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Abstract

Phylogenetic tree analysis and genetic distance measurements can be used to determine the likely infection source. We revisited a case in 1992 and studied the likely HIV-1 infection transmission pathway between a dentist and his patients. 

The genetic variation in V3 region of env gene in HIV-1 due to its high mutation rate allows us to establish HIV transmission linkage. We constructed F84, Jukes-Cantor's distance matrices and phylogenetic trees by using neighbor joining, UPGMA and Maximum likelihood methods.

We concluded that patient b and patient c were most likely infected by the dentist whereas patient d’s distant location in the phylogenetic tree suggests that he might have been infected by other means.

Keywords: phylogenetic tree, V3 region, HIV-1, transmission linkage distance matrices’ 
HIV Transmission in a Dental Practice Project

Introduction

It is possible to determine likely infection sources by genetic distance measurements and phlyogenetic tree analysis.


In our project, we revisited a study done by Ou et al. (1992) and determined whether or not certain HIV+ patients` of a dentist in Florida with AIDS got infected by him.


Our hypothesis was that the dentist was the source of these infections. We predicted that if the dentist is the source of infection and he passed the virus onto patients b, c, and d then as we compare the V3 region of env gene which mutates at a high rate, the viral nucleotide sequence from the dentist and from the patients must show similarity. We constructed phylogenetic trees showing the relationship and conducted genetic distance analysis.


The significance of this project is to show the application of phylogenetic tree construction and genetic distance analysis in determining the source of an infection. Like in the aforementioned HIV+ dentist case, it could be an important element in a court case or more importantly the same approach can be used to pinpoint the source of an epidemic threatening the community or even a nation and could help the health care personnel to come up with an effective strategy to fight the epidemic.  

Ou et al. “Molecular Epidemiology of HIV Transmission in a Dental Practice” Science Vol. 256 pp. 1165-1171 May 22, 1992

HIV Transmission in a Dental Practice Project

Background

What is HIV?

HIV (human immunodeficiency virus) is a retrovirus that is responsible for acquired immunodeficiency syndrome (AIDS). The two strains identified are HIV-1 and HIV-2. HIV-1 is recognized as the agent inducing the AIDS. HIV-2 carries different antigenic components and has differing nucleic acid components than HIV-1 and is epidemic only in West Africa. (1) 
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Figure 1: Genome maps of HIV-1 and HIV-2 (2)

Structure of HIV-1

“The human immunodeficiency virus (HIV) consists of a nucleoid core and the surrounding protein matrix, both enclosed in a lipid envelope. The nucleoid core contains the viral genetic material and the reverse transcriptase enzyme, which are used in viral replication.
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Figure 2: The structure of HIV-1 (3)
The transmembrane glycoprotein gp41 and the envelope glycoprotein gp120 are attached to the envelope; these proteins enable HIV to bind and fuse with a target host cell.” (4)
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Figure 3: The orientation of gp41 and gp120 in the viral membrane (5)

Why do HIV and other retroviruses mutate that much?

All retroviruses replicate backwards by using the reverse transcriptase enzyme in the first two steps.

RNA( ssDNA (single strand DNA)( dsDNA (double strand DNA)( RNA( protein synthesis (6)
These steps of this process have no error-correction mechanisms so they mutate one million times more frequently than organisms using DNA. Most of the mutation introduced by this affects the env gene. (7)The great genetic variability allows HIV-1 to escape the host immune system, develop drug resistance and escape candidate vaccines.

HIV-1 genome and significance of V3 region in env gene

The gene that we worked with in this project is env gene that codes for the surface proteins gp120 and gp41 protruding from the lipid envelope (6)

  [image: image4.png]HIV Envelope
0120 apdt
o
Y TN w— O O s

HR2  Membuane

Citeminal  Spanning. Cyleplasmic
heptadrepest  Ooman
L T T s e |




(8) Genome map showing V3 region of env gene
The V3 region (variable region 3) is used in analyzing the differences between HIV-1 samples from different patients because this region demonstrates sufficient variability to make a phylogenetic tree that can explain a transmission linkage. (9) If there were no such high rates of mutation in the virus it would be impossible to find the source of the epidemic or trace the path of infection since the nucleotide sequences from all patients would show no significant variation. “V3 sequences have been used in previous epidemiologically linked infections and the HIV Sequence Database contains relative abundance of V3 sequence for comparative purposes” (10) 
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Figure 4: HIV genome organization picture (9) 

What are the applications of phylogenetic analysis of HIV strands?


Phylogenetic analysis is used in epidemiology of infectious disease and the viral transmission from patient to other people is studied. The original work by Ou et al (9) is significant since it documents transmission of an infection from an infected healthcare worker to a patient.  

Phlylogenetic analysis is used to determine the possible origin of HIV strains by showing the relationship among other lentiviruses. (11)Moreover,phlogenetic analysis of V3 region can be used as a tool in subtype determination of the HIV. (12)

Background of Mathematical tools 
and 
Methods used in this project

In constructing the phylogenetic tree in this project, the PHYLIP (13) program was used rather than Biology Student Workbench since it can provide more options in analyzing the data, but Student workbench can also be used especially if such a project is planned to be done by high school students.

The nucleotide sequence of V3 region of the dentist, patient b, c, and d and two controls lc1 and lc5 are taken from the GenBank viral sequences (14). The controls lc1 and lc5 are patients from the same area but had no contact with the dentist. These sequences are aligned and the distance matrix is formed. 

Distance matrix Definition: The method used to present the results of the calculation of an optimal pair wise alignment score. The matrix field (i,j) is the score assigned to the optimal alignment between two residues (up to a total of i by j residues) from the input sequences. Each entry is calculated from the top-left neighboring entries by way of a recursive equation. (15)

Table 1: Distance Matrix using F84 algorithm.

              dnt       ptb       ptc        ptd       lc1       lc5


dnt         0.000000  0.041788  0.081942  0.254047  0.750199  0.310805

ptb         0.041788  0.000000  0.090751  0.269874  0.750444  0.311079

ptc         0.081942  0.090751  0.000000  0.295761  0.821097  0.321200

ptd         0.254047  0.269874  0.295761  0.000000  0.678310  0.485321

lc1         0.750199  0.750444  0.821097  0.678310  0.000000  1.192950

lc5         0.310805  0.311079  0.321200  0.485321  1.192950  0.000000

The F84 model incorporates different rates of transition and transversion, but also allowing for different frequencies of the four nucleotides.

We also constructed trees by a different distant matrix using the Jukes-Cantor algorithm to provide another comparison.  
Table 2: Distance Matrix using Jukes-Cantor Method

              dnt       ptb       ptc        ptd       lc1       lc5
dnt         0.000000  0.041969  0.081652  0.239119  0.598454  0.283918

ptb         0.041969  0.000000  0.089705  0.251464  0.591651  0.279506

ptc         0.081652  0.089705  0.000000  0.276783  0.626299  0.288356

ptd         0.239119  0.251464  0.276783  0.000000  0.545685  0.408807

lc1         0.598454  0.591651  0.626299  0.545685  0.000000  0.749336

lc5         0.283918  0.279506  0.288356  0.408807  0.749336  0.000000

Jukes and Cantor's (1969) model assumes that there is independent change at all sites, with equal probability. Whether a base changes is independent of its identity, and when it changes there is an equal probability of ending up with each of the other three bases.

Then by using the Neighbor joining method, UPGMA, and the Maximum Likelihood Method the phylogenetic tree was drawn. 

UPGMA (Unweighted Pair Group Method with Arithmetic mean) Definition: is a simple bottom-up data clustering method used in bioinformatics for the creation of phylogenetic trees. The input data is a collection of objects with their pairwise distances and the output is a rooted tree (dendrogram). It is sometimes used for creating rooted phylogenetic trees under the assumption of a constant evolutionary rate. (16) 

Neighbor joining method Definition: Neighbor-joining is a bottom-up clustering method used for the creation of phylogenetic trees. Neighbor-joining is based on the minimum evolution criterion for phylogenetic trees, i.e. the topology that gives the least total branch length is preferred at each step of the algorithm. However, neighbor-joining may not find the true tree topology with least total branch length because it is a greedy algorithm that constructs the tree in a step-wise fashion. Unlike the UPGMA algorithm for phylogenetic tree reconstruction, neighbor-joining does not assume that all lineages evolve at the same rate (molecular clock hypothesis) and produces an unrooted tree. (17)

Maximum likelihood estimation (MLE)Definition: is a popular statistical method used to make inferences about parameters of the underlying probability distribution of a given data set.

Bootstrapping was used to look at the reliability of the data.  Bootstrapping involves taking your original data set and randomizing the columns of sequences.  In our case, one hundred new sets of sequences were created.  The sets were then used to create trees using the Neighbor Joining and Maximum Likelihood Method.  The trees were then put together making a consensus tree by majority which should be similar to the original tree created by not bootstrapping.   
RESULTS

Using the F84 distance matrix
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Unrooted Neighbor Joining Tree



Unrooted UPGMA Tree
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Unrooted Maximum Likelihood Tree                            
        Rooted UPGMA Tree
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Using the Jukes-Cantor Distance Matrix
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Unrooted Neigbor Joining Tree
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Unrooted UPGMA Tree

Reliability Testing

A random set of sequences including the dentist.
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Section Breaking Strategy using Neighbor Joining Method and F84

      
Section 1 (1-90)




Section 2 (91-180)
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Section 3 (181-270)




Section 4 (271-360)
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Boot Strapping with the Neighborhood Joining Method and F84 distance matrix.

Boot 1








Boot 2
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Boot 3
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Bootstrapping with the Maximum Likelihood Method

Boot 1








Boot 2


Boot 3

Discussion:

In all of the phylogenetic trees in our results except the ones we constructed by Bootstrapping, pt d was distant from the dnt whereas patient b and c were clustered around dnt with close distances. Both patients had no record of known risk factor for HIV infection and had invasive dental procedures. (10)

It is documented by the study done by Ou et al (10) that patient d (pt d) engaged in high-risk behaviors that could have resulted in his HIV infection. Moreover, it was stated that “viruses present in patient d were more distantly related to those of the dentist that are typical of equivalent measured distances for viruses taken from epidemiologically unlinked infections. (10)

The phylogenetic tree that we constructed by using neighbor joining method of the nucleotide sequence of five random viral samples from GenBank and the dentist is a starlike tree that shows no significant connection between individuals. 

By looking at the rooted UPGMA tree, a tentative time line can be suggested.  This is based on the fact that the UPGMA tree is ultrametric meaning that the distance between the root and any of the leaves is the same.  This topology facilitates looking at a possible timeline.

The results can be interpreted from a different point of view as well. Given the fact that there is intrahost evolution of HIV-1 with a mutation rate of 3.4*10 (-5) mutations per bp per cycle (19) and that the minimum duration of the HIV-1 life cycle in the body is 1.2 days on average (20), it is possible that the patient d might have caught the virus from the dentist and the virus could have mutated by the time the blood sample was collected and caused the location of the patient d in the phylogenetic tree to be distant from the dentist. This hypothesis concurs with the previously stated UPGMA rooted tree results. In order for this interpretation to be valid the duration between the contact with the dentist and sample collection time for each patient must be known.  

Conclusion:

After constructing distance matrices and phylogenetic trees, we observed that patient b and patient c were clustered around the dentist whereas patient d was located more distantly in the majority of the phylogenetic trees. Therefore, we concluded that the dentist transmitted the virus to patients b and c whereas patient d might have been infected by other means, which is also supported by his recorded high risk behavior. 

Suggestions for improvement and further research:

There is a myriad of possible algorithms to use for creating distance matrices and phylogenetic trees. Each new step in the process offers more choices. These algorithms need to be understood better so that good choices are made.  

Even with all these choices, the simplest methods should also be looked at. For example, it may be possible to create a tree directly from a distance matrix and produce a good tree.  These simpler methods also need to be evaluated for their usefulness.

To be able to get more reliable results, a greater number of random controls from Florida area must be used. The random sequences that we got from GenBank viral sequences were from patients in Northern Europe.

The bootstrapping results were inconclusive. This is an area that needs further work and still contains some unanswered questions that are important for verifying the reliability of our data.  The number of samples for the bootstrapping may have to be larger to produce valid results.  Also, the algorithms and methods used in PHYLIP need to be studied further to make sure that they are being applied and interpreted correctly as well. 
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Glossary:

ss-RNA: single stranded RNA

Positive strand RNA virus: Also known as a sense-strand RNA virus, a virus whose genetic information consists of a single strand of RNA that is the positive (or sense) strand which encodes mRNA (messenger RNA) and protein. Replication in positive-strand RNA viruses is via a negative-strand intermediate. 

http://www.medterms.com/script/main/art.asp?articlekey=22952

retroviruses: Any virus in the family Retroviridae that has RNA as its nucleic acid and uses the enzyme reverse transcriptase to copy its genome into the DNA of the host cells chromosomes
http://www.biology-online.org/search.php?search=retrovirus

Reverse transcriptase: Enzyme first discovered in retroviruses, that can construct double stranded DNA molecules from the single stranded RNA templates of their genomes.

http://www.biology-online.org/dictionary/reverse_transcriptase

Phylogenetic tree: A phylogenetic tree is a tree showing the evolutionary interrelationships among various species or other entities that are believed to have a common ancestor.

http://encyclopedia.laborlawtalk.com/Phylogenetic_tree

epidemiology: The branch of medicine that deals with the study of the causes, distribution, and control of disease in populations.

http://www.bartleby.com/61/69/E0176900.html

lentivuruses (slow viruses): Any of a group of animal viruses that cause diseases having an unusually long incubation period

http://www.bartleby.com/61/38/S0483800.html

Greedy algorithms: algorithms which follow the problem solving meta-heuristic of making the locally optimum choice at each stage with the hope of finding the global optimum. For instance, applying the greedy strategy to the traveling salesman problem yields the following algorithm: "At each stage visit the nearest unvisited city to the current city".

http://en.wikipedia.org/wiki/Greedy_algorithm

transition: is a mutation changing a purine to another purine nucleotide (A <-> G) or a pyrimidine to another pyrimidine nucleotide (C <-> T).

http://en.wikipedia.org/wiki/Transition

transverion: the substitution of a purine for a pyrimidine or vice versa.
http://en.wikipedia.org/wiki/Transversion

