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ABSTRACT 

The Mycobacteria are acid fast Actinomycetes that abide in humans, animals, soil and water. 

They are also found be highly resistant to environmental stress. The research on 

Mycobacteria Spp. revealed that the clinical significance of the disease causing bacterial 

species was difficult to investigate due to the hindrance by its pathogenicity. Mycobacterium 

is found to respond to environmental stress via spore formation. Bacillus subtilis is 

considered as the paradigm of spore forming bacteria for it’s in detail study related to 

bacterial sporulation. The sporulation is initiated in response to signals triggered by a cascade 

of phosphorylation resulting in activation / repression of certain σ factors necessary for the 

spore formation process. A complex of proteins referred as RsbRST stress module is part of 

stressosome complex and a general stress response pathway in many bacteria including 

Mycobacterium. The study done here aims at investigating the stress response in 

Mycobacterium by characterizing the proteins and protein-protein interactions in stressosome 

and in the general stress response pathway. For this study the fish pathogen Mycobacterium 

marinum is used as a model organism for Mycobacterium tuberculosis for the genome 

comparison shows they share 3000 orthologs with 85% amino acids. The in detail study done 

here is cloning specific protein encoding genes, in vivo analysis of protein-protein 

interactions using BACTH system. Screening of the interacting proteins was done with the 

help of cAMP produced. The expression of the lacZ gene due to the binding of the cAMP 

helps in screening the interacting proteins on X-gal/ IPTG plates. The quantitative analysis is 

done with β-galactosidase assay.        
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1. INTRODUCTION 

The Mycobacterium isolated from tubercles in the spleen and liver of diseased fish was 

named as Mycobacterium marinum in 1927 by Joseph D. Aronson. M. marinum was 

identified as a ubiquitous pathogen of fish and amphibian (Timothy P. Stinear et al., 2008). It 

is an opportunistic organism in humans as it causes skin infection in healthy people and 

systemic disease in immune compromised patients only (T.Tonjum et al., 1998). M. marinum 

is being used as a model organism to study Mycobacterium tuberculosis (an etiologic agent to 

cause tuberculosis in humans) in the recent years (Lian- Yong Gao et al., 2006). M. marinum 

causes diseases in fishes and frogs similar to tuberculosis in humans and is genetically 

investigated to be similar to M.tuberculosis (T.Tonjum et al., 1998). The genome comparison 

shows that they share 3000 orthologs with 85% identical amino acids (Timothy P. Stinear et 

al., 2008).  

A bacterium often faces fluctuations in their growth conditions irrespective of their natural 

habitat. The bacteria’s response towards these changes is their extensive re-modelling of the 

protein complexes through phosphorylation dependent signalling systems (Jon Marles Wright 

et al., 2007). M. tuberculosis is a virulent human pathogen which successfully overcomes its 

different stress conditions including the immune system (Shuja Shafi malik et al., 2009). The 

pathogenic organism M. tuberculosis persists against the immune response and attains 

dormancy in the host system. This makes it an epidemic disease as one third of the world 

population is affected by this disease (Preeti Sachdeva et al., 2008).   

The adaptation of the bacteria to the different environmental stress conditions is expressed 

through their gene expression at transcriptional level (B.K.Parida et al., 2005). The 

organism’s modification in the molecular mechanism has its impact on the stress response 

pathway and increase in virulence (Fig 1) (Preeti Sachdeva et al., 2008).  
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Figure 1: The stress response cascade showing the activity of SigB (σB) in B.subtilis. The pathway shows 

binding of the antagonist RsbW to σB or RsbV which depends upon the binding of phosphatases. They are 

activated by energy stress or environmental stress (modified from Jon Marles Wright et al., 2007).   

Under stress conditions the response regulators are most frequently transcriptional activators 

which bind upstream of the promoters in the ORF’s. They stimulate initiation of transcription 

through binding of the respective σ factors to the RNA polymerase (Jon Marles Wright et al., 

2007). The interaction of the transcription factors with RNA polymerase yields the up 

regulation of the stress responsive genes (Jon Marles Wright et al., 2007). The genome 

encodes 18 sigma factors that enclose 10 alternative sigma factors. The SigF acts as an 

alternative sigma factor. For some of the sigma factors, regulation of expression is ushered by 

protein-protein interactions and phosphorylation mechanism. They are carried out by partner 

switching mechanism between anti sigma and anti-anti sigma factors. The infection and 

dormancy of Mycobacterium is attained through gene products transcribed by SigF. Bacillus 

subtilis also has a sigma factor SigB (stress response specific sigma factor) and SigF both 

similar to SigF of M.tuberculosis. The interaction pathway in M.marinum was studied using 

B.subtilis as model organism and the comparison is explained in detail. The anti sigma factor 

RsbW and SpoIIAB proteins negatively regulate SigF and SigB respectively thereby 

hindering their action. The de-phosphorylation of the anti–anti-sigma factors RsbV and 
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SpoIIAA due to stress helps in release of SigB and SigF which enables transcription of the 

respective genes (Preeti Sachdeva et al., 2008).   

Their phosphorylation is thus again incurred by RsbU and RsbP (Fig 1) due to environmental 

stress and energy stress. The activity of RsbU is triggered by its interaction with the 

regulatory protein kinase RsbT under environmental stress. The RsbT protein was released 

from stressosome complex consisting of RsbR, RsbS and RsbT proteins. The RsbT is 

released from its complex due to its phosphorylation of the other two proteins thereby 

initiating the partner switching mechanism down the stress pathway. The whole pathway 

process could be reversed only in the upstream part by RsbX protein phosphatase which acts 

by dephosphorylating RsbR and RsbS (Jan Pane – Faree et al., 2005).  

The general interest to study this stress pathway of Mycobacterium inferred from the pathway 

in B. subtilis is that the pathway which finally yields in the expression of SigF paves way for 

spore formation in B. subtilis that could make the pathogenic organism dormant in the host 

(Jon Marles Wright et al., 2007).  The stress pathway shown in Figure 1 is a common way of 

adaptation of the bacterial species (Fig 1).  

The query is that if Mycobacterium could completely utilize this pathway. The descending 

part of the pathway is already proved (Preeti Sachdeva et al., 2008). Our main aim of our 

research work is to confirm the interactions in M. marinum and check its association with the 

putative signalling cascade. The interactions were investigated using the Bacterial Two – 

Hybrid system. 

1.1 BACTERIAL TWO HYBRID SYSTEM 

The Bacterial two hybrid system is an efficient molecular biology technique which helps to 

analyse protein-protein interactions (binding between two proteins) (Young. K.H.et al., 

1998). EUROMEDEX company developed the BACTH (Bacterial Adenylate Cyclase Two - 

Hybrid system) at the Pasteur Institute under the Dr. D. Ladant group. The protein 

interactions occurring in vivo can be detected and characterized easily by this method. 

According to the BACTH system when the T25 and T18 fragments are connected it is in an 

active state (Fig 2a) leading to cAMP production in the cells and vice versa (Fig 2b). As per 

this concept the two proteins of interest needs to be fused into the T25 and T18 fragments. 

Through genetic manipulations T25-X and T18- Y were formed. These plasmids are then 



7 
 

expressed inside Escherichia coli bacteria that lack endogenous adenylate cyclase activity 

(E.coli cya). The bacteria co-transformed with the T25-X and T18-Y plasmids are checked 

for a cya+ phenotype by growing them on indicator or selective media. If our proteins of 

interest are interacting physically with each other then a T25-X-Y-T18 complex is formed 

with cAMP being produced (Fig 2c). Due to some random interactions i.e even without the 

proteins interacting cAMP will also be produced in lesser amounts. The cAMP produced 

binds to the catabolite activator protein (CAP) and forms a cAMP/CAP complex. This in turn 

binds to the promoter region of the lacZ gene allowing RNA polymerase to transcribe the lac 

operon (Fig 2d). Expression of the lacZ leads to formation of the β- galactosidase enzyme 

which enable bacteria to convert lactose to glucose and galactose. This characteristic of E.coli 

enables to study the protein – protein interactions by blue white screening and β-

galactosidase assay.    

 

 

Figure 2: Bacterial two hybrid system mechanism (EUROMEDEX, 1998). 
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2. MATERIALS AND METHODS 

2.1 Bacterial Strains and growth media 

E.coli strain genotype 

DH5α: ϕ80dlacZ∆M15, recA1, endA1, gyrA96, thi-1, hsdR17(rk
- , mK+), supE44, relA1, 

deoR, ∆(lacZYA-argF)U169 

BTH101: F-, cya-99, araD139, galE15, galK16, rpsL1 (strr), hsdR2, mcrA1, mcrB1. 

Mycobacteria strain 

Mycobacterium marinum strain CCUG20998 

The cloning experiments were done in E.coli DH5α and BTH101 strains. The E.coli DH5α 

strain was used for cloning of the plasmids with the gene insert. The BTH101 was used for 

electrocompetent cell preparation which was later used for the β-galactosidase assay. M. 

marinum was grown in middlebrook 7H9 media containing 0.5% glycerol, 0.2% Tween 20 

and oleic acid- albumin-dextrose-catalase supplement (OADC) at 30oC with shaking. The 

E.coli strains were grown in LB media with antibiotics required for selection of transformants 

and maintenance of the plasmid – ampicillin (100 µg/mL), kanamycin (50 µg /mL) and 

streptomycin (100 µg /mL). 

2.2 Plasmids and Genes used 

The proteins of interest are genetically fused into the vectors at either the C or N terminal of 

the T18 (pUT18 and pUT18C) and T25 (pKT25 and pKNT25). The nucleotide sequences of 

the vectors are available at www.euromedex.com.     

All these plasmids were transformed via heat shock into DH5α cells. The plasmids were 

purified using a QIAGEN KIT following its protocols for plasmid DNA isolation. The 

plasmids were cut with KpnI and XbaI. Enzymes PstI and XbaI were used for cutting pUT18 

and pUT18C. The plasmids were also treated with Shrimp Alkaline Phosphatase (SAP) for 

dephosphorylation of phosphorylated ends of DNA. The samples were then purified with 

QAIquick PCR purification kit. A NanoDrop spectrophotometer (Thermo Scientific) was 

used for measuring the concentration. 

http://www.euromedex.com/
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Table 1: The relevant details of the plasmids used in this study.  

Plasmids Resistance Copy number 

pKNT25 Kanamycin Low 

pKT25 Kanamycin Low 

pUT18 Ampicillin High 

pUT18C Ampicillin High 

 

Table 2: The genes encoding the protein of interest 

Proteins Genes encoding the protein 

RsbV MMAR_5181 

RsbR MMAR_5182 

RsbS MMAR_5183 

RsbT MMAR_5184 

RsbX MMAR_5185 

RsbUW MMAR_5186 

RsbUVW MMAR_3991 

RsbW MMAR_1247 

SigF MMAR_1248 

 

2.3 Competent cell Preparation 

LB medium was inoculated with an overnight culture of E.coli BTH101 which is 

streptomycin resistant (1/100 dilution of o/n culture cells to 100 mL LB). The culture was 

grown at 37oC until it reached OD600 0.5-0.6 and then chilled on ice. It was centrifuged at 

4500 rpm for 5 minutes and the pellet was dissolved in 30 mL of 1M CaCl2 and incubated on 

ice for 30 minutes. After incubation it was centrifuged at 6000 rpm for 10 minutes and the 

pellet was dissolved in 5 mL of CaCl2 with incubation in ice for overnight. The overnight 
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samples were centrifuged and to the pellet 5 mL of 50 mM calcium chloride and 15% 

glycerol (1:1 ratio) was added. The cells were stored at -80oC for later use. 

2.4 Transformation 

Transformation of the E. coli BTH101 cells was done with 20 µL of competent cells and 1 

µL of each desired plasmid with gene insert. It was incubated on ice for 45 minutes with 

tapping at 10 minutes intervals. After incubation the cells were given heat shock at 42oC for 

90 seconds and immediately cooled on ice. 1 mL of LB media was added to the above 

samples and incubated at 37oC for one hour. The samples were then centrifuged at 10,000 

rpm for 10 minutes. The pellet was dissolved in 100 µL of the remaining media and plated on 

an LB plate with ampicillin, kanamycin and streptomycin for selection of transfomants. 

2.5 LB- X-Gal medium 

One colony resulting from the transformation was checked for protein–protein interaction 

through blue white screening on LB-X-gal (5-bromo4-chloro-indolyl-β-D-galactopyranoside)   

(40 µg/mL) plates along with IPTG (Isopropyl β-D-1-thiogalactopyranoside) (0.5 mM) and 

with the required antibiotics (ampicillin- 100 mg/mL, kanamycin- 50 mg/mL). The colonies 

were subjected to blue white screening since expression of the lacZ gene encoding β- 

galactosidase is controlled by the activity of cAMP/CAP which is produced as the result of a 

positive protein–protein interaction. The chromogenic substrate X-Gal acts as an indicator for 

colonies having positive protein interactions giving blue coloured colonies. The non- 

interacting proteins remain white-coloured. The plates were incubated for 24 hours at 30oC 

before blue white screening (Fig 3). 
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Figure 3: The general experimental outline for checking the protein protein interaction and its analysis 

(EUROMEDEX, 1998).  

2.6 β-galactosidase assay 

The activity of the β-galactosidase enzyme in the E. coli BTH101 cells was measured using 

the β-galactosidase assay. LB medium with the antibiotics and IPTG (0.5 mM) was 

inoculated by overnight primary culture and was grown until it reached O.D.600 0.5-0.6. The 

growth was inhibited at that stage by incubating on ice. The cultures were centrifuged and the 

pellets were re-suspended in Z-buffer along with the treatment of SDS and chloroform 

according to Miller J H. ONPG (Ortho-Nitrophenyl-β-galctoside) was added to 200 µL of 

cell lysate in a micro-titre plate. The yellow colour produced due to ONPG degradation by β-
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galactosidase enzyme was used to determine the enzyme concentration according to 

Equation1 (Miller J H). 

Equation 1: 

MU = 1000* (Abs420-(1.75*Abs550))/ t*v*Abs600 

The o-nitrophenol produced per unit of time is proportional to the concentration of β-

galactosidase. It is expressed in “Miller Units”. One Miller unit corresponds to 1 nmol of 

ONPG substrate hydrolysed by β-galactosidase enzyme per minute at 28oC. 

2.7 Whole cell lysate preparation 

A translational fusion of the RsbR operon to lacZ encompassing 159 bp of DNA upstream of 

RsbR with 7 bp of its coding region was amplified using primers. This product was cloned 

into the pIGn vector. The mycobacteria primary cultures were used for inoculation of 

secondary cultures with a 1/100 dilution. Samples were collected daily from day 1 of 

inoculation until the 6th day along with 10th and 16th day samples respectively. Along with the 

secondary culture the primary culture’s sample was also collected at the time of dilution. The 

samples collected were centrifuged and re-suspended in 10 mM Tris-HCl pH 8.0, re-

centrifuged and the supernatant was discarded. The cells were again re-suspended in 200 µL 

of 10mM Tris-HCl pH 8.0 and transferred to a tube containing 100 µL of 0.1 mm 

zirconia/silica beads and chilled on ice for 2-3 minutes. The cells were then disrupted using 

an FP120 Fast Prep bead beater (MP Biotech) at speed 6.0 for 45s and the tubes were again 

chilled on ice for 2-3 minutes. The lysates were centrifuged for 3 minutes at 13000 rpm and 

the supernatant was stored at -20oC. 

2.8 Bradford Assay 

A 96 well microtiter plate was used for loading the samples for the protein concentration 

determination. Bio-Rad’s Dye reagent concentrate was diluted in 1:4 ratio with Double 

Distilled Ionised (DDI) water and was passed through a Whatmann filter before being added 

to the samples. Albumin from Bovine Serum (SIGMA Aldrich, Germany) was used as a 

protein standard with five dilutions with a linear range of 0.05 mg/ml to 0.5 mg/ml. 10 µL of 

each the sample and standard were added to the wells and 200µL of the dye reagent was 

added to each well. A microplate mixer and multichannel pipette were used for mixing of the 
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sample and the reagent. These were then incubated at room temperature for 5 minutes and the 

absorbance was measured at 595 nm. 

2.9 Determination of β-galactosidase activity 

15 µL of the whole cell lysates (see Whole cell lysate preparation above) was thawed and 

added to a 96 well plate. 135 µL of buffer X (50 mM KPO4, pH 7.5; 1 mM MgCL2) was 

added to each well with incubation of 10 minutes at room temperature. To this mixture 30 µL 

of CPRG (Chlorophenol red-fl-D-galactopyranoside) (final concentration made up to 5 

mmol/L) was added to all the wells and measured at 595 nm every 15 minutes until 90 

minutes. The obtained β-galactosidase activity was normalised with the protein content of the 

samples from the Bradford assay. 

3. RESULTS 

The SigF stress response cascade was investigated through protein - protein interaction 

studies using the BACTH system. All the combinations of protein interactions were checked 

by combining the desired genes of interest into the vectors pKT25, pKNT25, pUT18 and 

pUT18C. These vectors carrying the gene of interest were co-transformed into BTH101 cells. 

The positive clones with cya+ were selected by plating them on LB plates supplemented with 

ampicillin, streptomycin and kanamycin. If the plasmids were properly transformed then the 

cells would survive and grow on the plates resulting in positive clones. The positive clones 

were checked for protein interactions through blue white screening on X-gal/IPTG plates 

with ampicillin and kanamycin. In all the plates the negative control used was 

pKNT25+pUT18, pKNT25+pUT18C, pKT25+pUT18, pKT25+pUT18C without inserts with 

regards to the combination of vectors used for checking protein interactions. 

3.1 Blue – White screening results 

The interaction studies gave many positive results showing significant blue colonies 

indicating protein - protein interaction. All the blue - white screening results are shown below 

in Figures 4- 14. 
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Figure 4: The blue colonies indicate positive interaction between the proteins (RsbR, RsbS, RsbT, RsbUW, 

RsbUVW, SigF, RsbX) cloned to the different vectors (pKT25, pKNT25, pUT18, pUT18C). The numbers 

indicating each positive interaction colony details are explained in the supplementary table 1.  

                                          

Figure 5: The blue colonies indicate positive interaction between the proteins (RsbW, RsbS, RsbT, RsbV, 

RsbUW, RsbUVW, SigF, RsbX) cloned to the vectors ( pKNT25, pUT18). The numbers indicating each positive 

interaction colony details are explained in the supplementary table 2. The negative control in this plate is 

colony 34.  



15 
 

                                           

Figure 6: The blue colonies indicate positive interaction between the proteins (RsbR, RsbW, RsbS, RsbT, RsbV, 

RsbUW, RsbUVW, SigF, RsbX) cloned to the different vectors (pKT25, pKNT25, pUT18, pUT18C). The 

numbers indicating each positive interaction colony details are explained in the supplementary table 2. The 

negative controls in this plate are colonies 28 - 31.  

   

                                         

Figure 7: The blue colonies indicate positive interaction between the proteins (RsbR, RsbW, RsbS, RsbT, RsbV, 

RsbUW, RsbUVW, SigF, RsbX) cloned to the vectors ( pKNT25, pUT18C). The numbers indicating each positive 

interaction colony details are explained in the supplementary table 3. The negative control in this plate is 

colony 25.  
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Figure 8: The blue colonies indicate positive interaction between the proteins (RsbR, RsbW, RsbS, RsbT, RsbV, 

RsbUW, RsbUVW, SigF, RsbX) cloned to the different vectors (pKT25, pKNT25, pUT18C). The numbers 

indicating each positive interaction colony details are explained in the supplementary table 3. The negative 

controls in this plate are colonies 24 and 25.  

                                      

Figure 9: The blue colonies indicate positive interaction between the proteins (RsbR, RsbW, RsbS, RsbT, RsbV, 

RsbUW, RsbUVW, SigF, RsbX) cloned to the different vectors (pKT25, pUT18, pUT18C). The numbers 

indicating each positive interaction colony details are explained in the supplementary table 2. The negative 

controls in this plate are colonies 27 and 28.   
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Figure 10: The blue colonies indicate positive interaction between the proteins (RsbR, RsbW, RsbS, RsbT, 

RsbV, RsbUW, RsbUVW, SigF, RsbX) cloned to the different vectors (pKT25, pKNT25, pUT18, pUT18C). The 

numbers indicating each positive interaction colony details are explained in the supplementary table 6. The 

negative controls in this plate are colonies 40 - 42.  

 

                              

Figure 11: The blue colonies indicate positive interaction between the proteins ( RsbW and RsbV) cloned to the 

different vectors (pKNT25, pUT18). The numbers indicating each positive interaction colony details are 

explained in the supplementary table 5. The negative control in this plate is colony 25.  
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Figure 12: The mild blue colony indicates positive interaction between the protein ( RsbT and RsbX) cloned to 

the different vectors (pKNT25, pUT18C). The numbers indicating each positive interaction colony details are 

explained in the supplementary table 4. The negative controls in this plate are colonies 37 and 38.  

                                        

Figure 13: The white colonies on the plate indicate no positive interaction. The numbers indicating each 

positive interaction colony details are explained in the supplementary table 4. The negative controls in this plate 

are colonies 38 and 39.  
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Figure 14: The white colonies on the plate indicate no positive interaction. The numbers indicating each 

positive interaction colony details are explained in the supplementary table 5. The negative controls in this plate 

are colonies 27 and 28.  
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For better understanding, the interaction data is presented in a matrix in which they are 

categorized according to the vectors used. All the data obtained through the plates are 

consolidated in Tables 3 - 6.The overall sketch of the stress response pathway of the protein – 

protein interactions occurring in it is summarised in Table 7.                                                                                                                 

Table 3: This table explains in detail the interaction between proteins in vectors pKNT25+pUT18. The numbers 

in red indicate Fig number (X-gal/IPTG plates) and numbers in blue within parenthesis indicate colony 

numbers respectively. The intensity of the blue colour in the colonies can be rated as “+++” = very strong, 

“++” = strong,” +” = mild,” –“= no interaction.             

pKNT25 

 

pUT18 

 

R S T W UW UVW V X SigF 

 

R 
 

6(1) ++ 11(1) -  4(18) - 11(2) - 5(16) - 4(19) - 4(20) - 4(21) - 4(22) - 

  S 4(2) ++ 5(6) - 5(11) - 11(4) - 11(3) - 11(6) - 11(5) - 5(24) - 5(28) - 

  T 6(2)- 5(7) 

+++ 

5(12) - 5(1) - 11(8) - 11(9) - 11(10) 

- 

11(7) - 5(29) - 

 W 6(7) - 6(9) - 5(14) - 5(4) + 5(18) - 5(20) - 5(23) 

+++ 

5(26) - 5(32) 

+++ 

UW 6(3) - 5(8) - 6(10) - 11(5) + 11(11) 

- 

11(13) 

- 

11(14) 

+ 

5(25) - 11(12) 

- 

UVW 6(4) - 11(11) 

- 

4(23) 

+++ 

5(2) - 4(24) - 4(25) - 4(26) - 4(27) - 4(28) - 

V 6(5) - 11(16) 

- 

5(13) - 11(17) 

+ 

5(17) 

+++ 

11(18) 

- 

5(22) - 11(19) 

- 

5(30) - 

X 6(6) - 5(9)  - 11(23) 

- 

5(3) - 11(24) 

- 

11(20) 

- 

11(21) 

- 

11(22) 

- 

5(31) - 

SigF 6(8) - 5(10) - 11(15) 

- 

5(5) 

+++ 

5(19) - 5(21) - 6(12) - 5(27) - 5(33) - 
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Table 4: This table explains in detail the interaction between proteins in vectors pKT25+pUT18. The numbers 

in red indicate Fig number (X-gal/IPTG plates) and numbers in blue within parenthesis indicate colony 

numbers respectively. The intensity of the blue colour in the colonies can be rated as +++ = very strong, ++ = 

strong, + = mild, - = no interaction.             

pKT25 

 

pUT18 

 

R S T W UW UVW V X SigF 

 

R 
 

6(25) + 6(26) 

++ 

6(27) + 9(1) - 9(9) - 9(17) - 10(32) 

- 

13(1) - 10(33) 

- 

  S 9(25) - 4(14) 

++ 

4(8) 

+++ 

9(2) - 9(10) - 9(18) - 10(31) 

- 

13(2) - 10(34)- 

  T 4(1) ++ 4(15) + 4(7) 

+++ 

9(3) - 9(11) + 9(19) - 10(29) 

- 

13(3) - 10(35) 

- 

 W 14(15) 

- 

14(19) 

- 

14(23) 

- 

9(4) + 9(12) - 9(20) - 10(30) 

+ 

13(4) - 10(36) 

- 

UW 12(16) 

- 

12(17) 

- 

4(13) + 9(5) - 9(13) - 9(21) - 10(27) 

- 

13(5) - 13(3) - 

 

UVW 14(16) 

- 

14(20) 

- 

14(24) 

- 

9(6) - 9(14) - 9(22) + 10(28)  

- 

13(6) - 10(37)- 

V 14(17) 

- 

14(21) 

- 

14(25) 

- 

9(7) + 9(15) + 9(23) + 10(25) 

+ 

13(8) - 10(38) 

- 

X 13(10) 

- 

13(11) 

- 

13(12) 

- 

13(13) 

- 

13(15) 

- 

13(14) 

- 

13(16) 

- 

13(7) - 13(17) 

- 

SigF 14(18) 

- 

14(22) 

- 

14(26) 

- 

9(8) + 9(16) - 9(24) - 10(26) 

- 

13(9) - 10(39) 

+ 
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Table 5: This table explains in detail the interaction between proteins in vectors pKNT25+pUT18C. The numbers 

in red indicate Fig number (X-gal/IPTG plates) and numbers in blue within parenthesis indicate colony numbers 

respectively. The intensity of the blue colour in the colonies can be rated as +++ = very strong, ++ = strong, + = 

mild, - = no interaction.             

pKNT25 

 

pUT18C 

 

R S T W UW UVW V X SigF 

 

R 
 

6(18) 

++ 

6(19) - 6(22) - 7(13) - 7(20) - 14(1) - 14(8) - 12(29) - 10(18) - 

  S 4(4) - 6(20) - 6(23) - 7(14) - 7(21) - 14(2)- 14(9) - 12(30) - 10(19)- 

  T 4(3) - 6(21) + 6(24) - 7(15) - 7(22) - 14(3) - 14(10) - 12(31) - 9(26) - 

 W 7(1) - 7(5) - 7(9) - 7(16) + 7(23) - 14(4) - 14(11) - 12(32) - 10(20) - 

UW 7(2) - 7(6) - 7(10) + 7(17) + 7(24) + 14(5) - 14(12) - 12(33) - 10(21) - 

UVW 10(10) - 10(11) - 10(17) - 10(16) 

+ 

10(15) - 10(14) 

+ 

10(13) - 10(12) - 10(22) - 

V 7(3) - 7(7)  - 7(11) - 7(18) + 8(1) + 14(6) - 14(13) - 12(35) - 10(23) - 

X 12(21) - 12(22) - 12(23) 

+ 

12(24) - 12(25) - 12(26) - 12(27) - 12(34) - 12(28) - 

SigF 7(4) - 7(8) - 7(12) - 7(19) + 8(2) - 14(7) - 14(14) - 12(36) - 10(24) - 
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Table 6: This table explains in detail the interaction between proteins in vectors pKT25+pUT18C. The numbers 

in red indicate Fig number (X-gal/IPTG plates) and numbers in blue within parenthesis indicate colony numbers 

respectively. The intensity of the blue colour in the colonies can be rated as +++ = very strong, ++ = strong, + = 

mild, - = no interaction.    

pKT25  
 

pUT18C   

R S T W UW UVW V X SigF 

 

R 
 

6(13) 

++ 

6(15)++ 6(17) + 6(24) - 6(31) - 9(10) - 8(3) - 12(13) - 8(17) - 

  S 4(17) 

+++ 

6(16) - 4(7) 

+++ 

6(25) - 6(32) - 9(11) - 8(4) - 12(14) - 8(18) - 

  T 6(14) - 4(16) 

++ 

4(6) ++ 6(26) - 6(33) - 9(12) - 8(5) - 12(15) - 8(19) - 

 W 12(1) - 12(2) - 12(4) - 6(27) - 6(34) - 9(13) - 8(6) - 12(16) - 8(20) - 

UW 4(10) + 12(3) - 4(11) 

+++ 

6(28) - 6(35) - 9(14) - 8(7) + 12(17) - 8(21) - 

UVW 10(1) 

++ 

10(2) - 10(5) - 10(6) + 10(7) - 10(8) + 10(9) - 10(3) - 10(4) - 

V 13(18) - 13(20) - 13(22) - 6(29) - 6(36) - 9(15) - 8(8) - 12(19) - 8(22) - 

X 12(5) - 12(6) - 12(7) - 12(8) - 12(9) - 12(10) - 12(11) - 12(18) - 12(12) - 

SigF 13(19) - 13(21) - 12(23) - 6(30) - 6(37) - 9(16) - 8(9) - 12(20) - 8(23) - 

          

Table 7: The below table gives an overall sketch of the in vivo protein - protein interaction in the stress 

response pathway .The interactions which showed strong blue colour on the plates are marked in Red.  

 RsbR RsbS RsbT RsbW RsbUW RsbUVW RsbV RsbX SigF 

RsbR X X X  X     

RsbS X X X        

RsbT X X X  X X    

RsbW    X  X X  X 

RsbUW X  X X X X X   

RsbUVW X  X X X X  X  

RsbV    X X X X   

RsbX   X       

SigF    X     X 
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3.2 β-galactosidase assay results 

The protein - protein interaction combinations which were detected to be positive in blue - 

white screening on the plates were quantified using a β-galactosidase assay. The graph (Fig 

15) shows interaction of proteins inserted in vectors pKNT25+pUT18 and pKT25+pUT18. 

The colonies picked for the assay are colony 32 (Fig 5) F+W, colony 2 (Fig 4) R+S, colony 1 

(Fig 4) R+T, colony 23 (Fig 4) T+UVW, colony 7 (Fig 5) S+T, Colony 17 (Fig 5) UW+V 

and Colony 23 (Fig 5) V+W respectively.    

             

Figure 15: β-galactosidase assay results of in-vivo protein- protein interactions involved in the stress response 

pathway. Each of these interactions is compared with their respective negative controls (ctrl). The graph shows 

activity between SigF and RsbW, RsbR and RsbS, RsbR and RsbT, RsbS and RsbT, RsbUW and RsbV, RsbV and 

RsbW. 

Further colonies were tested as shown in Fig 16. These were colony 13 (Fig 6) R+R, colony 7 

(Fig 4) T+S, Colony 7 (Fig 4) T+T, colony 26 (Fig 6) S+R, colony 3 (Fig 13) X+T, colony 14 

(Fig 4) S+S, colony 17 (Fig 6) T+R. These proteins tested in the assay were those inserted in 

vectors pKT25+pUT18 and pKT25 +pUT18C. 
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Figure 16: β-galactosidase assay results of in-vivo protein- protein interactions involved in the stress response 

pathway. Each of these interactions is compared with their respective negative controls (ctrl). The graph shows 

activity between  RsbR and RsbR, RsbS and RsbT, RsbT and RsbT, RsbS and RsbR, RsbS and RsbS, RsbT and 

RsbR, Rsb X and RsbT . 

As shown in Fig 17 another set of positive colonies were tested with the genes of interest  

pKT25+pUT18, pKNT25+pUT18C and pKNT25+pUT18. The chosen colonies were colony 

5 (Fig 9) UW+V, colony 23 (Fig 9) UVW+V, colony 11 (Fig 9) UW+T with C1 

(pKT25+pUT18) as their negative control. Colony 10 (Fig 7) T+UW, colony 19 (Fig 7) W+F, 

colony 1 (Fig 8) UW+V with C2 (pKNT25+pUT18C) as its negative control. Colony 5 (Fig 

5) W+F, colony 23 (Fig 4) T+UVW, colony 17 (Fig 5) UW+V, colony 23 (Fig 5) V+W with 

C1 (pKNT25+pUT18) as their negative control.  
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Figure 17: β-galactosidase assay results of in-vivo protein- protein interactions involved in the stress response 

pathway. Each of these interactions is compared with their respective negative controls (c1 and c2). The graph 

shows activity between RsbUW and RsbV, RsbUVW and RsbV, RsbUW and RsbT, RsbUVW and RsbV, RsbT and 

RsbUW, RsbW and SigF, RsbT and RsbUVW, RsbV and RsbW. 

The (Fig 15) graph shows significant interaction between SigF and RsbW with its activity of 

26 MU compared to its control which has 13 MU. There were also significant interactions 

between RsbT and RsbS (Fig 16) which had 621 MU of activity in comparison to its negative 

control which gave 36 MU of activity. Even a negative interaction was also checked (RsbX 

and RsbT) which showed no activity (Fig 16).  RsbUW and RsbV had 22 MU activities, 

RsbV and RsbW had 19 MU activity while their negative control gave 13 MU activity (Fig 

17). 

3.3 RsbR lacZ fusion activity 

                  

 Figure 18: RsbR- lacZ fusion cell lysate- protein concentration determination through Bradford method. BSA 

is used as a standard for protein concentration determination. 
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Figure 19: β-galactosidase activity in the RsbR- lacZ fusion. The graph shows inconsistent variation in RsbR 

activity in the samples collected during 16 days.  

The activity of RsbR was checked for 16 days with lacZ as reporter gene by which the β-

galactosidase activity was determined. The protein concentration was determined using 

Bradford method with BSA as standard (Fig 18). The slope intercept equation (y = 0.6727x + 

0.023) in Fig 18 is used for calculating the protein concentration in samples collected were 

the ‘X’ value is substituted with O.D value of the samples. The β-galactosidase activity graph 

(Fig 19) shows more variation in the activity in all the days and is very inconsistent. Apart 

from this inconsistency there seems to be a gradual increase in the activity from the day 1 

culture to day 4 cultures.    

4. DISCUSSION 
The results above show the interaction studies of the stress pathway in M. marinum. The 

binding of the sigma factor to the RNA polymerase requires the release of SigF from the anti 

sigma factor RsbW which is enabled during stress conditions. This results in transcriptional 

activation of stress response genes (Susanne Geghard et al., 2008). Recent studies have also 

proved that the SigF apart from transcriptional regulation also regulates the mycobaterial cell 

wall structure and function (Susanne Gebhard et al., 2008). The anti–anti sigma factor RsbV 

is dephosphorylated during environmental stress by RsbU (M-S li et al., 2004) while by RsbP 

(B.K Parida et al., 2005) during energy stress conditions in the cell. This makes the RsbV 

predominantly active thereby inducing the stress response pathway (M-S li et al., 2004). 

Under normal conditions inside the cell the RsbV is inactive which leads to the binding of 

RsbW to SigF thereby hindering the binding of the sigma factor to the RNA polymerase. 

From the protein–protein interaction studies on X-gal/IPTG plates it appears that we can 
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detect a positive signal for all these expected interactions i.e between SigF+RsbW, 

RsbW+RsbV, RsbV+ RsbUVW. These interactions describe the protein switching 

mechanism down the pathway while there is a stress complex at the initial stage of the 

pathway known as the stressosome complex (Jan Pane – farre et al., 2005). In B.subtilis the 

RsbT acts as the kinase of the complex RsbRST. In stressed conditions the RsbT 

phosphorylates the RsbS and interacts with the RsbU phosphatase which connects it to the 

remaining part of the pathway (B.K. Parida et al., 2005) as discussed above. From the 

protein–protein interaction studies on X-gal/IPTG plates, positive signals for all these 

expected interactions i.e between RsbR+RsbS, RsbS+RsbT, RsbR+RsbT, RsbT+RsbUVW 

have also been demonstrated. The quantitative analysis of the interactions through the β-

galactosidase assay shows high β-galactosidase activity further strengthening the significant 

interaction between SigF and RsbW, RsbV and RsbW, RsbUW and RsbV, RsbS and RsbT 

proteins. From the blue-white screening results the other expected interactions which were 

expected to give us significant signals in the assay were interactions between RsbR and RsbS, 

RsbR and RsbT, RsbT and RsbUW proteins. However the assay results have shown no 

significant interaction between these proteins with low β-galactosidase activity which by 

concept states that there is no interaction. Contradiction prevails between the assay results 

and the plate results which weakens the significance of the positive signals. The fusion of the 

proteins can occur by blocking their interaction surface which can be one of the reasons for 

the negative results in the assay. Moreover the possibility of hindrances by the antibiotics 

added during the growth of the organism in broth is also being checked. More analysis needs 

to be done to find the reason behind the hindrance of positive interaction in the β-

galactosidase assay. All these protein interactions could also be checked by pull down 

methods to prove their interactions. The stress response pathway suggested in B. subtilis has 

not been fully proven in the Mycobacterium spp. Only a part of the pathway had been proved 

so far with examples quoted for M. tuberculosis (Preeti sachdeva et al., 2008) and M. bovis 

(M-S li et al., 2004). The stress response cascade is the basic criteria for spore formation 

during various stress conditions in the organism (Jan pane – Farre et al., 2005). The spores 

formed under stress conditions become resistant to antibiotics administered against this 

disease (Shuja Shafi Malik et al., 2009). Hence to investigate the spore formation in M. 

marinum, the stress pathway needs to be studied in detail. The results so far concludes that 

the pathogenic organism M. marinum also have a similar stress response pathway like the B. 

subtilis. The recent study in the stress response pathway of M. tuberculosis is explained in the 

Fig 20 below. 
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Figure 20: The overall work done in the stress response pathway in M. tuberculosis. The above Fig shows the 

variations in the pathway between B. subtilis and M. tuberculosis and the interactions investigated in the 

pathway.  

 

Apart from the stress response pathway investigation the expression of an RsbR protein 

translational fusion with the lacZ gene was also studied. The results (Fig 18 and 19) indicate 

an increase in the protein expression with the growth of the organism. The graph shows 

inconsistent increase and decrease in RsbR activity. Hence the data obtained so far is not 

clear and further investigations are to be made. 
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5. Supplementary Figures and Tables 

                

Supplementary Figure 1: Without adding streptomycin the activity was checked in β - galactosidase assay. 

There is significant interaction between RsbS and RsbR which has not been in seen in previous assay with 

streptomycin added. 

Supplementary Table 1: The table explains in detail for each colony number on the X-gal/IPTG plates mention 

in the results. This table explains Fig 4 and Fig 5. 

Fig 4   Fig 5  

Colony no Interactions  Colony no Interactions 

1 pKT25 [R] + pUT18[T]   1 pKNT25 [W] + pUT18 [T] 

2 pKNT25 [R] + pUT18[S]   2 pKNT25 [W] + pUT18 [UVW] 

3 pKNT25 [R] + pUT18C[T] `  3 pKNT25 [W] + pUT18 [X] 

4 pKNT25 [R] + pUT18C[S]   4 pKNT25 [W] + pUT18 [W] 

5 pKT25 [R] + pUT18C[S]   5 pKNT25 [W] + pUT18 [SigF] 

6 pKT25 [T] + pUT18C[T]   6 pKNT25 [S] + pUT18 [S] 

7 pKT25 [T] + pUT18[T]   7 pKNT25 [S] + pUT18 [T] 

8 pKT25 [T] + pUT18[S]   8 pKNT25 [S] + pUT18 [UW] 

9 pKT25 [T] + pUT18C[S]   9 pKNT25 [S] + pUT18 [X] 

10 pKT25 [R] + pUT18C[UW]   10 pKNT25 [S] + pUT18 [SigF] 

11 pKT25 [T] + pUT18C[UW]   11 pKNT25 [T] + pUT18 [S] 

12 pKT25 [R] + pUT18C[UW]   12 pKNT25 [T] + pUT18 [T] 

13 pKT25 [T] + pUT18[UW]   13 pKNT25 [T] + pUT18 [V] 

14 pKT25 [S] + pUT18[S]   14 pKNT25 [T] + pUT18 [W] 

15 pKT25 [S] + pUT18[T]   15 pKNT25 [T] + pUT18 [SigF] 

16 pKT25 [S] + pUT18C[T]   16 pKNT25 [UW] + pUT18 [R] 
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17 pKT25 [R] + pUT18C[S]   17 pKNT25 [UW] + pUT18 [V] 

18 pKNT25 [T] + pUT18[R]   18 pKNT25 [UW] + pUT18 [W] 

19 pKNT25 [UVW] + pUT18[R]   19 pKNT25 [uw] + pUT18 [SigF] 

20 pKNT25 [V] + pUT18[R]   20 pKNT25 [UVW] + pUT18 [W] 

21 pKNT25 [X] + pUT18[R]   21 pKNT25 [UVW] + pUT18 [SigF] 

22 pKNT25 [SigF] + pUT18[R]   22 pKNT25 [V] + pUT18 [V] 

23 pKNT25 [T] + pUT18[UVW]   23 pKNT25 [V] + pUT18 [W] 

24 pKNT25 [UW] + pUT18[UVW]   24 pKNT25 [X] + pUT18 [S] 

25 pKNT25 [UVW] + pUT18[UVW]   25 pKNT25 [X] + pUT18 [UW] 

26 pKNT25 [V] + pUT18[UVW]   26 pKNT25 [X] + pUT18 [W] 

27 pKNT25 [X] + pUT18[UVW]   27 pKNT25 [X] + pUT18 [SigF] 

28 pKNT25 [SigF] + pUT18[UVW]   28 pKNT25 [SigF] + pUT18 [S] 

   29 pKNT25 [SigF] + pUT18 [T] 

   30 pKNT25 [SigF] + pUT18 [V] 

   31 pKNT25 [SigF] + pUT18 [X] 

   32 pKNT25 [SigF] + pUT18 [W] 

   33 pKNT25 [SigF] + pUT18 [SigF] 

   34 pKNT25  + pUT18  

 

Supplementary Table 2: The table explains in detail for each colony number on the X-gal/IPTG plates mention 

in the results. This table explains Fig 6 and Fig 9. 

Fig 6   Fig 9  

Colony 

no 

Interactions  Colony no Interactions 

1 pKNT25 [R] + pUT18 [R]  1 pKT25 [W] + pUT18 [R] 

2 pKNT25 [R] + pUT18 [T]  2 pKT25 [W] + pUT18 [S] 

3 pKNT25 [R] + pUT18 [UW]  3 pKT25 [W] + pUT18 [T] 

4 pKNT25 [R] + pUT18 [UVW]  4 pKT25 [W] + pUT18 [W] 

5 pKNT25 [R] + pUT18 [V]  5 pKT25 [W] + pUT18 [UW] 

6 pKNT25 [R] + pUT18 [X]  6 pKT25 [W] + pUT18 [UVW] 

7 pKNT25 [R] + pUT18 [W]  7 pKT25 [W] + pUT18 [V] 

8 pKNT25 [R] + pUT18 [SigF]  8 pKT25 [W] + pUT18 [F] 

9 pKNT25 [S] + pUT18 [W]  9 pKT25 [UW] + pUT18 [R] 

10 pKNT25 [T] + pUT18 [UW]  10 pKT25 [UW] + pUT18 [S] 

11 pKNT25 [UW] + pUT18 [UW]  11 pKT25 [UW] + pUT18 [T] 

12 pKNT25 [V] + pUT18 [SigF]  12 pKT25 [UW] + pUT18 [W] 

13 pKT25 [R] + pUT18C [R]  13 pKT25 [UW] + pUT18 [UW] 

14 pKT25 [R] + pUT18C [T]  14 pKT25 [UW] + pUT18 [UVW] 

15 pKT25 [S] + pUT18C [R]  15 pKT25 [UW] + pUT18 [V] 
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16 pKT25 [S] + pUT18C [S]  16 pKT25 [UW] + pUT18 [SigF] 

17 pKT25 [T] + pUT18C [R]  17 pKT25 [UVW] + pUT18 [R] 

18 pKNT25 [R] + pUT18C [R]  18 pKT25 [UVW] + pUT18 [S] 

19 pKNT25 [S] + pUT18C [R]  19 pKT25 [UVW] + pUT18 [T] 

20 pKNT25 [S] + pUT18C [S]  20 pKT25 [UVW] + pUT18 [W] 

21 pKNT25 [S] + pUT18C [T]  21 pKT25 [UVW] + pUT18 [UW] 

22 pKNT25 [T] + pUT18C [R]  22 pKT25 [UVW] + pUT18 [UVW] 

23 pKNT25 [T] + pUT18C [S]  23 pKT25 [UVW] + pUT18 [V] 

24 pKNT25 [T] + pUT18C [T]  24 pKT25 [UVW] + pUT18 [SigF] 

25 pKT25 [R] + pUT18 [R]  25 pKT25 [X] + pUT18 [S] 

26 pKT25 [S] + pUT18 [R]  26 pKT25 [SigF] + pUT18C [X] 

27 pKT25 [T] + pUT18 [R]  27 pKT25  + pUT18 

28 pKNT25  + pUT18   28 pKT25  + pUT18C 

29 pKNT25  + pUT18C    

30 pKT25 + pUT18C     

31 pKT25  + pUT18     

 

Supplementary Table 3: The table explains in detail for each colony number on the X-gal/IPTG plates mention 

in the results. This table explains Fig 7 and Fig 8. 

Fig 7      Fig 8    

Colony no Interactions    Colony no Interactions  

1 pKNT25 [R] + pUT18C [W]   1 pKNT25 [UW] + pUT18C [V] 

2 pKNT25 [R] + pUT18C [UW]   2 pKNT25 [UW] + pUT18C [SigF] 

3 pKNT25 [R] + pUT18C [V]   3 pKT25 [V] + pUT18C [R] 

4 pKNT25 [R] + pUT18C [SigF]   4 pKT25 [V] + pUT18C [S] 

5 pKNT25 [S] + pUT18C [W]   5 pKT25 [V] + pUT18C [T] 

6 pKNT25 [S] + pUT18C [UW]   6 pKT25 [V] + pUT18C [W] 

7 pKNT25 [S] + pUT18C [V]   7 pKT25 [V] + pUT18C [UW] 

8 pKNT25 [S] + pUT18C [SigF]   8 pKT25 [V] + pUT18C [V] 

9 pKNT25 [T] + pUT18C [W]   9 pKT25 [V] + pUT18C [SigF] 

10 pKNT25 [T] + pUT18C [UW]   10 pKT25 [UVW] + pUT18C [R] 

11 pKNT25 [T] + pUT18C [V]   11 pKT25 [UVW] + pUT18C [S] 

12 pKNT25 [T] + pUT18C [SigF]   12 pKT25 [UVW] + pUT18C [T] 

13 pKNT25 [W] + pUT18C [R]   13 pKT25 [UVW] + pUT18C [W] 

14 pKNT25 [W] + pUT18C [S]   14 pKT25 [UVW] + pUT18C [UW] 

15 pKNT25 [W] + pUT18C [T]   15 pKT25 [UVW] + pUT18C [V] 

16 pKNT25 [W] + pUT18C [W]   16 pKT25 [UVW] + pUT18C [SigF] 

17 pKNT25 [W] + pUT18C [UW]   17 pKT25 [SigF] + pUT18C [R] 

18 pKNT25 [W] + pUT18C [V]   18 pKT25 [SigF] + pUT18C [S] 
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19 pKNT25 [W] + pUT18C [SigF]   19 pKT25 [SigF] + pUT18C [T] 

20 pKNT25 [UW] + pUT18C [R]   20 pKT25 [SigF] + pUT18C [W] 

21 pKNT25 [UW] + pUT18C [S]   21 pKT25 [SigF] + pUT18C [UW] 

22 pKNT25 [UW] + pUT18C [T]   22 pKT25 [SigF] + pUT18C [V] 

23 pKNT25 [UW] + pUT18C [W]   23 pKT25 [SigF] + pUT18C [F] 

24 pKNT25 [UW] + pUT18C [UW]   24 pKT25  + pUT18C   

25 pKNT25 +pUT18C     25 pKT25  + pUT18C   

 

Supplementary Table 4: The table explains in detail for each colony number on the X-gal/IPTG plates mention 

in the results. This table explains Fig 12 and Fig 13. 

Fig 12   Fig 13  

Colony no Interatcions  Colony no Interatcions 

1 pKT25 [R] + pUT18C [W]  1 pKT25 [X] + pUT18 [R] 

2 pKT25 [S] + pUT18C [W]  2 pKT25 [X] + pUT18 [S] 

3 pKT25 [S] + pUT18C [UW]  3 pKT25 [X] + pUT18 [T] 

4 pKT25 [T] + pUT18C [W]  4 pKT25 [X] + pUT18 [W] 

5 pKT25 [R] + pUT18C [X]  5 pKT25 [X] + pUT18 [UW] 

6 pKT25 [S] + pUT18C [X]  6 pKT25 [X] + pUT18 [UVW] 

7 pKT25 [T] + pUT18C [X]  7 pKT25 [X] + pUT18 [X] 

8 pKT25 [W] + pUT18C [X]  8 pKT25 [X] + pUT18 [V] 

9 pKT25 [UW] + pUT18C [X]  9 pKT25 [X] + pUT18 [SigF] 

10 pKT25 [UVW] + pUT18C [X]  10 pKT25 [R] + pUT18 [X] 

11 pKT25 [V] + pUT18C [X]  11 pKT25 [S] + pUT18 [X] 

12 pKT25 [SigF] + pUT18C [X]  12 pKT25 [T] + pUT18 [X] 

13 pKT25 [X] + pUT18C [R]  13 pKT25 [W] + pUT18 [X] 

14 pKT25 [X] + pUT18C [S]  14 pKT25 [UVW] + pUT18 [X] 

15 pKT25 [X] + pUT18C [T]  15 pKT25 [UW] + pUT18 [X] 

16 pKT25 [X] + pUT18C [W]  16 pKT25 [V] + pUT18 [X] 

17 pKT25 [X] + pUT18C [UW]  17 pKT25 [SigF] + pUT18 [X] 

18 pKT25 [X] + pUT18C [X]  18 pKT25 [R] + pUT18 [V] 

19 pKT25 [X] + pUT18C [V]  19 pKT25 [R] + pUT18 [SigF] 

20 pKT25 [X] + pUT18C [SigF]  20 pKT25 [S] + pUT18 [V] 

21 pKNT25 [R] + pUT18C [X]  21 pKT25 [S] + pUT18 [SigF] 

22 pKNT25 [S] + pUT18C [X]  22 pKT25 [T] + pUT18 [V] 



34 
 

23 pKNT25 [T] + pUT18C [X]  23 pKT25 [T] + pUT18 [SigF] 

24 pKNT25 [W] + pUT18C [X]  24 pKT25 [W] + pUT18 [R] 

25 pKNT25 [UW] + pUT18C [X]  25 pKT25 [W] + pUT18 [S] 

26 pKNT25 [UVW] + pUT18C [X]  26 pKT25 [W] + pUT18 [T] 

27 pKNT25 [V] + pUT18C [X]  27 pKT25 [W] + pUT18 [W] 

28 pKNT25 [SigF] + pUT18C [X]  28 pKT25 [W] + pUT18 [UW] 

29 pKNT25 [X] + pUT18C [R]  29 pKT25 [W] + pUT18 [V] 

30 pKNT25 [X] + pUT18C [S]  30 pKT25 [W] + pUT18 [SigF] 

31 pKNT25 [X] + pUT18C [T]  31 pKT25 [UW] + pUT18 [R] 

32 pKNT25 [X] + pUT18C [W]  32 pKT25 [UW] + pUT18 [S] 

33 pKNT25 [X] + pUT18C [UW]  33 pKT25 [UW] + pUT18 [T] 

34 pKNT25 [X] + pUT18C [X]  34 pKT25 [UW] + pUT18 [W] 

35 pKNT25 [X] + pUT18C [V]  35 pKT25 [UW] + pUT18 [UW] 

36 pKNT25 [X] + pUT18C [SigF]  36 pKT25 [UW] + pUT18 [V] 

37 pKNT25  + pUT18C   37 pKT25 [UW] + pUT18 [SigF] 

38 pKT25  + pUT18C   38 pKT25  + pUT18  

   39 pKT25  + pUT18C 

 

Supplementary Table 5: The table explains in detail for each colony number on the X-gal/IPTG plates mention 

in the results. This table explains Fig 11 and Fig 14. 

Fig 11   Fig 14  

Colony no Interatcions  Colony no Interatcions 

1 pKNT25 [S] + pUT18 [R]  1 pKNT25 [UVW] + pUT18C [R] 

2 pKNT25 [W] + pUT18 [R]  2 pKNT25 [UVW] + pUT18C [S] 

3 pKNT25 [UW] + pUT18 [S]  3 pKNT25 [UVW] + pUT18C [T] 

4 pKNT25 [W] + pUT18 [S]  4 pKNT25 [UVW] + pUT18C [W] 

5 pKNT25 [V] + pUT18 [S]  5 pKNT25 [UVW] + pUT18C [UW] 

6 pKNT25 [UVW] + pUT18 [S]  6 pKNT25 [UVW] + pUT18C [V] 

7 pKNT25 [X] + pUT18 [T]  7 pKNT25 [UVW] + pUT18C [SigF] 

8 pKNT25 [UW] + pUT18 [T]  8 pKNT25 [V] + pUT18C [R] 

9 pKNT25 [UVW] + pUT18 [T]  9 pKNT25 [V] + pUT18C [S] 

10 pKNT25 [V] + pUT18 [T]  10 pKNT25 [V] + pUT18C [T] 

11 pKNT25 [S] + pUT18 [UVW]  11 pKNT25 [V] + pUT18C [W] 
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12 pKNT25 [SigF] + pUT18 [UW]  12 pKNT25 [V] + pUT18C [UW] 

13 pKNT25 [UVW] + pUT18 [UW]  13 pKNT25 [V] + pUT18C [V] 

14 pKNT25 [V] + pUT18 [UW]  14 pKNT25 [V] + pUT18C [SigF] 

15 pKNT25 [W] + pUT18 [UW]  15 pKT25 [R] + pUT18 [W] 

16 pKNT25 [S] + pUT18 [V]  16 pKT25 [R] + pUT18 [UVW] 

17 pKNT25 [W] + pUT18 [V]  17 pKT25 [R] + pUT18 [V] 

18 pKNT25 [UVW] + pUT18 [V]  18 pKT25 [R] + pUT18 [SigF] 

19 pKNT25 [X] + pUT18 [V]  19 pKT25 [S] + pUT18 [W] 

20 pKNT25 [UVW] + pUT18 [X]  20 pKT25 [S] + pUT18 [UVW] 

21 pKNT25 [V] + pUT18 [X]  21 pKT25 [S] + pUT18 [V] 

22 pKNT25 [x] + pUT18 [X]  22 pKT25 [S] + pUT18 [SigF] 

23 pKNT25 [T] + pUT18 [X]  23 pKT25 [T] + pUT18 [W] 

24 pKNT25 [UW] + pUT18 [X]  24 pKT25 [T] + pUT18 [UVW] 

25 pKNT25  + pUT18   25 pKT25 [T] + pUT18 [V] 

   26 pKT25 [T] + pUT18 [SigF] 

   27 pKNT25  + pUT18C  

   28 pKT25  + pUT18 

 

Supplementary Table 6: The table explains in detail for each colony number on the X-gal/IPTG plates mention 

in the results. This table explains Fig 10. 

Fig 10  

Colony no Interactions 

1 pKT25 [R] + pUT18C [UVW] 

2 pKT25 [S] + pUT18C [UVW] 

3 pKT25 [X] + pUT18C [UVW] 

4 pKT25 [SigF] + pUT18C [UVW] 

5 pKT25 [T] + pUT18C [UVW] 

6 pKT25 [W] + pUT18C [UVW] 

7 pKT25 [UW] + pUT18C [UVW] 

8 pKT25 [UVW] + pUT18C [UVW] 

9 pKT25 [V] + pUT18C [UVW] 

10 pKNT25 [R] + pUT18C [UVW] 

11 pKNT25 [S] + pUT18C [UVW] 
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12 pKNT25 [X] + pUT18C [UVW] 

13 pKNT25 [V] + pUT18C [UVW] 

14 pKNT25 [UVW] + pUT18C [UVW] 

15 pKNT25 [UW] + pUT18C [UVW] 

16 pKNT25 [W] + pUT18C [UVW] 

17 pKNT25 [T] + pUT18C [UVW] 

18 pKNT25 [SigF] + pUT18C [R] 

19 pKNT25 [SigF] + pUT18C [S] 

20 pKNT25 [SigF] + pUT18C [W] 

21 pKNT25 [SigF] + pUT18C [UW] 

22 pKNT25 [SigF] + pUT18C [UVW] 

23 pKNT25 [SigF] + pUT18C [V] 

24 pKNT25 [SigF] + pUT18C [SigF] 

25 pKT25 [V] + pUT18 [V] 

26 pKT25 [V] + pUT18 [SigF] 

27 pKT25 [V] + pUT18 [UW] 

28 pKT25 [V] + pUT18 [UVW] 

29 pKT25 [V] + pUT18 [T] 

30 pKT25 [V] + pUT18 [W] 

31 pKT25 [V] + pUT18 [S] 

32 pKT25 [V] + pUT18 [R] 

33 pKT25 [SigF] + pUT18C [R] 

34 pKT25 [SigF] + pUT18C [S] 

35 pKT25 [SigF] + pUT18C [T] 

36 pKT25 [SigF] + pUT18C [W] 

37 pKT25 [SigF] + pUT18C [UVW] 

38 pKT25 [SigF] + pUT18C [V] 

39 pKT25 [SigF] + pUT18C [SigF] 

40 pKT25 + pUT18  

41 pKT25 + pUT18C 

42 pKNT25 + pUT18C  
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