 Not Significant Decrease -12.62888 

asB180 Low energy loop 
Not Significant Increase -215.1794 Not Significant Increase 7.3920946 

asB430 High energy stem 
Not Significant Decrease -185.4294 Not Significant Decrease -16.87476 

asB606 Low energy stem 
Not Significant Increase -204.1127 Significant Increase 36.700554 

asB693 3' end 
Not Significant Increase -205.1565 Not Significant Increase 14.160336 
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 Analysis at 18 hours 

16 Replicates 12 Replicates 12 Replicates 

Antisense fragment Description Test Effect Percentage Test Effect Percentage Test Effect Percentage 

asCTRL asRNA without binding region 
Significant Decrease -35.71189 Significant Decrease -38.41668 Not Significant Decrease -6.129228 

asB57 Low energy loop Significant Decrease -32.75344 Not Significant Decrease -9.682016 Not Significant Increase 7.5371203 

asB407 High energy stem Significant Decrease -54.05706 Not Significant Decrease -23.09818 Not Significant Decrease -13.06164 

asB539 High energy stem Not Significant Decrease -17.5194 Not Significant Decrease -2.863929 Not Significant Increase 6.7126095 

asB615 Low energy stem Significant Decrease -28.15991 Not Significant Increase 1.4701739 Not Significant Decrease -3.711088 

asB701 3' end Significant Decrease -23.43433 Not Significant Decrease -13.80121 Not Significant Decrease -14.21201 

 

 

  

 Analysis at 18 hours 

40 Replicates (all data) 

Antisense fragment Description Test Effect Percentage 

asCTRL asRNA without binding region 
Significant Decrease -32.09605 

asB57 Low energy loop Not Significant Decrease -23.28025 

asB407 High energy stem Significant Decrease -43.14586 

asB539 High energy stem Not Significant Decrease -11.68939 

asB615 Low energy stem Significant Decrease -19.75427 

asB701 3' end Not Significant Decrease -20.52607 

*Statistical analysis was performed using N-way analysis of variance (anovan) in comparison with control pART15-C1.  
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Table B. 6. Statistical analysis of cells at 29 hours 
 

 

  

 Analysis at 29 hours 

12 Replicates 16 Replicates 20 Replicates 

Antisense 

fragment 

Description Test Effect Percentage Test Effect Percentage Test Effect Percentage 

asCTRL asRNA without binding 

region 

Not significant No effect -0.670305 Not significant Decrease -6.05996 Not significant Decrease -8.154373 

asRBS anti-RBS Not significant Decrease -7.509871 Not significant Decrease -11.7324 Significant Decrease -11.8513 

asB1 anti B1-B20 Significant Decrease -12.08383 Significant Decrease -18.1036 Significant Decrease -17.15353 

asB30 High energy loop Not significant Increase 7.8039586 Not significant No effect 0.7477681 Not significant Decrease -2.784887 

asB180 Low energy loop Significant Increase 20.988624 Not significant Increase 6.2110524 Not significant No effect 0.3505881 

asB430 High energy stem Significant Decrease -30.49322 Significant Decrease -34.02691 Significant Decrease -36.91787 

asB606 Low energy stem Significant Increase 18.906544 Not significant Increase 11.984707 Not significant Increase 10.503254 

asB693 3' end Significant Increase 16.371877 Not significant Increase 3.0871631 Not significant Decrease -1.379601 

 
 

 

 
 

 

  
 Analysis at 29 hours 

12 Replicates 12 Replicates 16 Replicates 

Antisense fragment Description Test Effect Percentage Test Effect Percentage Test Effect Percentage 

asCTRL asRNA without binding region Not significant Decrease -5.683361 Not significant Decrease -15.51244 Significant Decrease -17.04073 

asRBS anti-RBS Significant Decrease -20.01115 Not significant Decrease -7.748991 Significant Decrease -9.709909 

asB1 anti B1-B20 Significant Decrease -20.74451 Significant Decrease -14.54478 Significant Decrease -18.56455 

asB30 High energy loop Not significant Decrease -10.97003 Not significant Decrease -10.60853 Significant Decrease -16.73551 

asB180 Low energy loop Significant Decrease -18.21651 Not significant No effect -0.207514 Not significant No effect -2.086171 

asB430 High energy stem Significant Decrease -21.36917 Significant Increase 19.274308 Not significant Increase 5.6307373 

asB606 Low energy stem Significant Decrease -13.54864 Not significant Increase 10.468811 Significant Increase 13.30714 

asB693 3' end Not significant Increase 8.0104533 Not significant Decrease -4.274197 Not significant Decrease -7.862256 
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 Analysis at 29 hours 

8 Replicates 12 Replicates 16 Replicates 

Antisense fragment Description Test Effect Percentage Test Effect Percentage Test Effect Percentage 

asCTRL asRNA without binding region 
Significant Decrease -18.85576 Not significant Decrease -11.64823 Not significant Decrease -11.65833 

asRBS anti-RBS 
Significant Decrease -18.05907 Significant Decrease -16.05889 Significant Decrease -14.89099 

asB1 anti B1-B20 
Significant Decrease -24.40265 Significant Decrease -26.28668 Significant Decrease -23.54894 

asB30 High energy loop 
Significant Decrease -17.92576 Not significant Decrease -11.14793 Significant Decrease -12.24739 

asB180 Low energy loop 
Significant Decrease -29.15951 Significant Decrease -16.64868 Significant Decrease -15.46537 

asB430 High energy stem 
Significant Decrease -46.1044 Significant Decrease -43.43012 Significant Decrease -42.01807 

asB606 Low energy stem 
Not significant Decrease -1.512516 Significant Decrease -18.90089 Significant Decrease -18.64338 

asB693 3' end 
Significant Decrease -26.76224 Significant Decrease -21.99318 Significant Decrease -21.40519 

 
 

  

 Analysis at 29 hours 

12 Replicates 64 Replicates (all data) 

Antisense fragment Description Test Effect Percentage Test Effect Percentage 

asCTRL asRNA without binding region Not 

significant Decrease -9.535941 Not significant Decrease -4.554005 

asRBS anti-RBS 
Significant Decrease -16.18159 Significant Decrease -12.29715 

asB1 anti B1-B20 
Significant Decrease -17.44661 Significant Decrease -15.63684 

asB30 High energy loop Not 
significant Decrease -10.47858 Not significant Decrease -6.344419 

asB180 Low energy loop 
Significant Decrease -13.47242 Not significant Decrease -7.436986 

asB430 High energy stem 
Significant Decrease -39.59259 Significant Decrease -35.45169 

asB606 Low energy stem 
Significant Decrease -18.02169 Not significant Increase 7.4302766 

asB693 3' end 
Significant Decrease -18.27027 Not significant Decrease -9.112476 
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 Analysis at 29 hours 

16 Replicates 12 Replicates 12 Replicates 

Antisense 

fragment 

Description Test Effect Percentage Test Effect Percentage Test Effect Percentage 

asCTRL asRNA without binding 
region Not Significant Decrease -3.497204 Significant Decrease -30.51684 Singificant Decrease -29.70957 

asB57 Low energy loop Significant Decrease -8.332703 Significant Decrease -45.65555 Singificant Decrease -46.39952 

asB407 High energy stem Not Significant Increase 1.1458683 Significant Decrease -37.09147 Singificant Decrease -36.76632 

asB539 High energy stem Not Significant Decrease -2.826996 Significant Decrease -29.72585 Singificant Decrease -43.37282 

asB615 Low energy stem Not Significant Increase 5.0977567 Significant Decrease -38.13665 Singificant Decrease -48.32856 

asB701 3' end Not Significant Decrease -3.892298 Significant Decrease -32.81387 Singificant Decrease -42.3807 

 

 

  
 Analysis at 29 hours 

40 Replicates (all data) 

Antisense 

fragment 

Description Test Effect Percentage 

asCTRL asRNA without binding 
region Significant Decrease -15.91455 

asB57 Low energy loop Significant Decrease -25.88216 

asB407 High energy stem Not Significant Decrease -16.60134 

asB539 High energy stem Significant Decrease -18.27546 

asB615 Low energy stem Not Significant Decrease -17.22425 

asB701 3' end Significant Decrease -19.41173 

 

*Statistical analysis was performed using N-way analysis of variance (anovan) in comparison with control pART15-C1.  
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Table B. 7. Statistical analysis of Cell-free-system at 48 hours 

  

 Analysis at 48 hours 

6 Replicates 8 Replicates 8 Replicates 

Antisense fragment Description Test Effect Percentage Test Effect Percentage Test Effect Percentage 

asCTRL asRNA without binding region 
Not Significant Increase -11.20146925 Significant Increase  23.128136 Not Significant Decrease -3.953029 

asRBS anti-RBS 
Not Significant Increase -1.372037921 Significant Increase  16.279269 Not Significant Decrease -11.07189 

asB1 anti B1-B20 
Not Significant Decrease -18.2314361 Not Significant Decrease -7.451443 Significant Decrease -33.57258 

asB30 High energy loop 
Not Significant Decrease -18.09767613 Significant Increase  26.732461 Not Significant Decrease 13.893922 

asB180 Low energy loop 
Not Significant Decrease -9.801968869 Not Significant Decrease -0.709013 Not Significant Decrease 1.8232121 

asB430 High energy stem 
Not Significant Increase 26.60149975 Significant Increase  84.959211 Not Significant Decrease -19.40422 

asB606 Low energy stem 
Significant Increase 44.4266578 Significant Increase  78.516569 Significant Increase 62.577262 

asB693 3' end 
Not Significant Decrease -13.57524021 Significant Increase  16.279269 Not Significant Decrease -5.014126 

 

 

  

 Analysis at 48 hours 

8 Replicates 30 Replicates (all data) 

Antisense fragment Description Test Effect Percentage Test Effect Percentage 

asCTRL asRNA without binding region 
Significant  Decrease -34.99905 Not Significant Decrease -8.678047 

asRBS anti-RBS 
Significant  Decrease -30.80636 Not Significant Decrease -8.489924 

asB1 anti B1-B20 
Significant  Decrease -27.39468 Significant Decrease -22.12331 

asB30 High energy loop 
Significant  Decrease -24.88976 Not Significant Decrease -2.075451 

asB180 Low energy loop 
Significant  Decrease -26.96888 Not Significant Decrease -10.14512 

asB430 High energy stem 
Not Significant Decrease -5.238043 Not Significant Increase 19.71038 

asB606 Low energy stem 
Significant  Increase 30.134399 Significant Increase 52.368835 

asB693 3' end 
Significant  Decrease -33.18081 Not Significant Decrease -10.51457 
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 Analysis at 48 hours 

16 Replicates 16 Replicates 32 Replicates (all data) 

Antisense fragment Description Test Effect Percentage Test Effect Percentage Test Effect Percentage 

asB57 Low energy loop Significant Decrease -47.22086 Significant Decrease -14.74997 Significant Decrease -32.29603 

asB407 High energy stem Significant Decrease -48.82772 Significant Decrease -27.63458 Significant Decrease -39.08656 

asB539 High energy stem Significant Decrease -57.46463 Significant Decrease -39.11799 Significant Decrease -49.03183 

asB615 Low energy stem Significant Decrease -38.33697 Significant Decrease -26.05452 Significant Decrease -32.6915 

asB701 3' end Significant Decrease -40.20867 Significant Decrease -36.38779 Significant Decrease -38.45245 

 

*Statistical analysis was performed using N-way analysis of variance (anovan) in comparison with control pART15-C1.  

Table B. 8. Statistical analysis of Cell-free-system at 72 hours 

 

  

 Analysis at 72 hours 

6 Replicates 8 Replicates 8 Replicates 

Antisense fragment Description Test Effect Percentage Test Effect Percentage Test Effect Percentage 

asCTRL asRNA without binding region 
Not Significant Decrease -4.280866598 Not Significant Increase 10.640972 Not Significant Decrease 16.942851 

asRBS anti-RBS 
Not Significant Increase  7.771485989 Not Significant Increase 1.7493727 Not Significant Decrease -11.02253 

asB1 anti B1-B20 
Not Significant Decrease -7.992151962 Significant Decrease -23.26966 Significant Decrease -32.23958 

asB30 High energy loop 
Not Significant Decrease -4.326132153 Significant Increase 23.940376 Not Significant Decrease 10.124491 

asB180 Low energy loop 
Not Significant Decrease -18.49752523 Not Significant Increase 1.3422884 Not Significant Decrease -8.598146 

asB430 High energy stem 
Not Significant Increase  13.75482238 Significant Increase 74.495343 Not Significant Decrease -19.92038 

asB606 Low energy stem 
Significant Increase  52.49089518 Significant Increase 105.64317 Significant Increase 57.081073 

asB693 3' end 
Not Significant Decrease -6.819328562 Not Significant Increase 1.7493727 Not Significant Decrease -5.790364 
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 Analysis at 72 hours 

8 Replicates 30 Replicates (all data) 

Antisense fragment Description Test Effect Percentage Test Effect Percentage 

asCTRL asRNA without binding region 
Significant Decrease -19.14528 Not Significant Increase 0.8209287 

asRBS anti-RBS 
Not Significant Increase 6.4414176 Not Significant Increase 1.1433757 

asB1 anti B1-B20 
Not Significant Increase -4.948475 Significant Decrease -17.0942 

asB30 High energy loop 
Not Significant Decrease -5.116547 Not Significant Increase 6.0012479 

asB180 Low energy loop 
Not Significant Decrease -11.34196 Not Significant Decrease -9.263868 

asB430 High energy stem 
Significant Decrease -4.605267 Not Significant Increase 14.924015 

asB606 Low energy stem 
Significant Increase 53.796714 Significant Increase 66.860869 

asB693 3' end 
Significant Decrease -14.10125 Not Significant Decrease -6.418191 

 
 

  

 Analysis at 72 hours 

16 Replicates 16 Replicates 32 Replicates (all data) 

Antisense fragment Description Test Effect Percentage Test Effect Percentage Test Effect Percentage 

asB57 Low energy loop Significant Decrease -74.71092 Not Significant Decrease -9.581926 Significant Decrease -47.96216 

asB407 High energy stem Significant Decrease -71.93235 Not Significant Increase 6.0039617 Significant Decrease -39.92357 

asB539 High energy stem Significant Decrease -61.09395 Significant Decrease -70.77354 Significant Decrease -65.0694 

asB615 Low energy stem Significant Decrease -61.60226 Significant Decrease -53.10634 Significant Decrease -58.11295 

asB701 3' end Significant Decrease -75.39302 Significant Decrease -67.11225 Significant Decrease -71.99207 

 

*Statistical analysis was performed using N-way analysis of variance (anovan) in comparison with control pART15-C1.  
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Table B. 9. Statistical analysis of Cell-free-system at 96 hours 

  

 Analysis at 96 hours 

6 Replicates 8 Replicates 8 Replicates 

Antisense fragment Description Test Effect Percentage Test Effect Percentage Test Effect Percentage 

asCTRL asRNA without binding region 
Not Significant Decrease -7.739444766 Not Significant Increase 5.5820883 Not Significant Decrease 6.7512092 

asRBS anti-RBS 
Not Significant Decrease -1.843620524 Not Significant Increase 9.3804799 Not Significant Decrease -8.453662 

asB1 anti B1-B20 
Not Significant Increase  3.609065193 Significant Decrease -27.53853 Significant Decrease -30.78369 

asB30 High energy loop 
Not Significant Decrease -10.5513797 Significant Increase 26.765778 Not Significant Decrease 7.0489649 

asB180 Low energy loop 
Not Significant Decrease -16.28182846 Not Significant Increase 11.18673 Significant Decrease -20.42169 

asB430 High energy stem 
Not Significant Increase  10.00441857 Significant Increase 62.130237 Significant Decrease -26.08113 

asB606 Low energy stem 
Not Significant Increase  43.28356403 Significant Increase 120.96215 Significant Decrease 46.372422 

asB693 3' end 
Not Significant Decrease -14.71706127 Not Significant Increase 9.3804799 Not Significant Decrease -2.749724 

 

 

  

 Analysis at 96 hours 

8 Replicates 30 Replicates (all data) 

Antisense fragment Description Test Effect Percentage Test Effect Percentage 

asCTRL asRNA without binding region 
Siginificant Decrease -15.46696 Not Significant Decrease -2.810698 

asRBS anti-RBS 
Siginificant Increase  35.930829 Not Significant Increase 8.649579 

asB1 anti B1-B20 
Not Significant Increase  9.142867 Not Significant Decrease -11.25455 

asB30 High energy loop 
Not Significant Decrease -1.352749 Not Significant Increase 5.0559446 

asB180 Low energy loop 
Siginificant Decrease -16.03485 Not Significant Decrease -10.98527 

asB430 High energy stem 
Not Significant Decrease -2.355732 Not Significant Increase 9.3054399 

asB606 Low energy stem 
Siginificant Increase  59.510229 Significant Increase 66.146807 

asB693 3' end 
Not Significant Decrease -4.404644 Not Significant Decrease -3.361623 
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 Analysis at 96 hours 

16 Replicates 16 Replicates 32 Replicates (all data) 

Antisense fragment Description Test Effect Percentage Test Effect Percentage Test Effect Percentage 

asB57 Low energy loop Significant Decrease -62.77153 Significant Decrease -24.66437 Significant Decrease -41.90937 

asB407 High energy stem Significant Decrease -48.30012 Significant Decrease -29.79405 Significant Decrease -38.16878 

asB539 High energy stem Significant Decrease -57.33846 Significant Decrease -72.75598 Significant Decrease -65.77894 

asB615 Low energy stem Significant Decrease -15.50988 Significant Decrease -49.31215 Significant Decrease -34.01529 

asB701 3' end Significant Decrease -65.94318 Significant Decrease -75.21886 Significant Decrease -71.02125 

 

 

*Statistical analysis was performed using N-way analysis of variance (anovan) in comparison with control pART15-C1.  

 

Table B. 10. Statistical analysis of Cell-free-system with MicC scaffold 

     48 hours 72 hours 96 hours 

Antisense fragment Description Replicates Test Effect Percentage Test Effect Percentage Test Effect Percentage 

MicC-asRBS 
anti-RBS 23 

Significant Increase 35.23607 Significant Increase 23.19246 Significant Increase 17.50201 

MicC-asB1 
anti B1-B20 24 

Not Significant Decrease -0.23998 Significant Decrease -34.6396 Significant Decrease -42.2982 

MiCC-asB606 
Low energy stem 14 

Significant Increase 29.46057 Not Significant Decrease -0.04392 Not Significant Increase 3.704833 

 

*Statistical analysis was performed using N-way analysis of variance (anovan) in comparison with control pART15-C1
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Table B. 11. Pairwise comparison test of pART15 plasmids for cells 

  6 hrs 18 hrs 29 hrs 

pART15-C1 asCTRL 0.999871 0.999989 0.987148 

pART15-C1 asRBS 0.999999 0.962367 0.999779 

pART15-C1 asB1 0.99947 0.957866 0.934912 

pART15-C1 asB30 1 0.999957 0.999628 

pART15-C1 asB180 0.984754 0.880324 0.999991 

pART15-C1 asB430 0.901272 0.994289 5.04E-07 

pART15-C1 asB606 0.985762 0.000243 0.00752 

pART15-C1 asB693 0.695221 0.43938 1 

asCTRL asRBS 0.995919 0.793383 0.789251 

asCTRL asB1 1 0.780359 0.296221 

asCTRL asB30 0.999542 1 0.999996 

asCTRL asB180 0.99997 0.616666 0.999779 

asCTRL asB430 0.997054 0.999963 1.27E-07 

asCTRL asB606 0.999975 2.75E-05 0.194963 

asCTRL asB693 0.961413 0.185912 0.991899 

asRBS asB1 0.990477 1 0.999263 

asRBS asB30 1 0.745343 0.950333 

asRBS asB180 0.92058 1 0.987162 

asRBS asB430 0.736048 0.442607 1.37E-05 

asRBS asB606 0.924007 0.034954 0.000548 

asRBS asB693 0.468466 0.994079 0.999499 

asB1 asB30 0.998493 0.731098 0.560365 

asB1 asB180 0.999997 1 0.727468 

asB1 asB430 0.99898 0.427198 0.000502 

asB1 asB606 0.999997 0.037523 1.52E-05 

asB1 asB693 0.979056 0.995032 0.913984 

asB30 asB180 0.972602 0.559518 1 

asB30 asB430 0.859811 0.999991 1.32E-07 

asB30 asB606 0.97419 1.82E-05 0.070849 

asB30 asB693 0.627113 0.154009 0.999842 

asB180 asB430 0.999998 0.273062 1.52E-07 

asB180 asB606 1 0.078473 0.034195 

asB180 asB693 0.999063 0.999549 0.999998 

asB430 asB606 0.999997 1.80E-06 1.27E-07 

asB430 asB693 0.999997 0.046753 3.79E-07 

asB606 asB693 0.998953 0.379766 0.009628 
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  6 hrs 18 hrs 29 hrs 

pART15-C1 asCTRL 0.633809 0.996906 1 

pART15-C1 asB57 0.98974 1 0.980949 

pART15-C1 asB407 0.999787 0.717253 1 

pART15-C1 asB539 0.999984 0.966707 1 

pART15-C1 asB615 0.999093 0.999966 1 

pART15-C1 asB701 0.965147 0.999992 0.999997 

asCTRL asB57 0.983804 0.99511 0.960066 

asCTRL asB407 0.894361 0.98107 1 

asCTRL asB539 0.827737 0.651625 0.999996 

asCTRL asB615 0.932652 0.964738 1 

asCTRL asB701 0.99639 0.975386 0.999946 

asB57 asB407 0.999938 0.682637 0.973062 

asB57 asB539 0.999458 0.975134 0.99157 

asB57 asB615 0.999994 0.999989 0.981867 

asB57 asB701 0.999999 0.999998 0.996898 

asB407 asB539 1 0.121442 1 

asB407 asB615 1 0.474807 1 

asB407 asB701 0.99899 0.520406 0.999988 

asB539 asB615 0.999996 0.997199 1 

asB539 asB701 0.995764 0.995038 1 

asB615 asB701 0.999755 1 0.999998 

 

*Pairwise comparisons was performed using Tukey’s honestly significant difference (HSD) method, with 99% 

confidence interval. 

*The mean responses that are significantly different are highlighted in green.  
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Table B. 12. Multiple comparison test of pART15 plasmids for cell-free-system 

  48 hrs 72 hrs 96 hrs 

pART15-C1 asCTRL 0.966494 1 0.999999 

pART15-C1 asRBS 0.970981 1 0.985356 

pART15-C1 asB1 0.05156 0.425285 0.919986 

pART15-C1 asB30 1 0.998755 0.999771 

pART15-C1 asB180 0.912633 0.969894 0.930604 

pART15-C1 asB430 1.33E-01 0.627066 0.975808 

pART15-C1 asB606 1.27E-07 1.27E-07 1.27E-07 

pART15-C1 asB693 0.893149 0.99789 0.999993 

asCTRL asRBS 1 1 0.91118 

asCTRL asB1 0.657794 0.354398 0.987642 

asCTRL asB30 0.99511 0.99962 0.992585 

asCTRL asB180 1 0.948198 0.990198 

asCTRL asB430 2.11E-03 7.01E-01 0.879011 

asCTRL asB606 1.27E-07 1.27E-07 1.27E-07 

asCTRL asB693 1 0.994715 1 

asRBS asB1 0.639118 0.328168 0.258116 

asRBS asB30 0.996067 0.999776 0.999987 

asRBS asB180 1 0.937211 0.27654 

asRBS asB430 2.36E-03 0.728926 1 

asRBS asB606 1.27E-07 1.27E-07 1.27E-07 

asRBS asB693 1 0.992704 0.884579 

asB1 asB30 0.117733 0.073083 0.553179 

asB1 asB180 0.791664 0.990591 1 

asB1 asB430 2.33E-07 1.08E-03 0.216522 

asB1 asB606 1.27E-07 1.27E-07 1.27E-07 

asB1 asB693 0.820787 0.926898 0.992401 

asB30 asB180 0.979363 0.595269 0.577607 

asB30 asB430 0.05947 0.976553 0.999947 

asB30 asB606 1.27E-07 1.27E-07 1.27E-07 

asB30 asB693 0.972112 0.832934 0.987912 

asB180 asB430 8.71E-04 4.80E-02 0.23303 

asB180 asB606 1.27E-07 1.27E-07 1.27E-07 

asB180 asB693 1 0.999998 0.994117 

asB430 asB606 0.00014 1.27E-07 1.27E-07 

asB430 asB693 6.91E-04 0.135032 0.847169 

asB606 asB693 1.27E-07 1.27E-07 1.27E-07 
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  48 hrs 72 hrs 96 hrs 

pART15-C1 asCTRL 0.003739 3.71E-08 3.71E-08 

pART15-C1 asB57 3.71E-08 3.71E-08 3.71E-08 

pART15-C1 asB407 3.71E-08 3.71E-08 3.71E-08 

pART15-C1 asB539 3.71E-08 3.71E-08 3.71E-08 

pART15-C1 asB615 3.71E-08 3.71E-08 4.07E-08 

pART15-C1 asB701 3.71E-08 3.71E-08 3.71E-08 

asCTRL asB57 8.99E-06 0.204903 0.001002 

asCTRL asB407 3.72E-08 0.002906 4.38E-05 

asCTRL asB539 3.71E-08 0.996857 0.999861 

asCTRL asB615 5.11E-06 0.996394 7.98E-07 

asCTRL asB701 3.74E-08 0.543476 0.845843 

asB57 asB407 0.496639 0.78828 0.992595 

asB57 asB539 7.75E-05 0.038975 0.000158 

asB57 asB615 1 0.548141 0.757638 

asB57 asB701 0.615756 0.000408 1.06E-06 

asB407 asB539 0.086952 0.000167 4.83E-06 

asB407 asB615 0.570965 0.021468 0.987069 

asB407 asB701 0.999998 3.06E-07 5.22E-08 

asB539 asB615 0.00013 0.881253 9.17E-08 

asB539 asB701 0.053897 0.883684 0.957993 

asB615 asB701 0.688068 0.173747 3.71E-08 

 

*Statistical analysis was performed using multiple comparison test in Matlab (multcompare). 

*The mean responses that are significantly different are highlighted in green. 
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Supplementary Appendix C: Characterizing Synechocystis sp. PCC 6803 with RametrixTM: Glucose, illumination, and nitrogen 

deprivation-induced phenotypes 

 
Figure C. 1. Raman shift contributions to DAPC clustering in Figure 4.2B, separation by the presence of glucose in BG-11 medium. 

 
Figure C. 2. Raman shift contributions to DAPC clustering in Figure 4.3B, separation by differences in illumination. 
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Figure C. 3. Raman shift contributions to DAPC clustering in Figure 4.4B, separation by nitrate limitations. 

 
Figure C. 4. Raman shift contributions to DAPC clustering in Figure 4.5B, separation by differences in all growth conditions. 
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Table C. 1. PCA contributions  

 

Glucose Study (Figure 4.2C) 

Major Band Designation Reference (cited in Ref (1)) 

430 Cholesterol, cholesterol ester (2) 

575 Phosphatidylinositol (2) 

625 Unknown; Possibly glycerol (2) 

690 Unknown  

750 Protein assignment (3–5) 

992 Unknown  

1102 Phenylalanine; Protein assignment (6) 

1156 Protein assignment; Carotenoids (7,8) 

1520 Carotenoids (9,10) 

Illumination Study (Figure 4.3C) 

Major Band Designation Reference (cited in Ref 1) 

430 Cholesterol, cholesterol ester (2) 

516 Phosphatidylinositol (2) 

574 Phosphatidylinositol (2) 

625 Unknown  

685 Unknown  

1156 Protein assignment; Carotenoids (7,8) 

1520 Carotenoids (9,10) 

Nitrate Limitation Study (Figure 4.4C) 

Major Band Designation Reference (cited in Ref 1) 

518 Phosphatidylinositol (6) 

534 Unknown  

https://www.zotero.org/google-docs/?9BJN7F
https://www.zotero.org/google-docs/?rmcfZT
https://www.zotero.org/google-docs/?yY4NbJ
https://www.zotero.org/google-docs/?usQS1w
https://www.zotero.org/google-docs/?Hbr5XS
https://www.zotero.org/google-docs/?UCSAkv
https://www.zotero.org/google-docs/?0KKKkk
https://www.zotero.org/google-docs/?vGuUy5
https://www.zotero.org/google-docs/?yU6yEx
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571 Tryptophan; cytosine, guanine (10) 

623 Protein (4,10,11) 

1156 Protein assignment; Carotenoids (7,8) 

1359 Tryptophan (5) 

1518 Porphyrin; Carotenoids (3) 

1520 Carotene (9) 

All Phenotypes Study (Figure 4.5C) 

Major Band Designation Reference (cited in Ref 1) 

516 Phosphatidylinositol (2) 

574 Phosphatidylinositol (2) 

624 Unknown  

630 Glycerol  (2) 

667 DNA/RNA (11) 

675 DNA (11) 

685 Unknown  

938 C-C stretch backbone (10) 

991 Unknown  

1101 Proteins or fatty acids (6,12) 

1114 Unknown  

1156 Protein assignment; Carotenoids (7,8) 

1158 Protein (11) 

1265 Protein (13) 

1333 Protein; Nucleic acids (3,14) 

1345 Unknown  

1357 Unknown  

1374 Unknown  

1381 Unknown  

1395 Unknown  

https://www.zotero.org/google-docs/?EEOPSH
https://www.zotero.org/google-docs/?NGL5bm
https://www.zotero.org/google-docs/?n567ch
https://www.zotero.org/google-docs/?ZAeXDm
https://www.zotero.org/google-docs/?IbbfD3
https://www.zotero.org/google-docs/?jngANv
https://www.zotero.org/google-docs/?1MjrIH
https://www.zotero.org/google-docs/?KxKb3r
https://www.zotero.org/google-docs/?05QkPf
https://www.zotero.org/google-docs/?PnGFdW
https://www.zotero.org/google-docs/?U6Fdky
https://www.zotero.org/google-docs/?TOYbKu
https://www.zotero.org/google-docs/?0VeZyo
https://www.zotero.org/google-docs/?vSaeGg
https://www.zotero.org/google-docs/?qY4I7V
https://www.zotero.org/google-docs/?S831dL
https://www.zotero.org/google-docs/?sgcIv2
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1520 Carotenoids (9,10) 

1522 Carotenoids (10) 

1525 Carotenoids (10) 

 

 

Table C. 2. DAPC contributions  

 

Glucose Study (Fig. C1) 

Major Band Designation Reference (cited in Ref 1) 

430 Cholesterol (2) 

443 Unknown  

509 S-S disulfide stretching (12) 

561 Unknown  

581 Unknown  

632 Methionine or glycerol (2,12) 

664 RNA (7) 

674 Unknown  

704 Cholesterol (2) 

747 DNA/RNA (7,15) 

778 Phosphatidylinositol (2) 

993 C-O Ribose (11) 

1052 Protein (7) 

1144 Unknown  

1245 Amide III (12) 

1292 Cytocine (14) 

1305 Lipids (10) 

1403 Amino acids (12) 

https://www.zotero.org/google-docs/?6EoWY9
https://www.zotero.org/google-docs/?5o89FX
https://www.zotero.org/google-docs/?7S7xb6
https://www.zotero.org/google-docs/?YoWBdw
https://www.zotero.org/google-docs/?PRuNjw
https://www.zotero.org/google-docs/?PA581C
https://www.zotero.org/google-docs/?RvA5Qn
https://www.zotero.org/google-docs/?6DKtv7
https://www.zotero.org/google-docs/?pIRkYC
https://www.zotero.org/google-docs/?zVw6UN
https://www.zotero.org/google-docs/?UJFmUp
https://www.zotero.org/google-docs/?fcitpd
https://www.zotero.org/google-docs/?QdeuGx
https://www.zotero.org/google-docs/?ks2rEB
https://www.zotero.org/google-docs/?ZnmSNJ
https://www.zotero.org/google-docs/?3Yc5RZ
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Illumination Study (Fig. C2) 

Major Band Designation Reference (cited in Ref 1) 

405 Unknown  

599 Phosphatidylinositol (2) 

710 Unknown  

719 Phospholipids (2) 

776 Phosphatidylinositol (2) 

785 DNA/RNA (7) 

792 Unknown  

1005 Phenylalanine (protein) (11) 

1049 Glycogen (15) 

1063 Lipids (10) 

1074 Lipids (9) 

1155 Proteins, Glycogen, Carotenoids (4,10,16) 

1328 Phospholipids (9) 

1374 DNA/RNA (6) 

1385 CH3 band (10) 

1576 Nucleic acids (17) 

1620 Porphyrin (13) 

1628 Beta-form polypeptide films (18) 

1633 Amide I (16) 

1638 Amide I (19) 

Nitrate Limitation Study (Fig. C3) 

Major Band Designation Reference (cited in Ref 1) 

518 Phosphatidylinositol (6) 

534 Unknown  

571 Tryptophan; cytosine, guanine (10) 

https://www.zotero.org/google-docs/?Zgqvr8
https://www.zotero.org/google-docs/?X46sG8
https://www.zotero.org/google-docs/?L6YPJS
https://www.zotero.org/google-docs/?r02JLg
https://www.zotero.org/google-docs/?mMXs0j
https://www.zotero.org/google-docs/?QrwZJ9
https://www.zotero.org/google-docs/?LzWouK
https://www.zotero.org/google-docs/?QvWpBI
https://www.zotero.org/google-docs/?AQs11d
https://www.zotero.org/google-docs/?PBV2jt
https://www.zotero.org/google-docs/?Sxrk45
https://www.zotero.org/google-docs/?yY6qAd
https://www.zotero.org/google-docs/?6JP5tO
https://www.zotero.org/google-docs/?5PxtaG
https://www.zotero.org/google-docs/?5UNgcX
https://www.zotero.org/google-docs/?ZnWSbZ
https://www.zotero.org/google-docs/?aA6s3R
https://www.zotero.org/google-docs/?LDUK7c
https://www.zotero.org/google-docs/?tCSHuJ
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623 Protein (4,10,11) 

639 Protein (7) 

1156 Protein assignment; Carotenoids (7,8) 

1518 Porphyrin; Carotenoids (3) 

1520 Carotene (9) 

All Phenotypes Study (Fig. C4) 

Major Band Designation Reference (cited in Ref 1) 

447 Phenyl (20) 

492 Unknown  

605 Glycerol (2) 

651 Unknown  

720 DNA (15) 

786 Nucleic acids (21,22) 

1054 Nucleic acids (16) 

1156 Protein assignment; Carotenoids (7,8) 

1357 Nucleic acids (14) 

1524 Carotenoids (4,8) 

 

Table C. 3. Mean values of Total Spectral Distance (TSD), Total Principal canonical Distance (TPD) and Total Canonical Distance 

(TCD)  

 

Glucose Study (Reference = BG-11; 40 PCs (99.94%)) 

Factor TSD (mean) TSD (stdev) TPD (mean) TPD (stdev) TCD (mean) TCD (stdev) 

BG11 0.142 0.121 0.124 0.118 75.900 24.722 

BG11 (5 mM Glucose) 0.150 0.137 0.132 0.135 242.946 44.719 

Illumination Study (Reference = Continuous Light; 9 PCs (98.95%)) 

Factor TSD (mean) TSD (stdev) TPD (mean) TPD (stdev) TCD (mean) TCD (stdev) 

https://www.zotero.org/google-docs/?Rplmm8
https://www.zotero.org/google-docs/?hc32H9
https://www.zotero.org/google-docs/?7Mljgk
https://www.zotero.org/google-docs/?iUlVUS
https://www.zotero.org/google-docs/?o88CwQ
https://www.zotero.org/google-docs/?p81Hit
https://www.zotero.org/google-docs/?gYPPfy
https://www.zotero.org/google-docs/?jgQIDH
https://www.zotero.org/google-docs/?b0ingP
https://www.zotero.org/google-docs/?Ies5jn
https://www.zotero.org/google-docs/?u3GwKN
https://www.zotero.org/google-docs/?DlzdmP
https://www.zotero.org/google-docs/?q9aU1H
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Continuous Light 0.122 0.118 0.107 0.114 15.637 10.460 

Dark 0.172 0.154 0.155 0.154 53.019 18.777 

Light/Dark 0.171 0.096 0.148 0.094 51.402 18.044 

Nitrate Limitation Study (Reference = 100%; 3 PCs (83.23%)) 

Factor TSD (mean) TSD (stdev) TPD (mean) TPD (stdev) TCD (mean) TCD (stdev) 

5% 0.2087 0.1201 0.18 0.132972682 7.599177606 6.198677987 

10% 0.210 0.094 0.198 0.095 11.646 5.537 

20% 0.155 0.135 0.145 0.134 4.718 3.917 

50% 0.219 0.152 0.212 0.152 8.290 5.311 

75% 0.095 0.081 0.084 0.081 2.207 0.460 

95% 0.081 0.069 0.073 0.068 2.926 2.462 

100% 0.045 0.052 0.040 0.047 0.020 0.028 

Nitrate Limitation Study (Reference = 100%; 4 PCs (92.15%)) 

Factor TSD (mean) TSD (stdev) TPD (mean) TPD (stdev) TCD (mean) TCD (stdev) 

5%     9.473808032 7.60474009 

10%     22.170 6.957 

20%     9.234 6.174 

50%     12.048 7.737 

75%     5.055 3.109 

95%     5.508 4.995 

100%     1.460 1.670 

Nitrate Limitation Study (Reference = 100%; 5 PCs (95.58%)) 

Factor TSD (mean) TSD (stdev) TPD (mean) TPD (stdev) TCD (mean) TCD (stdev) 

5%     24.13960598 10.07295551 

10%     24.440 5.583 

20%     9.875 6.596 

50%     13.719 8.543 
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75%     6.648 2.787 

95%     5.883 4.796 

100%     1.483 1.666 

Nitrate Limitation Study (Reference = 100%; 6 PCs (97.74%)) 

Factor TSD (mean) TSD (stdev) TPD (mean) TPD (stdev) TCD (mean) TCD (stdev) 

5%     264.5835719 42.23825643 

10%     30.459 5.943 

20%     14.936 5.902 

50%     27.298 10.542 

75%     30.861 10.168 

95%     9.188 4.638 

100%     2.971 3.085 

Nitrate Limitation Study (Reference = 100%; 7 PCs (98.38%)) 

Factor TSD (mean) TSD (stdev) TPD (mean) TPD (stdev) TCD (mean) TCD (stdev) 

5%     333.9629081 29.96097684 

10%     41.552 12.228 

20%     21.583 8.264 

50%     29.096 12.229 

75%     34.377 9.876 

95%     11.750 5.902 

100%     5.460 5.888 

Nitrate Limitation Study (Reference = 100%; 8 PCs (98.80%)) 

Factor TSD (mean) TSD (stdev) TPD (mean) TPD (stdev) TCD (mean) TCD (stdev) 

5%     379.6526228 42.07181949 

10%     55.619 22.721 

20%     23.258 8.486 

50%     33.620 16.830 
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75%     42.642 15.430 

95%     13.368 6.024 

100%     8.140 9.050 

Nitrate Limitation Study (Reference = 100%; 9 PCs (99.19%)) 

Factor TSD (mean) TSD (stdev) TPD (mean) TPD (stdev) TCD (mean) TCD (stdev) 

5%     662.2821572 62.77970646 

10%     58.397 24.074 

20%     37.808 14.047 

50%     41.089 18.996 

75%     92.971 34.650 

95%     24.271 9.977 

100%     10.502 9.525 

Nitrate Limitation Study (Reference = 100%; 10 PCs (99.41%)) 

Factor TSD (mean) TSD (stdev) TPD (mean) TPD (stdev) TCD (mean) TCD (stdev) 

5%     664.980791 62.82454032 

10%     138.014 36.285 

20%     41.802 15.561 

50%     51.258 18.936 

75%     101.278 36.010 

95%     33.321 9.734 

100%     10.850 9.868 

All Phenotypes Study (Reference = Autotrophic, 8 PCs (99.79%)) 

Factor TSD (mean) TSD (stdev) TPD (mean) TPD (stdev) TCD (mean) TCD (stdev) 

Autotrophic 0.018 0.015 0.007 0.005 10.667 8.000 

Heterotrophic 0.220 0.116 0.209 0.114 283.131 22.425 

Photoautotrophic 0.275 0.208 0.266 0.210 192.109 42.165 

Photoheterotrophic 0.337 0.086 0.327 0.088 660.015 72.151 
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Circadian Rhythm Study (Reference = Autotrophic- 00h, 32 PCs (95%)) 

Incubation Time TSD (mean) TSD (stdev) TPD (mean) TPD (stdev) TCD (mean) TCD (stdev) 

autotrophic - 00h 0.0135 0.0027 0.00 0.002415486 47.575384 11.86614368 

autotrophic - 02h 0.3223 0.0094 0.19 0.01003466 403.0254163 26.10595162 

autotrophic - 04h 0.1246 0.0099 0.08 0.010324777 252.5189898 32.18651665 

autotrophic - 06h 0.0663 0.0053 0.06 0.005019474 243.4495726 27.01559472 

autotrophic - 08h 0.0800 0.0056 0.07 0.005416715 253.9657946 26.55647512 

autotrophic - 10h 0.0167 0.0029 0.01 0.00233366 74.71590441 15.62123649 

autotrophic - 12h 0.1946 0.0080 0.11 0.004781598 877.4240204 43.45062543 

autotrophic - 14h 0.0805 0.0062 0.07 0.006767638 191.0140419 21.80076453 

autotrophic - 16h 0.1258 0.0132 0.10 0.013689194 289.9684763 31.5691112 

autotrophic - 18h 0.0565 0.0095 0.04 0.009746724 190.794724 19.56369613 

autotrophic - 20h 0.2476 0.0125 0.24 0.012385247 473.2323463 30.86793238 

autotrophic - 22h 0.1748 0.0161 0.14 0.016846251 295.4347274 22.6548513 

autotrophic - 24h 0.0369 0.0034 0.01 0.002531542 147.591785 22.08116919 

dark autotrophic - 00h 0.0135 0.0027 0.00 0.002415486 47.575384 11.86614368 

dark autotrophic - 02h 0.0432 0.0044 0.01 0.002271001 209.9644047 24.23029326 

dark autotrophic - 04h 0.0222 0.0042 0.01 0.00438403 89.65537575 21.78130077 

dark autotrophic - 06h 0.0384 0.0023 0.02 0.003126053 116.1005494 15.78577056 

dark autotrophic - 08h 0.0462 0.0039 0.03 0.003921029 112.8706363 16.40593689 

dark autotrophic - 10h 0.0503 0.0024 0.03 0.003870265 145.4945777 11.80596462 

dark autotrophic - 12h 0.0381 0.0037 0.02 0.003052838 116.3511313 15.09081365 

dark autotrophic - 14h 0.0506 0.0068 0.03 0.007181666 243.6916609 24.75337642 

dark autotrophic - 16h 0.1872 0.0116 0.17 0.011891275 492.8847031 29.13725649 

dark autotrophic - 18h 0.0380 0.0015 0.02 0.002894577 147.1533002 11.17443674 

dark autotrophic - 20h 0.0766 0.0051 0.06 0.005822875 160.0446129 11.58233326 

dark autotrophic - 22h 0.1063 0.0049 0.09 0.00624874 161.8590657 15.45156905 

dark autotrophic - 24h 0.1102 0.0055 0.09 0.006193981 161.3285846 13.36215565 
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dark heterotrophic - 00h 0.0265 0.0045 0.01 0.003758448 139.6676073 20.46607052 

dark heterotrophic - 02h 0.0290 0.0036 0.01 0.00246918 202.7485922 33.24183082 

dark heterotrophic - 04h 0.0295 0.0039 0.02 0.003942036 168.8237508 25.79845765 

dark heterotrophic - 06h 0.0213 0.0018 0.01 0.002242661 129.1667795 19.28403605 

dark heterotrophic - 08h 0.0442 0.0045 0.03 0.004761201 137.8248585 24.05929207 

dark heterotrophic - 10h 0.2929 0.0190 0.26 0.01902287 389.2924598 24.23496546 

dark heterotrophic - 12h 0.0429 0.0034 0.03 0.003772676 179.2845999 19.18904711 

dark heterotrophic - 14h 0.0282 0.0028 0.01 0.003107979 177.5798673 22.9184634 

dark heterotrophic - 16h 0.5818 0.0186 0.56 0.019344337 201.2620944 17.74284173 

dark heterotrophic - 18h 0.0549 0.0036 0.04 0.004670591 151.6795451 21.64352722 

dark heterotrophic - 20h 0.1553 0.0069 0.15 0.00716113 249.8973582 26.10548678 

dark heterotrophic - 22h 0.0721 0.0036 0.05 0.004517682 233.3933103 25.6088299 

dark heterotrophic - 24h 0.0452 0.0064 0.03 0.005816656 188.6156604 20.24447394 

heterotrophic - 00h 0.0265 0.0045 0.01 0.003758448 139.6676073 20.46607052 

heterotrophic - 02h 0.0728 0.0104 0.04 0.010103278 254.6633087 28.15601974 

heterotrophic - 04h 0.1257 0.0107 0.11 0.010921809 159.2780898 21.87657878 

heterotrophic - 06h 0.8565 0.0216 0.82 0.022806807 217.4271784 21.46930242 

heterotrophic - 08h 0.0282 0.0029 0.01 0.003110624 137.5058908 18.60694622 

heterotrophic - 10h 0.0439 0.0018 0.02 0.003194187 162.9886428 15.08617139 

heterotrophic - 12h 0.1509 0.0079 0.09 0.00521718 770.2068283 48.12157467 

heterotrophic - 14h 0.0864 0.0082 0.08 0.008284332 288.4140201 29.40515586 

heterotrophic - 16h 0.1677 0.0123 0.16 0.012790431 236.4500369 22.68688328 

heterotrophic - 18h 0.0773 0.0100 0.07 0.010502684 259.5813169 26.80400714 

heterotrophic - 20h 0.0331 0.0054 0.02 0.005774465 161.0191639 20.32070082 

heterotrophic - 22h 0.0454 0.0070 0.03 0.007556826 189.0266663 21.74808893 

heterotrophic - 24h 0.1969 0.0120 0.186293251 0.012161165 333.2301309 31.34231638 
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Table C. 4. ANOVA test based on TPD data  

 

Glucose Study 

Source' SS' df' MS' F' Prob>F' 

Groups' 0.036660526 1 0.036660526 2.280251495 0.131185037 

Error' 32.89437035 2046 0.016077405 [] [] 

Total' 32.93103088 2047 [] [] [] 

Illumination Study 

Source' SS' df' MS' F' Prob>F' 

Groups' 0.142388151 2 0.071194076 4.684500223 0.009577848 

Error' 9.118677208 600 0.015197795 [] [] 

Total' 9.261065359 602 [] [] [] 

Nitrate Limitation Study 

Source' SS' df' MS' F' Prob>F' 

Groups' 0.248382292 6 0.041397049 3.560216339 0.004669223 

Error' 0.651149961 56 0.011627678 [] [] 

Total' 0.899532253 62 [] [] [] 

All Phenotypes Study 

Source' SS' df' MS' F' Prob>F' 

Groups' 0.52029041 3 0.173430137 10.71671044 4.94E-05 

Error' 0.517860812 32 0.01618315 [] [] 

Total' 1.038151222 35 [] [] [] 
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Table C. 5. ANOVA test based on TCD data  

 

Glucose Study (40 PCs) 

Source' SS' df' MS' F' Prob>F' 

Groups' 14287005.23 1 14287005.23 10943.84564 0 

Error' 2671018.368 2046 1305.483073 [] [] 

Total' 16958023.6 2047 [] [] [] 

Illumination Study (9 PCs) 

Source' SS' df' MS' F' Prob>F' 

Groups' 93702.51994 2 46851.25997 152.4899413 2.84E-54 

Error' 184344.9852 600 307.2416421 [] [] 

Total' 278047.5052 602 [] [] [] 

Nitrate Limitation Study (2 PCs) 

Source' SS' df' MS' F' Prob>F' 

Groups' 272.930289 6 45.4883815 3.835924704 0.002836752 

Error' 664.0769986 56 11.85851783 [] [] 

Total' 937.0072875 62 [] [] [] 

All Phenotypes Study (8 PCs) 

Source' SS' df' MS' F' Prob>F' 

Groups' 2020665.298 3 673555.0994 356.8273897 1.16E-24 

Error' 60403.89219 32 1887.621631 [] [] 

Total' 2081069.191 35 [] [] [] 
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Table C. 6. Pairwise Comparison based on TPD data  

 

Glucose Study 

Group 1 Group 2 

Lower Level 95% 

Confidence 

Difference in Group 

Means 

Upper Level 95% 

confidence p-value 

BG-11 

BG-11 (5 mM 

Glucose) -0.019444729 -0.008461831 0.002521066 0.131030625 

Illumination Study 

Group 1 Group 2 

Lower Level 95% 

Confidence 

Difference in Group 

Means 

Upper Level 95% 

confidence p-value 

Dark Light/Dark -0.018683878 0.006744784 0.032173445 0.808246756 

Dark Continuous Light 0.010597357 0.047844869 0.08509238 0.007355676 

Light/Dark Continuous Light 0.004761597 0.041100085 0.077438573 0.021889717 

Nitrate Limitation Study 

Group 1 Group 2 

Lower Level 95% 

Confidence 

Difference in Group 

Means 

Upper Level 95% 

confidence p-value 

5% 10% -0.170063392 -0.014617649 0.140828094 0.999949502 

5% 20% -0.11722692 0.038218823 0.193664566 0.988433404 

5% 50% -0.184117402 -0.028671659 0.126774084 0.997560062 

5% 75% -0.056344802 0.099100941 0.254546684 0.45747255 

5% 95% -0.04571264 0.109733103 0.265178846 0.334114954 

5% 100% -0.012616447 0.142829296 0.29827504 0.091397369 

10% 20% -0.102609271 0.052836472 0.208282215 0.942410892 

10% 50% -0.169499754 -0.01405401 0.141391733 0.999959939 

10% 75% -0.041727154 0.113718589 0.269164333 0.292949723 

10% 95% -0.031094991 0.124350752 0.279796495 0.199274486 

10% 100% 0.002001202 0.157446945 0.312892688 0.045221317 
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20% 50% -0.222336225 -0.066890482 0.088555261 0.84166019 

20% 75% -0.094563625 0.060882118 0.216327861 0.892114327 

20% 95% -0.083931463 0.07151428 0.226960023 0.795859917 

20% 100% -0.05083527 0.104610473 0.260056217 0.39136323 

50% 75% -0.027673143 0.1277726 0.283218343 0.174243328 

50% 95% -0.017040981 0.138404762 0.293850505 0.111462367 

50% 100% 0.016055212 0.171500956 0.326946699 0.021595557 

75% 95% -0.144813581 0.010632162 0.166077906 0.999992314 

75% 100% -0.111717388 0.043728356 0.199174099 0.976906489 

95% 100% -0.12234955 0.033096193 0.188541936 0.994631908 

All Phenotypes Study 

Group 1 Group 2 

Lower Level 95% 

Confidence 

Difference in Group 

Means 

Upper Level 95% 

confidence p-value 

Heterotrophic Photoheterotrophic -0.280157034 -0.117679896 0.044797242 0.223326845 

Heterotrophic Autotrophic 0.039786715 0.202263852 0.36474099 0.010054239 

Heterotrophic Photoautotrophic -0.219414829 -0.056937691 0.105539447 0.778553807 

Photoheterotrophic Autotrophic 0.15746661 0.319943748 0.482420886 4.28E-05 

Photoheterotrophic Photoautotrophic -0.101734933 0.060742205 0.223219342 0.743127231 

Autotrophic Photoautotrophic -0.421678681 -0.259201544 -0.096724406 0.000774189 

Heterotrophic Photoheterotrophic -0.280157034 -0.117679896 0.044797242 0.223326845 
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Table C. 7. Pairwise Comparison based on TCD data  

 

Glucose Study 

Group 1 Group 2 

Lower Level 95% 

Confidence 

Difference in Group 

Means 

Upper Level 95% 

confidence p-value 

BG-11 

BG-11 (5 mM 

Glucose) -170.1754647 -167.0458233 -163.916182 1.06E-10 

Illumination Study 

Group 1 Group 2 

Lower Level 95% 

Confidence 

Difference in Group 

Means 

Upper Level 95% 

confidence p-value 

Dark Light/Dark -1.999401613 1.616139018 5.231679648 0.546777093 

Dark Continuous Light 32.085659 37.38164717 42.67763534 9.56E-10 

Light/Dark Continuous Light 30.59876828 35.76550815 40.93224803 9.56E-10 

Nitrate Limitation Study (2 PCs) 

Group 1 Group 2 

Lower Level 95% 

Confidence 

Difference in Group 

Means 

Upper Level 95% 

confidence p-value 

5% 10% -4.149685014 0.814495245 5.778675503 0.998734295 

5% 20% -2.715951227 2.248229032 7.212409291 0.807409115 

5% 50% -5.813381598 -0.84920134 4.114978919 0.998398721 

5% 75% -0.872547214 4.091633045 9.055813303 0.171816473 

5% 95% -0.697287128 4.266893131 9.23107339 0.137074862 

5% 100% -0.231006392 4.733173866 9.697354125 0.071122768 

10% 20% -3.530446471 1.433733787 6.397914046 0.97365881 

10% 50% -6.627876843 -1.663696585 3.300483674 0.946056827 

10% 75% -1.687042459 3.2771378 8.241318058 0.414785997 

10% 95% -1.511782372 3.452397886 8.416578145 0.351791407 

10% 100% -1.045501637 3.918678622 8.88285888 0.212176469 
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20% 50% -8.061610631 -3.097430372 1.866749887 0.483742006 

20% 75% -3.120776246 1.843404012 6.807584271 0.914230162 

20% 95% -2.94551616 2.018664099 6.982844358 0.873837676 

20% 100% -2.479235424 2.484944834 7.449125093 0.72535109 

50% 75% -0.023345874 4.940834384 9.905014643 0.051852602 

50% 95% 0.151914212 5.116094471 10.08027473 0.039299547 

50% 100% 0.618194948 5.582375206 10.54655546 0.018007587 

75% 95% -4.788920172 0.175260086 5.139440345 0.999999851 

75% 100% -4.322639437 0.641540822 5.605721081 0.999676933 

95% 100% -4.497899523 0.466280736 5.430460994 0.999949842 

Nitrate Limitation Study (3 PCs) 

Group 1 Group 2 

Lower Level 95% 

Confidence 

Difference in Group 

Means 

Upper Level 95% 

confidence p-value 

5% 10% -9.172647598 -2.750394948 3.671857701 0.844608303 

5% 20% -2.244789206 4.177463444 10.59971609 0.432873263 

5% 50% -5.816495025 0.605757624 7.028010274 0.999948596 

5% 75% -1.076679276 5.345573374 11.76782602 0.16328977 

5% 95% -0.45207014 5.97018251 12.39243516 0.084629029 

5% 100% 1.103996823 7.526249472 13.94850212 0.011888565 

10% 20% 0.505605742 6.927858392 13.35011104 0.026544746 

10% 50% -3.066100077 3.356152572 9.778405222 0.684039104 

10% 75% 1.673715672 8.095968322 14.51822097 0.005277468 

10% 95% 2.298324808 8.720577458 15.14283011 0.002069685 

10% 100% 3.854391771 10.27664442 16.69889707 0.000170639 

20% 50% -9.993958469 -3.57170582 2.85054683 0.618442918 

20% 75% -5.25414272 1.16810993 7.590362579 0.997742937 

20% 95% -4.629533584 1.792719066 8.214971715 0.977787432 

20% 100% -3.073466621 3.348786028 9.771038678 0.686232809 
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50% 75% -1.6824369 4.739815749 11.1620684 0.283072458 

50% 95% -1.057827764 5.364424885 11.78667753 0.160287609 

50% 100% 0.498239198 6.920491848 13.3427445 0.026799174 

75% 95% -5.797643514 0.624609136 7.046861786 0.999938449 

75% 100% -4.241576551 2.180676099 8.602928748 0.942686573 

95% 100% -4.866185687 1.556066963 7.978319612 0.989288978 

All Phenotypes Study (8 PCs) 

Group 1 Group 2 

Lower Level 95% 

Confidence 

Difference in Group 

Means 

Upper Level 95% 

confidence p-value 

Heterotrophic Photoheterotrophic -432.3740453 -376.8836016 -321.3931579 3.77E-09 

Heterotrophic Autotrophic 216.9741654 272.4646091 327.9550529 3.77E-09 

Heterotrophic Photoautotrophic 35.53165941 91.02210315 146.5125469 0.00054925 

Photoheterotrophic Autotrophic 593.857767 649.3482107 704.8386545 3.77E-09 

Photoheterotrophic Photoautotrophic 412.415261 467.9057048 523.3961485 3.77E-09 

Autotrophic Photoautotrophic -236.9329497 -181.442506 -125.9520622 6.15E-09 

Heterotrophic Photoheterotrophic -432.3740453 -376.8836016 -321.3931579 3.77E-09 

 

Table C. 8. Nitrate Limitation Study: Regression of TSD, TPD and TCD data  

 

 3 PCs 

(83.23%) 

4 PCs 

(92.15%) 

5 PCs 

(95.58%) 

6 PCs 

(97.74%) 

7 PCs 

(98.38%) 

8 PCs 

(98.80%) 

9 PCs 

(99.19%) 

 

10 PCs 

(99.41%) 

 

 TSD 

(mean) 

TPD 

(mean) 

TCD 

(mean) 

TCD 

(mean) 

TCD 

(mean) 

TCD 

(mean) 

TCD 

(mean 

TCD 

(mean 

TCD 

(mean 

TCD 

(mean) 

Slope -0.002 -0.001 -0.082 -0.123 -0.198 -1.294 -1.656 -1.895 -3.101 -3.399 

Intercept 0.223 0.206 9.477 15.515 22.363 119.931 152.248 175.587 289.752 321.141 

R2 0.752 0.708 0.656 0.548 0.782 0.310 0.318 0.325 0.280 0.347 

R 0.867 0.841 0.810 0.7400 0.884 0.556 0.5643 0.5704 0.5296 0.5889 
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Table C. 9. RametrixTM PRO analysis  

 

Study Factor 

Number 

of PCs 

% Variability 

Explained by 

PCs Accuracy Sensitivity Selectivity Scans Used 

Glucose Glucose 6 95.00% 50.00% 50.00% 50.00% CYB1 - CYB64 

Glucose Glucose 10 99.00% 89.06% 87.50% 90.63% CYB1 - CYB64 

Glucose Glucose 15 99.50% 90.63% 90.63% 90.63% CYB1 - CYB64 

Glucose Glucose 25 99.78% 84.38% 81.25% 87.50% CYB1 - CYB64 

Glucose Glucose 30 99.85% 90.63% 93.75% 87.50% CYB1 - CYB64 

Glucose Glucose 40 99.94% 95.31% 93.75% 96.88% CYB1 - CYB64 

Glucose Glucose 50 99.98% 92.19% 90.63% 93.75% CYB1 - CYB64 

Glucose Glucose 60 100.00% 57.81% 62.50% 53.13% CYB1 - CYB64 

Illumination Continuous Light 8 98.54% 98.28% 100.00% 98.44% 

CYB1 - CYB64, CYB83 - 

CYB85 

Illumination Continuous Light 9 98.98% 100.00% 100.00% 100.00% 

CYB1 - CYB64, CYB83 - 

CYB85 

Illumination Continuous Light 10 99.19% 93.75% 100.00% 93.10% 

CYB1 - CYB64, CYB83 - 

CYB85 

Illumination Dark 6 96.70% 84.21% 69.23% 78.13% 

CYB1 - CYB64, CYB83 - 

CYB85 

Illumination Dark 7 97.97% 78.95% 73.08% 76.56% 

CYB1 - CYB64, CYB83 - 

CYB85 

Illumination Dark 8 98.54% 79.69% 65.39% 89.47% 

CYB1 - CYB64, CYB83 - 

CYB85 
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Illumination Dark 9 98.98% 89.47% 69.23% 89.47% 

CYB1 - CYB64, CYB83 - 

CYB85 

Illumination Dark 10 99.19% 76.56% 65.39% 84.21% 

CYB1 - CYB64, CYB83 - 

CYB85 

Illumination Dark 20 99.68% 65.63% 42.31% 81.58% 

CYB1 - CYB64, CYB83 - 

CYB85 

Illumination Light/Dark 7 97.97% 76.56% 78.13% 75.00% 

CYB1 - CYB64, CYB83 - 

CYB85 

Illumination Light/Dark 8 98.54% 71.88% 81.25% 62.50% 

CYB1 - CYB64, CYB83 - 

CYB85 

Illumination Light/Dark 9 98.98% 78.13% 81.25% 75.00% 

CYB1 - CYB64, CYB83 - 

CYB85 

Illumination Light/Dark 10 99.19% 78.13% 84.38% 71.88% 

CYB1 - CYB64, CYB83 - 

CYB85 

Illumination Light/Dark 11 99.28% 76.56% 81.25% 71.88% 

CYB1 - CYB64, CYB83 - 

CYB85 

Nitrate 

Limitation 5% 2 71.68% 80.95% 33.33% 88.89% CYB65 - CYB85 

Nitrate 

Limitation 5% 3 83.23% 76.19% 66.67% 77.78% CYB65 - CYB85 

Nitrate 

Limitation 5% 4 92.15% 85.71% 66.67% 88.89% CYB65 - CYB85 

Nitrate 

Limitation 5% 5 95.58% 71.43% 66.67% 72.22% CYB65 - CYB85 

Nitrate 

Limitation 5% 6 97.74% 90.48% 66.67% 94.44% CYB65 - CYB85 
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Nitrate 

Limitation 5% 7 98.38% 85.71% 33.33% 94.44% CYB65 - CYB85 

Nitrate 

Limitation 5% 8 98.81% 80.95% 33.33% 88.89% CYB65 - CYB85 

Nitrate 

Limitation 5% 10 99.41% 47.62% 33.33% 50.00% CYB65 - CYB85 

Nitrate 

Limitation 10% 2 71.68% 95.24% 66.67% 100.00% CYB65 - CYB85 

Nitrate 

Limitation 10% 3 83.23% 95.24% 66.67% 100.00% CYB65 - CYB85 

Nitrate 

Limitation 10% 4 92.15% 85.71% 100.00% 83.33% CYB65 - CYB85 

Nitrate 

Limitation 10% 5 95.58% 80.95% 66.67% 83.33% CYB65 - CYB85 

Nitrate 

Limitation 10% 6 97.74% 71.43% 66.67% 72.22% CYB65 - CYB85 

Nitrate 

Limitation 10% 7 98.38% 61.90% 66.67% 61.11% CYB65 - CYB85 

Nitrate 

Limitation 10% 10 99.41% 23.81% 100.00% 11.11% CYB65 - CYB85 

Nitrate 

Limitation 20% 2 71.68% 76.19% 0.00% 88.89% CYB65 - CYB85 

Nitrate 

Limitation 20% 3 83.23% 61.90% 0.00% 72.22% CYB65 - CYB85 

Nitrate 

Limitation 20% 4 92.15% 66.67% 33.33% 72.22% CYB65 - CYB85 
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Nitrate 

Limitation 20% 5 95.58% 52.38% 66.67% 50.00% CYB65 - CYB85 

Nitrate 

Limitation 20% 6 97.74% 23.81% 33.33% 22.22% CYB65 - CYB85 

Nitrate 

Limitation 50% 2 71.68% 85.71% 33.33% 94.44% CYB65 - CYB85 

Nitrate 

Limitation 50% 3 83.23% 80.95% 33.33% 88.89% CYB65 - CYB85 

Nitrate 

Limitation 50% 4 92.15% 80.95% 66.67% 83.33% CYB65 - CYB85 

Nitrate 

Limitation 50% 5 95.58% 61.90% 100.00% 55.56% CYB65 - CYB85 

Nitrate 

Limitation 50% 6 97.74% 52.38% 100.00% 44.44% CYB65 - CYB85 

Nitrate 

Limitation 75% 2 71.68% 71.43% 0.00% 83.33% CYB65 - CYB85 

Nitrate 

Limitation 75% 3 83.23% 95.24% 66.67% 100.00% CYB65 - CYB85 

Nitrate 

Limitation 75% 4 92.15% 66.67% 0.00% 77.78% CYB65 - CYB85 

Nitrate 

Limitation 75% 5 95.58% 42.86% 100.00% 33.33% CYB65 - CYB85 

Nitrate 

Limitation 75% 6 97.74% 33.33% 100.00% 22.22% CYB65 - CYB85 

Nitrate 

Limitation 95% 2 71.68% 80.95% 0.00% 94.44% CYB65 - CYB85 
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Nitrate 

Limitation 95% 3 83.23% 52.38% 33.33% 79.56% CYB65 - CYB85 

Nitrate 

Limitation 95% 4 92.15% 38.10% 66.67% 33.33% CYB65 - CYB85 

Nitrate 

Limitation 95% 5 95.58% 47.62% 66.67% 44.44% CYB65 - CYB85 

Nitrate 

Limitation 95% 6 97.74% 38.10% 66.67% 33.33% CYB65 - CYB85 

Nitrate 

Limitation 95% 10 99.41% 19.05% 100.00% 5.56% CYB65 - CYB85 

All Phenotypes Autotrophic 5 92.15% 71.77% 12.50% 85.51% CYB1 - CYB85 

All Phenotypes Autotrophic 6 95.01% 69.41% 12.50% 82.61% CYB1 - CYB85 

All Phenotypes Autotrophic 7 96.69% 74.12% 25.00% 85.51% CYB1 - CYB85 

All Phenotypes Autotrophic 8 97.80% 78.82% 25.00% 91.30% CYB1 - CYB85 

All Phenotypes 

Autotrophic 

Control 2 63.15% 84.71% 0.00% 100.00% CYB1 - CYB85 

All Phenotypes 

Autotrophic 

Control 3 78.59% 69.41% 53.85% 72.22% CYB1 - CYB85 

All Phenotypes 

Autotrophic 

Control 4 87.11% 75.29% 61.54% 77.78% CYB1 - CYB85 

All Phenotypes 

Autotrophic 

Control 5 92.15% 75.29% 53.85% 79.17% CYB1 - CYB85 

All Phenotypes 

Autotrophic 

Control 6 95.01% 75.29% 46.15% 80.56% CYB1 - CYB85 
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All Phenotypes 

Autotrophic 

Control 7 96.69% 78.82% 53.85% 83.33% CYB1 - CYB85 

All Phenotypes 

Autotrophic 

Control 8 97.00% 85.88% 38.46% 94.44% CYB1 - CYB85 

All Phenotypes 

Autotrophic 

Control 10 98.85% 87.06% 30.77% 97.22% CYB1 - CYB85 

All Phenotypes 

Autotrophic 

Control 11 99.00% 84.71% 7.69% 98.61% CYB1 - CYB85 

All Phenotypes 

Autotrophic 

Control 40 99.86% 15.29% 100.00% 0.00% CYB1 - CYB85 

All Phenotypes 

Autotrophic 

Control 50 99.92% 15.29% 100.00% 0.00% CYB1 - CYB85 

All Phenotypes 

Dark 

Heterotrophic 4 87.11% 77.65% 0.00% 91.67% CYB1 - CYB85 

All Phenotypes 

Dark 

Heterotrophic 5 92.15% 83.53% 30.77% 93.06% CYB1 - CYB85 

All Phenotypes 

Dark 

Heterotrophic 6 95.01% 84.71% 38.46% 93.06% CYB1 - CYB85 

All Phenotypes 

Dark 

Heterotrophic 7 96.69% 84.71% 30.77% 94.44% CYB1 - CYB85 

All Phenotypes 

Dark 

Heterotrophic 8 97.80% 84.71% 38.46% 93.06% CYB1 - CYB85 

All Phenotypes 

Dark 

Heterotrophic 9 98.40% 84.71% 23.08% 95.83% CYB1 - CYB85 

All Phenotypes 

Dark 

Heterotrophic 10 98.85% 85.88% 15.39% 98.61% CYB1 - CYB85 
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All Phenotypes Heterotrophic 5 92.15% 74.12% 31.25% 84.06% CYB1 - CYB85 

All Phenotypes Heterotrophic 6 95.01% 77.65% 50.00% 84.06% CYB1 - CYB85 

All Phenotypes Heterotrophic 7 96.69% 71.77% 43.75% 78.26% CYB1 - CYB85 

All Phenotypes Heterotrophic 8 97.80% 80.00% 50.00% 86.96% CYB1 - CYB85 

All Phenotypes Heterotrophic 11 99.05% 80.00% 37.50% 89.86% CYB1 - CYB85 

All Phenotypes Nitrate Limited 7 96.69% 74.12% 33.33% 85.08% CYB1 - CYB85 

All Phenotypes Nitrate Limited 8 97.80% 80.00% 38.89% 91.05% CYB1 - CYB85 

All Phenotypes Nitrate Limited 9 98.40% 91.05% 38.89% 92.54% CYB1 - CYB85 

All Phenotypes Photoautotrophic 7 96.69% 91.77% 66.67% 93.67% CYB1 - CYB85 

All Phenotypes Photoautotrophic 8 97.80% 88.24% 50.00% 91.14% CYB1 - CYB85 

All Phenotypes Photoautotrophic 9 98.40% 87.06% 50.00% 89.87% CYB1 - CYB85 

All Phenotypes Photoheterotrophic 6 95.01% 60.00% 100.00% 58.54% CYB1 - CYB85 

All Phenotypes Photoheterotrophic 7 96.69% 32.94% 100.00% 30.49% CYB1 - CYB85 

All Phenotypes Photoheterotrophic 8 97.80% 75.29% 66.67% 75.61% CYB1 - CYB85 

All Phenotypes Photoheterotrophic 9 98.40% 43.53% 33.33% 43.90% CYB1 - CYB85 

 

Table C. 10. Random chance analysis  

 

Study Random Accuracy Random Sensitivity Random Selectivity 

Glucose Phenotypes (n = 100,000) 

BG-11 50% 50% 50% 

BG-11 (with 5 mM glucose) 50% 50% 50% 

Illumination Phenotypes (n = 100,000) 
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Continuous Light 63.6% 33.4% 66.7% 

Dark 53.2% 33.4% 66.7% 

Light/Dark 50.0% 33.4% 66.7% 

Nitrate Limitation Phenotypes (n = 100,000) 

5% 75.5% 14.2% 85.7% 

10% 75.5% 14.2% 85.7% 

20% 75.6% 14.4% 85.7% 

50% 75.5% 14.2% 85.7% 

75% 75.5% 14.3% 85.7% 

95% 75.5% 14.1% 85.7% 

All Phenotypes (n = 100,000) 

Autotrophic 72.3% 14.3% 85.7% 

Dark control 74.8% 14.3% 85.7% 

Dark heterotrophic 74.8% 14.2% 85.7% 

Heterotrophic 72.3% 14.2% 85.7% 

Nitrate limited 70.6% 14.3% 85.7% 

Photoautotrophic 80.7% 14.2% 85.7% 

Photoheterotrophic 83.2% 14.2% 85.7% 
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Figure C. 5. Synechocystis sp. PCC6803 culture growth under different concentrations of nitrate. (a) Averaged spectra baselined and 

vector normalized over the range 400-1800 cm-1. (b) Visual comparison of bleaching of cells growing under low concentrations of 

nitrate, where 17.6 mM is nitrate concentration in unaltered BG-11 medium.  

Conversion to percentages: 5% = 0.88 mM; 10% = 1.76 mM; 20% = 3.52 mM; 50% = 8.8 mM; 75% = 13.2 mM; 95% = 16.72 mM; 

100% = 17.6 mM. 
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Figure C. 6. Glycogen analysis and Raman spectroscopy in in Synechocystis sp. PCC 6803 cells grown under different concentrations 

of nitrate. Correlation coefficients (R) between Raman bands and glycogen level are represented.  
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Figure C. 7. Levels of amino acids under nitrogen limitation conditions. Data represent means ± standard deviation (SD) of values from 

three independent experiments. Synechocystis sp. PCC6803 cells under 17.6 mM conditions represents the regular concentration of 

nitrate in BG-11 medium.  
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Figure C. 8. Correlation of Raman data with UPLC extraction of amino acids. (a) Alanine, (b) Arginine, (c) Aspartate/Asparagine, (d) 

Glutamate, (e) Glycine, (f) Histidine, (g) Isoleucine, (h) Leucine, (i) Lysine, (j) Methionine, (k) Phenylalanine, (l) Proline, (m) Serine, 

(n) Threonine, (o) Tyrosine, (p) Valine. Correlation coefficients (R) for each Raman band are represented.  
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Figure C. 9. Raman bands predictions of amino acids non-resolved with UPLC. (a) Cysteine predictions, (b) Tryptophan predictions.  
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Figure C. 10. Fatty acid levels analysis with GC-FID and Raman spectroscopy in in Synechocystis sp. PCC 6803 cells grown under 

different concentrations of nitrate. (a) Total unsaturated fatty acid and total saturated fatty acids levels, (b) Correlation between Raman 

spectroscopy and GC-FID data of saturated fatty acids, (c) Correlation between Raman spectroscopy and GC-FID data of unsaturated 

fatty acids analysis. Correlation coefficients (R) for each Raman band are represented.  
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Figure C. 11. Chlorophyll a level and Raman spectroscopy in in Synechocystis sp. PCC 6803 cells grown under different concentrations 

of nitrate. Correlation coefficients (R) between Raman bands and chlorophyll a levels are represented.  

 

Table C. 11. All Raman bands cited and tested for amino acids, chlorophyll a, glycogen and fatty acids. 

 

Biomolecules Raman bands (cm-1) and Correlation Coefficient (R) References 

Ala 1236 (R = 0.67), 1462 ( R = 0.59), 1464 (R = 0.81) (23,24) 

Arg 1067 (R = 0.57), 1264 (R = 0.74), 1298 (R = 0.58) (23,24) 

Asp/Asn 1251 (R = 0.80), 1262 (R = 0.72) (24) 

Cys* 1301 (24) 

Glu/Gln 1258 (R = 0.91), 1275 (R = 0.84), 1282 (R = 0.79) (23) 

Gly 1036 (R = 0.44), 1458 (R = 0.46) (24) 

His 1250 (R = 0.84), 1252 (R = 0.85), 1271 (R = 0.72), 1272 (R = 0.73) (23,24) 

Ile 1257 (R = 0.88), 1273 (R = 0.75) (24) 

Leu 1243 (R = 0.79), 1457 (R = 0.62) (24) 

Lys 1257 (R = 0.87), 1456 (R = 0.71), 1464 (R = 0.83) (24) 

https://www.zotero.org/google-docs/?0Xc6AT
https://www.zotero.org/google-docs/?qC3CEf
https://www.zotero.org/google-docs/?Cuhi8Q
https://www.zotero.org/google-docs/?b3ud7q
https://www.zotero.org/google-docs/?Ezytwr
https://www.zotero.org/google-docs/?LBGFeo
https://www.zotero.org/google-docs/?9w09Nj
https://www.zotero.org/google-docs/?VGbY3m
https://www.zotero.org/google-docs/?mbXCNX
https://www.zotero.org/google-docs/?keJc5w
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Met 1075 (R = 0.67 ), 1245 (R = 0.89), 1265 (R = 0.76), 1280 (R = 0.70) (24) 

Phe 821 (R = 0.54), 832 (R = 0.5), 1293 (R = 0.53) (23,24) 

Pro 1239 (R = 0.74), 1240 (R = 0.75), 1266 (R = 0.78), 1267 (R = 0.78) (23,24) 

Ser 805 (R = 0.70), 1464 (R = 0.78) (24) 

Thr 1251 (R = 0.84), 1467 (R = 0.73) (24) 

Trp* 802, 1233, 1253, 1278, 1293, 1309, 1314, 1450 (23,24) 

Tyr 1247 (R = 0.90), 1248 (R = 0.89), 1265 (R = 0.73), 1267 (R = 0.74), 1285 (R = 0.61) (23,24) 

Val 1272 (R = 0.73), 1273 (R = 0.74), 1467 (R = 0.75) (23,24) 

Chlorophyll a 1239 (R = 0.92), 1289 (R = 0.68), 1308 (R = 0.62) (25,26) 

Glycogen 1150 (R = 0.82), 1155 (R = 0.80) (27) 

Unsaturated Fatty acids 980 (R = 0.49) (1) 

Saturated Fatty acids 877 (0.49), 1064 (0.44), 1078 (0.38) (1) 

 

* Values for Cys and Trp could not be obtained by the UPLC method used in this research. Only Raman predictions are provided.  

** Possible overlapping bands between different biomolecules assigned Raman band

https://www.zotero.org/google-docs/?qhvj7x
https://www.zotero.org/google-docs/?lKVZrV
https://www.zotero.org/google-docs/?E8hxwf
https://www.zotero.org/google-docs/?Zb5OIB
https://www.zotero.org/google-docs/?pTJ6ZC
https://www.zotero.org/google-docs/?hcf1UF
https://www.zotero.org/google-docs/?hcf1UF
https://www.zotero.org/google-docs/?oFND6T
https://www.zotero.org/google-docs/?QwqYaf
https://www.zotero.org/google-docs/?yvKUuT
https://www.zotero.org/google-docs/?lDpNDt
https://www.zotero.org/google-docs/?oC5YyK
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Supplementary Appendix D: Characterizing Synechocystis sp. PCC 6803 with RametrixTM: Acetate, NaCl, and MgSO4 

deprivation-induced phenotypes 

 
Figure D. 1. Raman shift contributions to DAPC clustering in Figure 5.1B, separation by the presence of acetate in BG-11 medium. 

 
Figure D. 2. Raman shift contributions to DAPC clustering in Figure 5.2B, separation by the presence of NaCl in BG-11 medium. 
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Figure D. 3. Raman shift contributions to DAPC clustering in Figure 5.3B, separation by the presence of MgSO4 in BG-11 medium. 

 
Figure D. 4. Raman shift contributions to DAPC clustering in Figure 5.4B, separation by all treatments in BG-11 medium. 

 



 

237 
 

 

 

Table D. 1. PCA contributions  

 

Acetate Study (Figure 5.1C) 

Major Band Designation Reference 

573 Tryptophan/cytosine, guanine (1) 

630 Glycerol (2) 

1088 C-C stretch (1) 

1156 Protein assignment; Carotenoids (3–5) 

1518 Carotenoids (6) 

NaCl Study (Figure 5.2C) 

Major Band Designation Reference 

428 phosphate of HA (7) 

515 Serine (8) 

573 Tryptophan/cytosine, guanine (1) 

630 Glycerol (2) 

669 Cytosine (1) 

684 Phenylalanine (9) 

725 DNA/RNA (10) 

750 Lactic acid (11) 

780 Uracil  (12) 

1157 Carotenoids, beta-carotene (3–5) 

1188 Phenylalanine (9) 

1260 Amide III, Second amide, lipids, proteins (1,3,5,13–15) 

1520 Carotenoid, carotene (1,16) 

 

MgSO4 Study (Figure 5.3C) 

Major Band Designation Reference 

https://www.zotero.org/google-docs/?EPST4F
https://www.zotero.org/google-docs/?uvvpJu
https://www.zotero.org/google-docs/?gjn6Db
https://www.zotero.org/google-docs/?E1Wi2z
https://www.zotero.org/google-docs/?p6WTrY
https://www.zotero.org/google-docs/?PU8Kye
https://www.zotero.org/google-docs/?NcuewX
https://www.zotero.org/google-docs/?rLyebg
https://www.zotero.org/google-docs/?nx5MF2
https://www.zotero.org/google-docs/?flzVDT
https://www.zotero.org/google-docs/?i03xA2
https://www.zotero.org/google-docs/?tfz5rH
https://www.zotero.org/google-docs/?fICWgB
https://www.zotero.org/google-docs/?Q4YVs7
https://www.zotero.org/google-docs/?ueiEyn
https://www.zotero.org/google-docs/?5OwK7d
https://www.zotero.org/google-docs/?2bb5xt
https://www.zotero.org/google-docs/?JR9GY6
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429 Cholesterol, cholesterol ester (2) 

573 Tryptophan/cytosine, guanine (1) 

630 Glycerol (2) 

684 Phenylalanine (9) 

750 Lactic acid (11) 

1157 Carotenoids, beta-carotene (3–5) 

1188 Phenylalanine (9) 

1330 Phospholipids (16) 

1380 Lipid assignment (17) 

1520 Carotenoid, carotene (1,16) 

All Phenotypes Study (Figure 5.4C) 

Major Band Designation Reference 

428 Phosphate of HA (7) 

575 Phosphatidylinositol (2) 

625 Lysine (9) 

685 Tryptophan  (9) 

725 DNA/RNA (10) 

750 Lactic acid (11) 

780 Uracil (12) 

1087 acyl backbone in lipids (7) 

1157 Carotenoids, beta-carotene (3–5) 

1188 Phenylalanine (9) 

1328 Nucleic acids (18) 

1360 Tryptophan (19) 

1520 Carotenoid, carotene (1,16) 

 

 

 

 

 

https://www.zotero.org/google-docs/?IUDRci
https://www.zotero.org/google-docs/?jFlFPs
https://www.zotero.org/google-docs/?F3rRxl
https://www.zotero.org/google-docs/?K631CO
https://www.zotero.org/google-docs/?Apn0m6
https://www.zotero.org/google-docs/?nYPtY5
https://www.zotero.org/google-docs/?ngGYCm
https://www.zotero.org/google-docs/?OnjBge
https://www.zotero.org/google-docs/?EIw2JB
https://www.zotero.org/google-docs/?nCA8Zy
https://www.zotero.org/google-docs/?4OYQlg
https://www.zotero.org/google-docs/?ZVXd6q
https://www.zotero.org/google-docs/?K8ARZt
https://www.zotero.org/google-docs/?GprrEw
https://www.zotero.org/google-docs/?7OQKxN
https://www.zotero.org/google-docs/?QkjUAf
https://www.zotero.org/google-docs/?wSquee
https://www.zotero.org/google-docs/?IpsmIl
https://www.zotero.org/google-docs/?7SOUcC
https://www.zotero.org/google-docs/?TPbWKN
https://www.zotero.org/google-docs/?OLYPYL
https://www.zotero.org/google-docs/?4PnLqD
https://www.zotero.org/google-docs/?4H6yhs
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Table D. 2. DAPC contributions  

 

Acetate Study (Fig. D1) 

Major Band Designation Reference 

415 Phosphatidylinositol (2) 

436 Unknown  

477 Polysaccharides, amylose, amylopectin (19) 

502 Riboflavin (8) 

512 Unknown  

524 Proteins, Phosphatidylserine (1,2,20) 

532 Alanine (8) 

543 Unknown  

618 Protein (10) 

638 Methionine (19) 

689 Unknown  

698 Arabinose, N-Acetyl-D-glucosamine (8) 

704 Galactosamine  (8) 

715 Tyrosine, Valine (9) 

746 DNA/RNA (10) 

920 Proline ring, glucose, lactic acid (1,20) 

988 Glutamic acid, lysine, tryptophan (9) 

1005 Phenylalanine, proteins (21) 

1155 Protein assignment; Carotenoids (1,20) 

1086 acyl backbone in lipids (7) 

1196 Cysteine (9) 

1327 Glycine, serine (9) 

1495 Histidine (9) 

https://www.zotero.org/google-docs/?m4LAGe
https://www.zotero.org/google-docs/?efOkrx
https://www.zotero.org/google-docs/?YS6huu
https://www.zotero.org/google-docs/?7slAki
https://www.zotero.org/google-docs/?B4CsC2
https://www.zotero.org/google-docs/?KZ2FMH
https://www.zotero.org/google-docs/?GA3QAD
https://www.zotero.org/google-docs/?5Exs4B
https://www.zotero.org/google-docs/?MIrx06
https://www.zotero.org/google-docs/?i07xPV
https://www.zotero.org/google-docs/?UkDOIu
https://www.zotero.org/google-docs/?LP4JaH
https://www.zotero.org/google-docs/?Ykt8QH
https://www.zotero.org/google-docs/?Lz0MJS
https://www.zotero.org/google-docs/?na5GbL
https://www.zotero.org/google-docs/?bWmQNY
https://www.zotero.org/google-docs/?Neet4H
https://www.zotero.org/google-docs/?CTO7jJ


 

240 
 

 

1510 DNA (10) 

1528 Carotenoids (3) 

1550 Tryptophan (6) 

1558 Tryptophan (7) 

1615 Tyrosine, tryptophan (10) 

1790 Unknown  

NaCl Study (Fig. D2) 

Major Band Designation Reference 

405 Unknown  

422 Unknown  

430 Cholesterol, cholesterol ester (2) 

594 Phosphatidylinositol  

650 Guanine (8) 

712 Unknown  

730 Proline (21) 

746 DNA/RNA (10) 

798 Unknown  

854 Polysaccharides, pectin, tyrosine (19,21) 

1040 Carbohydrates, Proline (13,22) 

1090 Phosphate, DNA (13,23) 

1157 Carotenoids, beta-carotene (3–5) 

1200 Nucleic acids and phosphates (24) 

1255 Lipids (25) 

1329 DNA, Phospholipid collagen, Nucleic acids and phosphates (16,24,26) 

1495 Histidine (9) 

1517 Beta-carotene (5) 

MgSO4 Study (Fig. D3) 

https://www.zotero.org/google-docs/?VxEVrT
https://www.zotero.org/google-docs/?5nbzrY
https://www.zotero.org/google-docs/?uIdpOX
https://www.zotero.org/google-docs/?s0j5pN
https://www.zotero.org/google-docs/?ZhiWRI
https://www.zotero.org/google-docs/?XyTzfr
https://www.zotero.org/google-docs/?EeINsr
https://www.zotero.org/google-docs/?fwXpEO
https://www.zotero.org/google-docs/?nRSdKP
https://www.zotero.org/google-docs/?KtuQQ8
https://www.zotero.org/google-docs/?nZ5XFC
https://www.zotero.org/google-docs/?vNxBTo
https://www.zotero.org/google-docs/?q5Ypc1
https://www.zotero.org/google-docs/?jzlbo4
https://www.zotero.org/google-docs/?mm5szi
https://www.zotero.org/google-docs/?JLpXCX
https://www.zotero.org/google-docs/?e5ppBP
https://www.zotero.org/google-docs/?meIodI
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Major Band Designation Reference 

412 Phosphatidylinositol (2) 

424 Unknown  

850 Amino acids, valine, polysaccharides, tyrosine (19,27) 

862 Unknown  

868 Monosaccharides (19) 

992 Aspartate, proline (9) 

1157 Carotenoids, beta-carotene (3–5) 

1456 Deoxyribose (28) 

1496 Riboflavin (8) 

1520 Carotenoid, carotene (1,16) 

1577 Guanine, Bound & free NADH (16,28) 

1585 C=C olefinic stretch (29) 

All Phenotypes Study (Fig. D4) 

Major Band Designation Reference 

412 Phosphatidylinositol (2) 

424 Unknown  

442 Unknown  

509 Collagen, Cysteine (7,19) 

615 Cholesterol ester (2) 

652 Alanine, Arginine (8,9) 

746 DNA/RNA (10) 

850 Amino acids, valine, polysaccharides, tyrosine (19,27) 

861 Phosphate group, Phosphatidic acid (2) 

992 Aspartate, proline (9) 

1058 Lipids (13) 

1086 acyl backbone in lipids (7) 

1155 Proteins, carotenoid (1,20) 

https://www.zotero.org/google-docs/?jYMV8o
https://www.zotero.org/google-docs/?oebogn
https://www.zotero.org/google-docs/?CRzi9a
https://www.zotero.org/google-docs/?PUVYvV
https://www.zotero.org/google-docs/?qmI4ip
https://www.zotero.org/google-docs/?ml98r2
https://www.zotero.org/google-docs/?C3Tcxp
https://www.zotero.org/google-docs/?YJenve
https://www.zotero.org/google-docs/?kGNGJU
https://www.zotero.org/google-docs/?VKlL76
https://www.zotero.org/google-docs/?1uvnNK
https://www.zotero.org/google-docs/?AyPfqc
https://www.zotero.org/google-docs/?npEnRY
https://www.zotero.org/google-docs/?Yr3F7C
https://www.zotero.org/google-docs/?eWkIr4
https://www.zotero.org/google-docs/?3VArhw
https://www.zotero.org/google-docs/?YKRelT
https://www.zotero.org/google-docs/?68DkVu
https://www.zotero.org/google-docs/?joZeht
https://www.zotero.org/google-docs/?tb56Gh
https://www.zotero.org/google-docs/?6cU8RO
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1226 Lysine (9) 

1245 Amide III (19) 

1251 Guanine, cytosine (28) 

1327 Nucleic acids (18) 

1456 Deoxyribose (28) 

1462 Disaccharides, sucrose (19) 

1513 Cytosine (28) 

1577 Guanine, Bound & free NADH (16,28) 

1618 Tryptophan, Bound and free NADH (6,16) 

1661 Amide I, Lipids (21,25) 

1720 C=O (2) 

 

 

Table D. 3. Mean values of Total Spectral Distance (TSD), Total Principal canonical Distance (TPD) and Total Canonical Distance 

(TCD)  

 

Acetate Study (Reference = 0; 12 PCs (99.2758%)) 

Factor TSD (mean) TSD (stdev) TPD (mean) TPD (stdev) TCD (mean) TCD (stdev) 

0' 0.1182644181 0.1242458332 0.09700696619 0.1137800413 13.55223002 7.993008539 

15' 0.1564892439 0.163263582 0.1232850746 0.1487330242 64.58922464 19.12495605 

30' 0.4191560852 0.2114457536 0.3537607939 0.2342432018 98.87762659 24.09609408 

7.5' 0.145724401 0.1305455851 0.1181000853 0.1271310151 47.46829317 21.67648776 

NaCl Study (Reference = 0; 12 PCs (99.5533%)) 

Factor TSD (mean) TSD (stdev) TPD (mean) TPD (stdev) TCD (mean) TCD (stdev) 

0' 0.118296135 0.1242557691 0.09551997633 0.1146655784 15.82404142 8.21365186 

50' 0.2867847224 0.2354245872 0.2425456755 0.2470550451 86.10363268 25.1568395 

100' 0.2088394906 0.1909190586 0.1645341464 0.192105271 88.13745897 24.36953821 

150' 0.3689953028 0.2561297948 0.3309776715 0.2651606197 78.93040386 21.70275814 

https://www.zotero.org/google-docs/?H0isgV
https://www.zotero.org/google-docs/?LCUQuo
https://www.zotero.org/google-docs/?yh4IZl
https://www.zotero.org/google-docs/?Sqm71w
https://www.zotero.org/google-docs/?uXidOp
https://www.zotero.org/google-docs/?QDgfCG
https://www.zotero.org/google-docs/?OtSdrf
https://www.zotero.org/google-docs/?iEsRtp
https://www.zotero.org/google-docs/?RcZV8D
https://www.zotero.org/google-docs/?aL6jIw
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MgSO4 Study (Reference = 7.5; 12 PCs (99.1432%)) 

Factor TSD (mean) TSD (stdev) TPD (mean) TPD (stdev) TCD (mean) TCD (stdev) 

62.5'  0.118296135 0.1242557691 0.09822638996 0.1222952466 20.25270236 11.98429652 

0' 0.4844252476 0.2178491661 0.4618130925 0.2192188051 638.3105672 89.2194826 

15.625 ' 0.3701721025 0.1218309497 0.3388166134 0.1302162348 686.8762703 93.01281108 

31.25' 0.4248986123 0.1343619981 0.4054577552 0.1293354092 643.5199691 88.54078455 

All Phenotypes Study (Reference = 0, 15 PCs (99.2527%)) 

Factor TSD (mean) TSD (stdev) TPD (mean) TPD (stdev) TCD (mean) TCD (stdev) 

Acetate' 0.2404565767 0.2127848747 0.1572684831 0.1725368778 34.42091995 15.28187715 

BG-11 0.1182644181 0.1242458332 0.09090765282 0.1088634695 11.16701488 7.362581579 

MgSO4 0.4261322316 0.1698890353 0.3647929079 0.1576598915 162.700415 22.2394417 

NaCl 0.2879949365 0.237425449 0.2169180631 0.2219105416 48.47501731 20.97899238 

 

 

Table D. 4. ANOVA test based on TPD data  

 

Acetate Study 

Source' SS' df' MS' F' Prob>F' 

Groups' 3.558732924 3 1.186244308 44.72192164 3.66E-24 

Error' 8.487966632 320 0.02652489572 [] [] 

Total' 12.04669956 323 [] [] [] 

NaCl Study 

Source' SS' df' MS' F' Prob>F' 

Groups' 2.499443359 3 0.8331477865 18.37160911 5.06E-11 

Error' 14.51191837 320 0.04534974489 [] [] 

Total' 17.01136173 323 [] [] [] 

MgSO4 Study 

Source' SS' df' MS' F' Prob>F' 
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Groups' 6.221106936 3 2.073702312 85.78151801 9.47E-41 

Error' 7.735754219 320 0.02417423193 [] [] 

Total' 13.95686116 323 [] [] [] 

All Phenotypes Study 

Source' SS' df' MS' F' Prob>F' 

Groups' 7.308706221 3 2.436235407 75.27830383 6.25E-43 

Error' 26.08461719 806 0.03236304862 [] [] 

Total' 33.39332341 809 [] [] [] 

 

Table D. 5. ANOVA test based on TCD data 

Acetate Study (12 PCs) 
Source' SS' df' MS' F' Prob>F' 
Groups' 306731.566 3 102243.8553 276.3078599 1.83E-88 
Error' 118411.5201 320 370.0360003 [] [] 
Total' 425143.0861 323 [] [] [] 
NaCl Study (12 PCs) 
Source' SS' df' MS' F' Prob>F' 
Groups' 289397.3227 3 96465.77422 218.5927214 3.96E-77 
Error' 141217.1803 320 441.3036885 [] [] 
Total' 430614.503 323 [] [] [] 
MgSO4 Study (12 PCs) 
Source' SS' df' MS' F' Prob>F' 
Groups' 24686980.04 3 8228993.348 1338.341862 1.11E-180 
Error' 1967567.439 320 6148.648248 [] [] 
Total' 26654547.48 323 [] [] [] 
All Phenotypes Study (15 PCs) 
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Table D. 6. Pairwise Comparison based on TPD data  

 

Acetate Study 

Group 1 Group 2 

Lower Level 95% 

Confidence 

Difference in Group 

Means 

Upper Level 95% 

confidence p-value 

15' 7.5' -0.0605609306 0.005184989337 0.07093090928 0.997058447 

15' 0' -0.0394678115 0.02627810844 0.09202402838 7.34E-01 

15' 30' -0.2962216392 -0.2304757192 -0.1647297993 3.77E-09 

7.5' 0' -0.04465280084 0.0210931191 0.08683903904 8.43E-01 

7.5' 30' -0.3014066285 -0.2356607086 -0.1699147886 3.77E-09 

0' 30' -0.3224997476 -0.2567538277 -0.1910079077 3.77E-09 

NaCl Study 

Group 1 Group 2 

Lower Level 95% 

Confidence 

Difference in Group 

Means 

Upper Level 95% 

confidence p-value 

0' 100' -0.1549806983 -0.06901417005 0.01695235819 0.165547446 

0' 150' -0.3214242234 -0.2354576951 -0.1494911669 3.78E-09 

0' 50' -0.2329922274 -0.1470256992 -0.06105917092 6.58E-05 

100' 150' -0.2524100533 -0.1664435251 -0.08047699683 3.91E-06 

100' 50' -0.1639780574 -0.07801152911 0.007954999128 0.09100238259 

150' 50' 0.002465467721 0.08843199596 0.1743985242 0.04099165105 

Source' SS' df' MS' F' Prob>F' 
Groups' 2770121.423 3 923373.8077 2592.69579 0.00E+00 
Error' 287052.2998 806 356.1442925 [] [] 
Total' 3057173.723 809 [] [] [] 
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MgSO4 Study 

Group 1 Group 2 

Lower Level 95% 

Confidence 

Difference in Group 

Means 

Upper Level 95% 

confidence p-value 

62.5' 0' -0.4263518142 -0.3635867025 -0.3008215908 3.77E-09 

62.5' 15.625' -0.3033553352 -0.2405902235 -0.1778251118 3.77E-09 

62.5' 31.25' -0.369996477 -0.3072313653 -0.2444662536 3.77E-09 

0' 15.625' 0.06023136729 0.122996479 0.1857615907 2.86E-06 

0' 31.25' -0.006409774507 0.05635533721 0.1191204489 0.0964683347 

15.625' 31.25' -0.1294062535 -0.0666411418 -0.003876030081 0.03235263121 

All Phenotypes Study 

Group 1 Group 2 

Lower Level 95% 

Confidence 

Difference in Group 

Means 

Upper Level 95% 

confidence p-value 

Acetate' BG-11' 0.00706542426 0.06636083028 0.1256562363 0.02104970698 

Acetate' NaCl' -0.1015777636 -0.05964957996 -0.01772139626 0.001468085923 

Acetate' MgSO4' -0.2494526085 -0.2075244248 -0.1655962411 3.77E-09 

BG-11' NaCl' -0.1853058163 -0.1260104102 -0.06671500422 2.89E-07 

BG-11' MgSO4' -0.3331806611 -0.2738852551 -0.2145898491 3.77E-09 

NaCl' MgSO4' -0.1898030286 -0.1478748449 -0.1059466612 3.77E-09 
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Table D. 7. Pairwise Comparison based on TCD data  

 

Acetate Study 

Group 1 Group 2 

Lower Level 95% 

Confidence 

Difference in Group 

Means 

Upper Level 95% 

confidence p-value 

15' 7.5' 9.355529302 17.12093148 24.88633365 9.19E-08 

15' 0' 43.27159245 51.03699462 58.8023968 3.77E-09 

15' 30' -42.05380412 -34.28840195 -26.52299978 3.77E-09 

7.5' 0' 26.15066097 33.91606315 41.68146532 3.77E-09 

7.5' 30' -59.1747356 -51.40933342 -43.64393125 3.77E-09 

0' 30' -93.09079874 -85.32539657 -77.5599944 3.77E-09 

NaCl Study 

Group 1 Group 2 

Lower Level 95% 

Confidence 

Difference in Group 

Means 

Upper Level 95% 

confidence p-value 

0' 100' -80.7937083 -72.31341755 -63.8331268 3.77E-09 

0' 150' -71.58665319 -63.10636244 -54.62607169 3.77E-09 

0' 50' -78.75988201 -70.27959126 -61.79930051 3.77E-09 

100' 150' 0.7267643553 9.207055108 17.68734586 0.02712138432 

100' 50' -6.446464461 2.033826291 10.51411704 0.9269796481 

150' 50' -15.65351957 -7.173228816 1.307061936 0.1307527458 

MgSO4 Study 

Group 1 Group 2 

Lower Level 95% 

Confidence 

Difference in Group 

Means 

Upper Level 95% 

confidence p-value 
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62.5' 0' -649.7120974 -618.0578648 -586.4036323 3.77E-09 

62.5' 15.625' -698.2778005 -666.6235679 -634.9693354 3.77E-09 

62.5' 31.25' -654.9214993 -623.2672668 -591.6130342 3.77E-09 

0' 15.625' -80.21993564 -48.56570311 -16.91147059 0.0004699121492 

0' 31.25' -36.86363447 -5.209401942 26.44483058 0.974603151 

15.625' 31.25' 11.70206865 43.35630117 75.01053369 0.00244751384 

All Phenotypes Study 

Group 1 Group 2 

Lower Level 95% 

Confidence 

Difference in Group 

Means 

Upper Level 95% 

confidence p-value 

Acetate' BG-11' 0.00706542426 0.06636083028 0.1256562363 0.02104970698 

Acetate' NaCl' -0.1015777636 -0.05964957996 -0.01772139626 0.001468085923 

Acetate' MgSO4' -0.2494526085 -0.2075244248 -0.1655962411 3.77E-09 

BG-11' NaCl' -0.1853058163 -0.1260104102 -0.06671500422 2.89E-07 

BG-11' MgSO4' -0.3331806611 -0.2738852551 -0.2145898491 3.77E-09 

NaCl' MgSO4' -0.1898030286 -0.1478748449 -0.1059466612 3.77E-09 

 

 

 

Table D. 8. Regression of TSD, TPD and TCD data  

 

Acetate Study  

 TSD fit TPD fit TCD fit 

Slope 0.01014807574 0.008662031238 2.732256664 

Intercept 0.07671504298 0.05934906999 20.26097489 

R2 0.8568330399 0.8405425314 0.9702867809 
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NaCl Study  

 TSD fit TPD fit TCD fit 

Slope 0.001348304543 0.001256723113 0.3827058272 

Intercept 0.144606072 0.114140134 38.54594719 

R2 0.6590482035 0.6397804086 0.5124254285 

MgSO4 Study  

 TSD fit TPD fit TCD fit 

Slope -0.04589606421 -0.04509937101 -86.90298653 

Intercept 0.500044485 0.4740607739 782.3903018 

R2 0.8331753287 0.814645981 0.762249334 

 

Table D. 9. RametrixTM PRO analysis 

  

Study Factor 

Number 

of PCs 

% Variability 

Explained by PCs Accuracy Sensitivity Selectivity Scans Used 

Acetate 0 mM 6 92.3537 77.78% 44.44% 88.89% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 0 mM 10 98.7642 77.78% 33.33% 92.59% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 0 mM 12 99.2758 91.67% 100.00% 88.89% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 0 mM 15 99.5727 83.33% 100.00% 77.78% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 0 mM 20 99.7728 66.67% 100.00% 55.56% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 0 mM 25 99.8883 30.56% 100.00% 7.41% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 0 mM 30 99.9604 75.00% 77.78% 74.07% 

SYN1-SYN27, SYN53-

SYN61 
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Acetate 0 mM 33 99.9889 66.67% 11.11% 85.19% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 7.5 mM 6 92.3537 69.44% 22.22% 85.19% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 7.5 mM 10 98.7642 77.78% 55.56% 85.19% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 7.5 mM 12 99.2758 77.78% 66.67% 81.48% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 7.5 mM 15 99.5727 80.56% 77.78% 81.48% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 7.5 mM 20 99.7728 41.67% 100.00% 22.22% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 7.5 mM 25 99.8883 27.78% 100.00% 3.70% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 7.5 mM 30 99.9604 30.56% 100.00% 7.41% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 7.5 mM 33 99.9889 63.89% 33.33% 74.07% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 7.5 mM 4 82.5808 91.67% 66.67% 100.00% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 15 mM 6 92.3537 83.33% 33.33% 100.00% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 15 mM 10 98.7642 88.89% 55.56% 100.00% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 15 mM 12 99.2758 88.89% 55.56% 100.00% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 15 mM 15 99.5727 86.11% 55.56% 96.30% 

SYN1-SYN27, SYN53-

SYN61 
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Acetate 15 mM 20 99.7728 69.44% 88.89% 62.96% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 15 mM 25 99.8883 27.78% 100.00% 3.70% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 15 mM 30 99.9604 30.56% 100.00% 7.41% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 15 mM 33 99.9889 72.22% 0.00% 96.30% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 30 mM 6 92.3537 83.33% 55.56% 92.59% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 30 mM 10 98.7642 86.11% 66.67% 92.59% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 30 mM 12 99.2758 86.11% 55.56% 96.30% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 30 mM 15 99.5727 86.11% 55.56% 96.30% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 30 mM 20 99.7728 91.67% 100.00% 88.89% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 30 mM 25 99.8883 55.56% 100.00% 40.74% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 30 mM 30 99.9604 61.11% 100.00% 48.15% 

SYN1-SYN27, SYN53-

SYN61 

Acetate 30 mM 33 99.9889 33.33% 88.89% 14.81% 

SYN1-SYN27, SYN53-

SYN61 

NaCl 0 mM 6 95.9963 88.89% 55.56% 100.00% 

SYN19-SYN52, SYN89-

SYN91 

NaCl 0 mM 8 98.453 97.22% 88.89% 100.00% 

SYN19-SYN52, SYN89-

SYN91 
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NaCl 0 mM 10 99.3168 100.00% 100.00% 100.00% 

SYN19-SYN52, SYN89-

SYN91 

NaCl 0 mM 12 99.5533 100.00% 100.00% 100.00% 

SYN19-SYN52, SYN89-

SYN91 

NaCl 0 mM 15 99.7577 97.22% 100.00% 96.30% 

SYN19-SYN52, SYN89-

SYN91 

NaCl 0 mM 20 99.881 52.78% 100.00% 37.04% 

SYN19-SYN52, SYN89-

SYN91 

NaCl 50 mM 6 95.9963 66.67% 33.33% 77.78% 

SYN19-SYN52, SYN89-

SYN91 

NaCl 50 mM 8 98.453 77.78% 11.11% 100.00% 

SYN19-SYN52, SYN89-

SYN91 

NaCl 50 mM 10 99.3168 69.44% 0.00% 92.59% 

SYN19-SYN52, SYN89-

SYN91 

NaCl 50 mM 12 99.5533 80.56% 33.33% 96.30% 

SYN19-SYN52, SYN89-

SYN91 

NaCl 50 mM 15 99.7577 63.89% 33.33% 74.07% 

SYN19-SYN52, SYN89-

SYN91 

NaCl 50 mM 20 99.881 41.67% 100.00% 22.22% 

SYN19-SYN52, SYN89-

SYN91 

NaCl 100 mM 6 95.9963 75.00% 44.44% 85.19% 

SYN19-SYN52, SYN89-

SYN91 

NaCl 100 mM 8 98.453 83.33% 33.33% 100.00% 

SYN19-SYN52, SYN89-

SYN91 

NaCl 100 mM 10 99.3168 91.67% 66.67% 100.00% 

SYN19-SYN52, SYN89-

SYN91 

NaCl 100 mM 12 99.5533 86.11% 44.44% 100.00% 

SYN19-SYN52, SYN89-

SYN91 
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NaCl 100 mM 15 99.7577 83.33% 44.44% 96.30% 

SYN19-SYN52, SYN89-

SYN91 

NaCl 100 mM 20 99.881 77.78% 66.67% 81.48% 

SYN19-SYN52, SYN89-

SYN91 

NaCl 150 mM 6 95.9963 69.44% 22.22% 85.19% 

SYN19-SYN52, SYN89-

SYN91 

NaCl 150 mM 8 98.453 80.56% 22.22% 100.00% 

SYN19-SYN52, SYN89-

SYN91 

NaCl 150 mM 10 99.3168 72.22% 22.22% 88.89% 

SYN19-SYN52, SYN89-

SYN91 

NaCl 150 mM 12 99.5533 77.78% 44.44% 88.89% 

SYN19-SYN52, SYN89-

SYN91 

NaCl 150 mM 15 99.7577 66.67% 33.33% 77.78% 

SYN19-SYN52, SYN89-

SYN91 

NaCl 150 mM 20 99.881 41.67% 88.89% 25.93% 

SYN19-SYN52, SYN89-

SYN91 

MgSO4 62.5 mM 2 75.5401 100.00% 100.00% 100.00% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 62.5 mM 

4 92.0435 100.00% 100.00% 100.00% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 62.5 mM 

6 97.0328 100.00% 100.00% 100.00% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 62.5 mM 

8 98.2137 100.00% 100.00% 100.00% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 62.5 mM 

10 98.8121 100.00% 100.00% 100.00% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 62.5 mM 

12 99.1432 100.00% 100.00% 100.00% 

SYN19-SYN27, SYN62-

SYN88 
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MgSO4 62.5 mM 

20 99.7034 97.22% 100.00% 96.30% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 62.5 mM 

33 99.981 50.00% 88.89% 37.04% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

0 mM 2 75.5401 80.56% 44.44% 92.59% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

0 mM 4 92.0435 80.56% 44.44% 92.59% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

0 mM 6 97.0328 77.78% 44.44% 88.89% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

0 mM 8 98.2137 77.78% 33.33% 92.59% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

0 mM 10 98.8121 77.78% 22.22% 96.30% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

0 mM 12 99.1432 72.22% 55.56% 77.78% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

0 mM 14 99.3787 77.78% 77.78% 77.78% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

0 mM 16 99.5225 69.44% 88.89% 62.96% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

0 mM 18 99.6217 52.78% 100.00% 37.04% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

0 mM 20 99.7034 47.22% 100.00% 29.63% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

0 mM 33 99.981 72.22% 22.22% 88.89% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

15.625 mM 2 75.5401 61.11% 44.44% 66.67% 

SYN19-SYN27, SYN62-

SYN88 
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MgSO4 

15.625 mM 4 92.0435 66.67% 66.67% 66.67% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

15.625 mM 6 97.0328 69.44% 22.22% 85.19% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

15.625 mM 8 98.2137 86.11% 55.56% 96.30% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

15.625 mM 10 98.8121 86.11% 66.67% 92.59% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

15.625 mM 12 99.1432 91.67% 100.00% 88.89% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

15.625 mM 14 99.3787 88.89% 100.00% 85.19% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

15.625 mM 16 99.5225 83.33% 100.00% 77.78% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

15.625 mM 18 99.6217 77.78% 100.00% 70.37% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

15.625 mM 20 99.7034 58.33% 100.00% 44.44% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

31.25 mM 2 75.5401 72.22% 66.67% 74.07% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

31.25 mM 4 92.0435 77.78% 66.67% 81.48% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

31.25 mM 6 97.0328 83.33% 44.44% 96.30% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

31.25 mM 8 98.2137 80.56% 22.22% 100.00% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

31.25 mM 10 98.8121 88.89% 77.78% 92.59% 

SYN19-SYN27, SYN62-

SYN88 
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MgSO4 

31.25 mM 12 99.1432 94.44% 88.89% 96.30% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

31.25 mM 14 99.3787 88.89% 100.00% 85.19% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

31.25 mM 16 99.5225 88.89% 100.00% 85.19% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

31.25 mM 18 99.6217 91.67% 100.00% 88.89% 

SYN19-SYN27, SYN62-

SYN88 

MgSO4 

31.25 mM 20 99.7034 72.22% 100.00% 62.96% 

SYN19-SYN27, SYN62-

SYN88 

All Phenotypes BG-11  10 98.324 92.22% 22.22% 100.00% SYN1-SYN91 

All Phenotypes BG-11  15 99.2527 100.00% 100.00% 100.00% SYN1-SYN91 

All Phenotypes BG-11  20 99.5184 86.67% 100.00% 85.19% SYN1-SYN91 

All Phenotypes BG-11  30 99.7286 40.00% 100.00% 33.33% SYN1-SYN91 

All Phenotypes BG-11  40 99.8347 10.00% 100.00% 0.00% SYN1-SYN91 

All Phenotypes BG-11  50 99.9036 10.00% 100.00% 0.00% SYN1-SYN91 

All Phenotypes Acetate 10 98.324 81.11% 62.96% 88.89% SYN1-SYN91 

All Phenotypes Acetate 15 99.2527 86.67% 55.56% 100.00% SYN1-SYN91 

All Phenotypes Acetate 20 99.5184 84.44% 48.15% 100.00% SYN1-SYN91 

All Phenotypes Acetate 30 99.7286 84.44% 48.15% 100.00% SYN1-SYN91 

All Phenotypes Acetate 40 99.8347 88.89% 77.78% 93.65% SYN1-SYN91 

All Phenotypes Acetate 50 99.9036 48.89% 100.00% 26.98% SYN1-SYN91 

All Phenotypes NaCl 10 98.324 83.33% 74.07% 87.30% SYN1-SYN91 

All Phenotypes NaCl 15 99.2527 87.78% 70.37% 95.24% SYN1-SYN91 

All Phenotypes NaCl 20 99.5184 84.44% 48.15% 100.00% SYN1-SYN91 

All Phenotypes NaCl 30 99.7286 80.00% 33.33% 100.00% SYN1-SYN91 
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All Phenotypes NaCl 40 99.8347 83.33% 51.85% 96.83% SYN1-SYN91 

All Phenotypes NaCl 50 99.9036 86.67% 96.30% 82.54% SYN1-SYN91 

All Phenotypes MgSO4 10 98.324 96.67% 88.89% 100.00% SYN1-SYN91 

All Phenotypes MgSO4 15 99.2527 97.78% 92.59% 100.00% SYN1-SYN91 

All Phenotypes MgSO4 20 99.5184 95.56% 85.19% 100.00% SYN1-SYN91 

All Phenotypes MgSO4 30 99.7286 97.78% 92.59% 100.00% SYN1-SYN91 

All Phenotypes MgSO4 40 99.8347 97.78% 100.00% 96.83% SYN1-SYN91 

All Phenotypes MgSO4 50 99.9036 47.78% 100.00% 25.40% SYN1-SYN91 

 

Table D. 10. Random chance analysis 

  

Study Random Accuracy Random Sensitivity Random Selectivity 

Acetate Phenotypes (n = 100,000) 

0 mM 62.48% 24.93% 75.00% 

15 mM 62.48% 24.96% 74.99% 

30 mM 62.48% 25.01% 74.97% 

7.5 mM 62.47% 24.96% 74.97% 

NaCl Phenotypes (n = 100,000) 

0 mM 62.50% 24.98% 75.01% 

100 mM 62.51% 24.96% 75.02% 

150 mM 62.49% 24.96% 74.99% 

50 mM 62.50% 25.01% 75.00% 

MgSO4 Phenotypes (n = 100,000) 

62.5 mM 62.49% 24.94% 75.00% 
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0 mM 62.49% 24.99% 75.00% 

15.625 mM 62.52% 25.07% 75.01% 

31.25 mM 62.53% 25.06% 75.02% 

All Phenotypes (n = 100,000) 

Acetate 59.99% 25.03% 74.98% 

BG-11 70.03% 25.08% 75.03% 

MgSO4 59.99% 25.02% 74.98% 

NaCl 60.00% 24.99% 75.01% 

 

Table D. 11. Strains and plasmids 

Strain/plasmid Relevant Characteristic Reference 

Synechocystis sp.  PCC 6803 [N-1] 
American Type Culture Coll

ection ; Manassas, 

Synechocystis 

psba3-ko 
Δpsba3.kmR This study 

Escherichia coli 

10-𝛽 

Δ(ara-leu) 7697 araD139 

fhuA ΔlacX74 galK16 galE15 e14- 

ϕ80dlacZΔM15 recA1 relA1 endA1 

nupG rpsL (StrR) rph spoT1 Δ(mrr-

hsdRMS-mcrBC) 

New England Biolabs 

pACYC177 Ampr; Kanr; p15 origin Life Technologies 

pUC19 Ampr; ColE1 origin; Plac; lacZ New England Biolabs 

pUC19-psba3 Ampr; ColE1 origin; Plac; psba3 This study 

pPSBA3-K Ampr; Kanr; ColE1 origin; Plac; psba3,  This study 
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Table D. 12. Primers  

Primer name Primer sequence (5’→ 3’) Description  

PSBA3_ F 

TTGTAAAACGACGGCCAGT

G_ATGACAACGACTCTCCAA

CAG 

Insertion of psab2 into pUC19; 

Forward primer 

PSBA3_ R 

GCTATGACCATGATTACGCC

A_TTAACCGTTGACAGCAGG

AGCGGTC 

Insertion of psab2 into pUC19; 

Reverse primer 

KanR_ PSBA3_F 
CTACCGCTTAGGTATGCGTC

_TTCAACAAAGCCACGTTG 

Insertion of KanR into pUC19-psba3; 

Forward primer 

KanR_ PSBA3_R 

AGTTCTGGGATTCAACTTCG

G_CCAAATTTGATTCCTTTC

AGCTTTGCTTCCT 

Insertion of KanR into pUC19-psba3; 

Reverse primer 

p19-λ-R 
AACCCCTATTTGTTTATTTTT

CTAAATAC 

Reverse lambda primer 

p19_Check_F GTATGTTGTGTGGAATTGT pUC19 forward check primer 

p19_Check_R GTCACAGCTTGTCTGTAAG pUC19 reverse check primer 

PSBA3_Check_F 
GACAGATTTTTTTCAGCAAG

C 

psba3 knockout forward check 

primer 

PSBA3_Check_R CCTACTCTCCTTCTAAGAGT psba3 knockout reverse check primer 

* λ-PCR annealing part of the primers are separated by an underscore symbol 
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Figure D. 5. Amino acids analysis for acetate study. Data represent means ± standard deviation (SD) of values from three independent 

experiments. 
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Figure D. 6. Correlation of Raman data with UPLC analysis of amino acids in the acetate study. (a) Alanine, (b) Arginine, (c) 

Aspartate/Asparagine, (d) Glutamate, (e) Glycine, (f) Histidine, (g) Isoleucine, (h) Leucine, (i) Lysine, (j) Methionine, (k) Phenylalanine, 

(l) Proline, (m) Serine, (n) Threonine, (o) Tyrosine, (p) Valine. Correlation coefficients (R) for each Raman band are represented.  
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Figure D. 7. Acetate study: Raman bands predictions of amino acids non-resolved with UPLC. (a) Cysteine predictions, (b) Tryptophan 

predictions. 

 

  

 
Figure D. 8. Levels of fatty acids for acetate study. Data represent means ± standard deviation (SD) of values from three independent 

experiments. 
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Figure D. 9. Correlation between Raman spectroscopy and GC-FID data of fatty acids for acetate study. (a) Palmitic acid, (b) Palmitoleic 

acid, (c) Oleic acid (d) Linoleic acid, (e) Linolenic acid. Correlation coefficients (R) for each Raman band are represented.  

 

 
Figure D. 10. Amino acids analysis for NaCl study. Data represent means ± standard deviation (SD) of values from three independent 

experiments. 
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Figure D. 11. Correlation of Raman data with UPLC analysis of amino acids in the NaCl study. (a) Alanine, (b) Arginine, (c) 

Aspartate/Asparagine, (d) Glutamate, (e) Glycine, (f) Histidine, (g) Isoleucine, (h) Leucine, (i) Lysine, (j) Methionine, (k) Phenylalanine, 

(l) Proline, (m) Serine, (n) Threonine, (o) Tyrosine, (p) Valine. Correlation coefficients (R) for each Raman band are represented.  
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Figure D. 12. Acetate study: Raman bands predictions of amino acids non-resolved with UPLC. (a) Cysteine predictions, (b) Tryptophan 

predictions. 

 

  
Figure D. 13. Levels of fatty acids for NaCl study. Data represent means ± standard deviation (SD) of values from three independent 

experiments. 
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Figure D. 14. Correlation between Raman spectroscopy and GC-FID data of fatty acids for NaCl study. (a) Palmitic acid, (b) Palmitoleic 

acid, (c) Oleic acid (d) Linoleic acid, (e) Linolenic acid. Correlation coefficients (R) for each Raman band are represented.  

 

 

 

 
 

Figure D. 15. The fabricated Teflon hydrolysis chamber. 
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Table D. 13. All Raman bands cited and tested for amino acids and fatty acids. 

Acetate Study 

Biomolecules Raman bands (cm-1) and Correlation Coefficient References 

Ala 480 (R = 0.45), 653 (R = 0.43) (8,9) 

Arg 1713 (R = 0.87) (8) 

Asp/Asn 1695 (R = 0.97) (9) 

Cys* 455, 499, 542 (9) 

Glu/Gln 1462 (R = 0.87), 1624 (R = 0.73) (8,9) 

Gly 496 (R = 0.71), 1568 (R = 0.73), 1674 (R = 0.84) (9) 

His 422 (R = 0.79) (8) 

Ile 557 (R = 0.63) (9) 

Leu 1583 (R = 0.49) (9) 

Lys 1570 (R = 0.5) (9) 

Met 645 (R = 0.59) (9) 

Phe 468 (R = 0.70), 469 (R = 0.72), 0.74 (R = 605), 606 (R = 0.73) (8,9) 

Pro 452 (R = 0.46) (8) 

Ser 610 (R = 0.63), 611 (R = 0.61) (8,9) 

Thr 418 (R = 0.81), 447 (R = 0.73) (9) 

Trp* 425, 456, 498, 509, 509, 574 (8) 

Tyr 527 (R = 0.76), 641 (R = 0.76) (8,9) 

Val 1567 (R = 0.66), 1660 (R = 0.64) (8) 

Palmitic acid (C16:0) 670 (R = 0.92) (8) 

Palmitoleic acid (C16:1) 1655 (R = 0.46) (30) 

Oleic acid (C18:1) 1440 (R = 0.82) (8) 

Linoleic acid (C18:2) 1645 (R = 0.67) (30) 

Linolenic acid (C18:3) 1645 (R = 0.68) (30) 

NaCl Study 

Biomolecules Raman bands (cm-1) and Correlation Coefficient References 

Ala 1305 (R = 0.99), 1308 (R = 0.95) (8,9) 

Arg 1298 (R = 0.91), 1310 (R = 0.92) (8,9) 



 

276 
 

 

Asp/Asn 992 (R = 0.72), 1251 (R = 0.67) (9) 

Cys* 1041, 1092 (9) 

Glu/Gln 1287 (R = 0.96), 1293 (R = 0.96) (8,9) 

Gly 894 (R =0.64), 1107 (R = 0.62) (8,9) 

His 1224 (R = 0.82), 1225 (R = 0.83) (8,9) 

Ile 993 (R = 0.73), 1310 (R = 0.92) (9) 

Leu 1243 (R = 0.7), 1296 (R = 0.88) (9) 

Lys 1226 (R = 0.84), 1283 (R = 0.86), 1305 (R = 0.99) (9) 

Met 1245 (R = 0.65) (9) 

Phe 1293 (R = 0.96), 1308 (R = 0.95), 1310 (R = 0.92) (8,9) 

Pro 1286 (R = 0.95), 1290 (R = 0.99) (8) 

Ser 1299 (R = 0.95), 1301 (R = 0.96) (8,9) 

Thr 1116 (R = 0.63), 1251 (R = 0.67) (9) 

Trp* 1231, 1233, 1293 (8,9) 

Tyr 881 (R = 0.95), 1285 (R = 0.94) (9) 

Val 891 (R = 0.69), 1106 (R = 0.64) (8) 

Palmitic acid (C16:0) 670 (R = 0.82), 1445 (R = 0.92), 1465 (R = 0.95) (8) 

Palmitoleic acid (C16:1) 1655 (R = 0.7) (30) 

Oleic acid (C18:1) 1265 (R = 0.92) (8) 

Linoleic acid (C18:2) 1654 (R = 0.28) (30) 

Linolenic acid (C18:3) 1654 (R = 0.73) (30) 

 

* Values for Cys and Trp could not be obtained by the UPLC method used in this research. Only Raman predictions are provided.  

** Possible overlapping bands between different biomolecules assigned Raman bands
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