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Abstract
     The range of bacteria that a phage can infect is known as its host range. The host range is determined by the tail fibers on the phage and the cell receptors on the host cell. Alterations of either of these structures alter the host range. The H gene codes for the tail fibers on the phages P2, Wphi, and Wphi host range mutant. It is shown that three changes in amino acids in the C-terminus alter the host range of Wphi to be similar to P2. It is also shown that a mutation in the rfbd gene, a gene that aids in the biosynthetic pathway for the coding of the LPS receptors, results in an altered host range. Finally, the host ranges in the aforementioned phages are quantified and compared focusing on the E.coli B and C strains, and presence of a rfbd+ gene and rfbd gene-.
Microbial evolution is largely perpetuated by bacteriophages (phages) for they facilitate in the transferring of genetic material from one bacterium to another. Some phages, temperate phages, enter the bacteria causing relatively negligible harm. These phages integrate their genetic material into the chromosomal DNA of the host bacterium. Although these phages can integrate their DNA, they are however restricted to their host range—the selective array of cellular organisms that a virus is capable of infecting. Phages with a broad host range would have superior impact on the composition of genetic diversity of microbial communities in addition to the processes of transductional gene exchange and the transferring of antibiotic resistance through the effected communities (Jensen). Viruses may encompass host ranges that include multiple species, though usually the more closely related the host species, the more likely that they will share a given virus. The initial physical contact between the phage and the host it is infecting greatly determines its fitness (Vegge). A phage’s host range is determined by two components, the phage receptors on the host’s surface and receptor binding protein (RBP) located on the distal part of the phage tail fibers (Duplessis). Significiant modification of either of these components would invariably alter the host range and thus its pathological fitness (Duplessis).

The phage of study is the temperate bacteriophage Wphi, which was isolated from an Escherichia coli strain W.  Wphi has prominent genetic and morphological similarities to the well characterized temperate phage P2. However, despite these similarities, there is a notable difference in whether or not the phage will grow when plated on various E. coli stains.  In several E. coli phages, e.g., P2, T4, and the T-even-type phages, the phage antireceptors which are responsible for interacting with the cell host receptors have been identified in the distal part of the tail fibers (Henning, Wang).  The gene responsible for coding the tail fibers in Wphi is the H gene.  

Whereas the H gene is responsible for the tail fibers, the coding for the cell host receptors cannot be solely contributed to one gene. Although one gene in particular, the rfbd gene, seams to have a significant impact. The rfbD gene encodes enzymes necessary for lipopolysaccharide (LPS) biosynthesis as seen in figure 1 (a specific rfb gene in the O antigen cluster) (Chiang).  Analysis will show that a mutation in the rfbD gene alters the structure of the host LPS which is recognized by many phages like Wphi, P1, P2 and Mu as their specialized receptor. 

In previous studies, done by Andrew Archer, it was shown that Wphi growth on E. coli B strains is due to a defect in adsorption and not to immunity or to exclusion as a result of the cryptic P2-related prophage present in E. coli B. In conjunction, spontaneous mutants of Wphi, labeled Wphi host range mutants, are able to infect E. coli B and were subsequently isolated. Sequence analysis of the tail fiber gene of one of these mutants revealed several amino acid changes near the C-terminal end. It is shown that these changes confirm the adsorption specificity of the mutant phage. Therefore, the logical steps in analyzing the different infection properties of Wphi were to study the tail fibers and the phage receptors on the host’s surface.
Analysis of the host range determinants of the P2 related phage Wphi was approached from three complementary angles: 1. Determining the plating efficiencies of phages P2, Wphi and the Wphi host range mutant on E. coli C, B, W and K12 rfbD+ and rfbD-, 2. confirming the role of C-terminal amino acids in the phage tail fiber gene in determining host range specificity, 3. confirming the role of the E. coli gene rfbD in Wphi’s host range.

Materials and Methods

Titering
Three phages were tittered , Wphi, Wphi host range mutant, and P2. 100 μl of chloroform was added to the 400 μl of stock phage and vortexed to ensure that no bacterial contamination was present. One to ten serial dilutions were made of the phage to 10-10 dilution in PBS solution. The E. coli strains B834, C-1A, and k-12 strains M94, and RR1 were used. As mentioned Wphi host range mutant and P2 are both able to infect B834 and C-1A; whereas, Wphi is limited to C-1A. M94 is rfbd+ and RR1 is rfbd-. The four E. coli strains were grown to a .05 OD in LB broth while incubated at 37o shaking. Then 
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Figure 1. The following is the synthesis pathway for an element of bacterial LPS as well as O antigen. 

100 μl of the cultures were alloquoted into ten micro centrifuge tubes sequentially labeled 10-1 to 10-10 thus corresponding with the diluted phage. 10 μl of the phage were added to its corresponding dilution for each bacterial strain—thus four inoculations were made per dilution. The inoculated bacteria sat at room temp for 15 min to allow for infection. Then 100 μl of the inoculums were added to 3.0 ml of LC top agar and vortexed. The top agar was quickly poured onto LC plates and allowed to harden. Upon hardening, the plates were incubated overnight at 37o. The following day, the plaques were counted and quantified with respect the dilution. The propagation stain used for the relative titers was the C-1A strain.
Media

Media components were obtained from Didco. Luria broth contained 1% (wt/vol) tryptone, 1% (wt/vol) NaCl, and 0.5% (wt/vol) yeast extract. LC top agar contained 1% (wt/vol) tryptone, 1% (wt/vol) NaCl, 0.5% (wt/vol) yeast extract, 0.1% (wt/vol) glucose, and .7% (wt/vol) agar. Adjust pH to 7.4. and sterilize at 121°C for 15 min. The LC agar contained 1% (wt/vol) tryptone, 1% (wt/vol) NaCl, 0.5% (wt/vol) yeast extract, 0.1% (wt/vol) glucose, 1% (wt/vol) agar, .1 % .5M CaCl2. Shake then sterilize mixture at 121°C for 15 min.
Tail Fiber Experiment

Using the genome from the NCBI database, primers, JHK1 and JHK2, were designed to amplify the H gene. Within the primers was the restriction site for EcoR1 and Bglll. Using the Invetrogen Zero Blunt TOPO PCR Cleaning Kit the H gene was inserted into the TOPO Blunt Vector in the following manner. The H gene was amplified using PCR with the Accu Pol proof reading DNA polymerase. The mixture 50 μl mixture contained 5 μl of 10X ammonium buffer, 1 μl of 10 mm dNTP, 2.5 μl of JHK1, 2.5 μl of JHK2, 1.5 μl of Accu Pol polymerase and 5 μl of Wphi host range mutant phage. The control did not contain DNA. The PCR conditions were 95o for 5 min, 95o 30 sec, 44o 30 sec, 72o 60 sec, repeat to second step, 72o 15 min, then 4o pause. An agrose gel was run to confirm the correct 2Kb size of the H gene.
Upon amplification of the H gene, TOPO cleaning into the PCR Blunt 2 TOPO Vector can begin. Then transformation of the recombinant vector into E. coli C. can proceed. The cloning reaction contained 4 μl of fresh PCR product, 1 μl of 200mM NaCl, 20nM MgCl2 and 1 μl of PCR Blunt 2 TOPO vector. The control did not contain any PCR product. The mixture was gently mixed at room temperature for 10 min. After TOPO cleaning, the recombinants were placed into chemically competent E. coli DH5 alpha cells. Add 2 μl of TOPO cloning reaction to the provided One Shot Chemically competent E. coli  cells. Incubate on ice for 25 min. Heat shock for 30 sec at 42o. Immediately transfer the tubes to ice. Add 250 μl of SOC medium. Incubate at 37o while shaking for 1 hour. Spread 50 μl onto Kancomycin (Kan) plates. A mini prep can be done to isolate the plasmid DNA. Cutting with EcoR1 will yield two major products, one band at 3.5 KB and another at 2.0 KB. 
A rap transformation was done to move the plasmid into E.coli C. Suspend colony in 300 μl Z transformation buffer. Spin for 3 min at 10000rpm at 40. Resuspend the cell pellet with 20 μl of Z transformation buffer (ice cold). Add 1 μl of DNA from mini prep. Incubate on ice for 20 min. Heat shock for 1 min at 42o. Chill on ice for 30 sec. Add 180 μl of SOC medium. Incubate for 30 min at 37o. Spread 200 μl of the cell suspension onto Kan plates. 
The marker rescue experiment resulted in recombination of the mutant H gene being taken up by the Wphi. Inoculate 3 ml of LB with Kan with E. coli C containing the plasmid with H gene insert. For the control grow 3.0 ml of E.coli C without the plasmid. Add .03 ml to 15 ml of LB with Kan and grow to .05OD or 15 Klett. Add 106 phage, Wphi. Continue incubating till lysis. Add a few drops of chloroform and shake. The vial was spun down and the supernate was saved.
The supernate contained the phage. A titer analysis was done exactly as seen in the first part of the materials and methods experiment. The E. coli strain used with the B834. The number of plaques from the supernate collected from the infected E.coli C with the plasmid was compared to the infected E.coli C without the plasmid. The lysates were then sequenced to confirm that the mutant H gene had been taken up by Wphi.

Z Transformation Buffer

20 mM MOPS pH 7.1, 100 mM CaCl2, 25 mM MnCl2, 25 mM MgCl2, 1.5 mM Beta-Me, 5% DMSO, and 10% glycerol.
SOC

0.5% Yeast extract, 2.0% tryptone, 10mM NaCl, 2.5mM KCl, 10mM MgCl2 , 20mM MgSO4, 20mM glucose

Rfbd gene
Using the NCBI database, primers were designed to amplify the rfbd gene. The wild type strain used was the E. coli CAG12099 and the mutant strain used was the E. coli M94. To create isogenic strains a P1 transduction was done. M94 cells were grown overnight at 370 while shaking. The cells were spun down in a microfuge tube. Five 1.5 ml eppendorf tubes were set up as seen in Table 1.
The mixtures were incubate at 37 degrees for 20 min. Then .2ml of 1M sodium citrate was added (the citrate prevents new colonies from being lysed by the phage). Spin down for 2 min and resuspend in .2ml BU buffer + 10mM MgCl2 + 200 mM NaCit. The colonies were then plated on tetracycline (Tet). There should not be any growth on the tubes 4 and 5 because they are the controls and either lack cells or P1.

Wphi was thickly streaked down the center of a LB plate and allowed to absorb for five min. 6 of the colonies were then streaked perpendicularly to the Wphi streak. The plate was incubated overnight at 37o. Plaques were counted where the Wphi interests the streaked colonies. M94 and RR1 were also streaked as controls. 

A heteroduplex analysis was done. The rfbd gene from the CAG12099 and from the colonies was amplified. The genes were then denatured and allowed to anneal together. The resulting DNA fragment was run on a MDE gel.
BU Buffer
DH2O was added to .7 g Na2HPO4, .3 g KH2PO4, .4 g NaCl to make 100 ml. Adjust pH to 7.1 then autoclave.

MDE Gel (50ml)

25 ml of MDE gel solution, 3 ml of 10 X TBE buffer, and 22 ml of dH2O.
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Table 1.  P1 transduction aliquots. Tubes 4 and 5 are controls.
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Figure 2. Titer comparison of P2 Wphi, Wphi host range mutant on E. coli strains C-1A, B834, M94, and RR1. C-1A is the standardizing propagation strain.
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Figure 3. A comparison of the P2, Wphi, and Wphi host range mutant H gene that codes for the phages tail fibers. 
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Figure 4. Agrose gel of the TOPO vector with H gene insert.

Figure 5. Illustrated is a comparison of the wild type and mutant rfbd genes showing a deletion of a guanine in the mutant rfbd strand
Results

Titer

As seen in Figure 2, P2 and wphi host range mutant are able to infect E. coli strains C-1A, B834, M94, and RR1; whereas, Wphi has a limited host range confined to C-1A and RR1. It is also seen that P2 is able to infect the RR1 which is rfbd+ better than either Wphi host range mutant or Wphi. Wphi was unable to infect M94, rfbd-. The propagation strain used to standardize the three phages was the C-1A strain. The log of the C-1A titer is 1.0.

Tail Fibers

Sequence analysis of the H gene reveals that there are twenty changes in amino acids between the P2 and Wphi H gene, seen in red in figure 3. The sequence of the tail fiber gene of the Wphi host range mutant, which grows on E. coli B, has 6 nucleotide mutations; however, only four of these mutations result in changes in amino acids. These changes are seen in orange.  The three most C-terminally located amino acids result in changes in amino acids back to those found in P2.
The H gene was successfully amplified and inserted into the TOPO vector. Figure 4 illustrates the mini prep of three of the colonies that grew on the Kan plates. These lanes are labeled under the heading plasmid. The top band corresponds to nicked plasmid; whereas, the bottom lane is the supercoied plasmid. The supercoiled ladder is located in the center of the gel. The right four lanes are the hyper ladder 1 and the same three plasmids cut with EcoR1. The band at the 2 KB was the H gene and the band at the 3.5 KB was the TOPO vector.
The plasmid was successfully transferred into E. coli C— 42 colonies were seen growing on the Kan plates.     (NEED TO SEE RESULTS OF THE INFECTION BEFORE ADDING)
Rfbd gene
The sequence data comparing the wild type and mutant rfbd genes shows that the mutant has a deletion of a guanine at the 3’ end, figure 4. The P1 transduction successfully converted the rfbd- M94 cell into an rfbd+ cell. Of the five tubes seen in table 1, the first three produced colonies. Tubes four and five were the controls and either lacked cells or P1. Tube one produced 836 colonies, tube two produced 648, and tubes three produced 118 colonies when spread on tetracycline plates. The infection of the selected colonies from plate three resulted in infection of the RR1 strain but not M94 strain. Three of the selected six colonies taken from the colonies grown from tube three were infected. However, the other three colonies did not result in infection. (DO HETERODUPLEX ANALYSIS AND INSERT RESULTS)
Discussion

Bacteriophages significantly affect the population dynamics of bacteria as phages are a medium for transferring DNA from one bacterium to another. The eradication by infection of host populations is an incredibly effective selection method for cells that do not support phage adsorption (loss of receptor is common) or replication (Kokjohn).  Contrary, microbial evolution can be perpetuated by transduction for the transferred DNA can encode advantageous traits such as antibiotic resistance. Although phages greatly influence the bacteria population, their spectrum is restricted to select taxa or possibly select strains of bacteria. Therefore, the tail fibers and cell receptors are being studied for they largely determine the host range.
The tail fiber protein functions in both adsorption to the cell surface and penetration into the cell by enzymatically degrading the polysaccharide capsule (Scholl). The H gene that codes for the tail fibers would thus have a significant impact on the host range. When comparing the H gene 
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Table 2. The infection properties of P2 and Wphi on E.coli W, B, C, and several K-12 strains.
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Figure 6. Illustrated is an agrose gel of the wild type and mutant rfbd gene. The first lane revelas three bands and the second lane reveals one band.
from the P2 and Wphi, it is seen that the two have 20 changes in amino acids, figure 3. When considering that the H gene is only 665 amino acids long, this would result in a major change. However, it is interesting that the majority of these changes are still present when comparing Wphi host range mutant and P2. Yet despite the 17 different amino acids, the infection properties remain very similar, figure 2. Therefore, it is hypothesized that the three amino acids at the far end of the C-terminus have a great impact on the function of the H gene.

To confirm the role of the C-terminal amino acids in the H gene, a marker rescue experiment was conducted. A marker rescue experiment results in the rescuing of the mutant gene from a plasmid, thus turning the wild type’s Wphi infection properties into those associated with the Wphi host range mutant. Namely, the ability of the mutant to infect E. coli B was tested. A complementation test could not be done because the TOPO vector lacked an inducible promoter. Therefore, no expression could take place.

 When checking the ligated plasmid for the H gene insert, the mini prep was cut with EcoR1. This did result in three cuts, two being in the vector and one being in the primer region of the H gene. However, the fragment resulting from the primer region and the vector would be too small to detect and thus negligible.

Testing was also done by growing Wphi on various E. coli K-12 strains. It appeared that the phage would plate on some restriction-minus E. coli K-12 strains, but not on others, table 2.  Genotypic analysis of these strains revealed that one common attribute of those that failed to plate on Wphi was the presence of a mutation in a gene named rfbD (a specific rfb gene in the O antigen cluster) figure 6. The rfbD gene product catalyzes the final step in dTDP-rhamnose biosynthesis, Figure 1.  A core oligosaccharide and O polysaccharide or O-specific antigen which is made of a repeating oligosaccharide unit (Yao).  Yao states further that the highly variable antigenicity of LPS is due mainly to the chemical and structural diversity of the O polysaccharides. Thus an altered LPS will change what phages can bind- phages that originally recognized the receptors of particular bacteria may now not. Therefore, it was hypothesized that the rfbD mutation blocks adsorption of Wphi because of the altered LPS.
Sequencing of the rfbd gene revealed that there is a deletion of a guanine, figure 5. A deletion of a guanine is most likely creating the mutant for the point mutation creates a frameshift mutation, figure 7.  A frameshift mutation at the 3’ end of the mutant causes a coding change from alanine to histidine. The resulting amino acids are thus subsequently changed.


[image: image7]
Figure 7. A frameshift mutation at the 3’ end of the mutant M94 causes a coding change from alanine to histidine.

Confirmation the hypothesis that that the rfbD  mutation blocks adsorption of Wphi because of the altered LPS required testing Wphi’s growth on a pair of otherwise isogenic E. coli K-12 strains, one with the rfbD mutation and one without. The isogenic pair was constructed by P1 transduction using a closely linked TCR marker. P1 transduction is advantageous because it packages from random double-stranded breaks on the chromosome that are generated during phage lysis. In the transduction, the CAG12099 rfbd gene was transferred to the mutant M94 where recombination allowed for the wild phenotype to be expressed.
Directly infecting with Wphi did not reveal conclusive data to guarantee that the rfbd gene was responsible, for only about half of the transformed colonies were successfully transformed.  Therefore, a heteroduplex analysis was done. In a heteroduplex analysis, the wild type and mutant rfbd genes are amplified, combined, and then denatured. When DNA is denatured, the two strands are separated. On renaturation or annealing, complementary DNA strands reassociate and form a homoduplex, but strands that do not complement each other form a heteroduplex. The heteroduplex will have loops and bubbles in regions where the two DNAs differ. Therefore, electrophoretic mobility in MDE gel is less than that of homoduplex, which can be detected by an extra slow moving band.

All in all, it is clear the Wphi has a significantly limited host range when compared to P2 and the Wphi host range mutant. The complementation test demonstrated that the presence of the altered sequence on a plasmid is sufficient to confer the change in specificity thus demonstrating that these alterations contribute to the modification of the host range. And finally, the transferring of the rfbD+ gene alters the LPS that were encoded from the rfbD- gene thus the wphi phage is able to bind. 
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