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ABSTRACT OF THE THESIS 

Reconstructing Phylogenetic Rings  

and Their Application 

by 

Joseph Robert Larsen 

Master of Science in Biomathematics 

University of California, Los Angeles, 2016 

Professor Janet S. Sinsheimer, Chair 

 Phylogenetic rings represent evolution on a taxanomic scale through convergent ( 

genome fusion events) and divergent (phylogenetic tree-like events) gene flows. Rings have the 

potential to reconcile the inconsistent phylogenetic tree models that have been constructed from 

phenotypic evidence versus genotypic evidence. In order to exemplify this potential phylogenetic 

rings were applied here to investigate the origins of photosynthesis in the Proteobacteria. 

Another opportunity with-in phylogenetic ring research is developing a quantitative method to 

reconstruct the rings. The two methods explored here are Occam’s Ring, the simplest ring 

reconstruction, and the Ring Identification for Non-Generalized Structures (R.I.N.G.S.) method, 

a more in-depth ring reconstruction based on quantitative methods. Phylogenetic rings have the 

potential to help resolve many of the conundrums in modeling evolution, which phylogenetic 

trees have been unable to address. This thesis is another step in solving these issues by further 

developing phylogenetic rings. 
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Introduction 

 Phylogenetic rings were first presented in 2004 by Maria Rivera and James Lake in the 

Nature article The ring of life: evidence for a genome fusion origin of eukaryotes (Rivera MC. 

and Lake JA. 2004). The motivation for the phylogenetic rings was to resolve how genome 

fusions and horizontal gene fusions were leading to inconsistent signals in gene sequence data 

thus confounding the reconstruction of the “Tree of Life” (Rivera MC. and Lake JA. 2004). This 

led to what is now considered the cornerstone of the Rings of Life Hypothesis, which is a 

contender for replacing the Three Domain Hypothesis (McInerny JO, O'Connell MJ., and Pisani 

D. 2014 and McInery JO, Pisani D., O'Connell MJ. 2015), known as the Rings of Life. This is 

presented in  Rings reconcile genotypic and phenotypic evolution within the Proteobacteria by 

Lake et al. Although rings have contributed to the field of evolutionary biology in the last twelve 

years, ring analyses are still relatively new with immense potential to grow. Here I outline my 

contribution to the phylogenetic rings through assisting the study of their application towards the 

proteobacteria and developing and outlining novel reconstruction methods. 

 This thesis is a collection of my work towards furthering the ideals and depth of 

phylogenetic rings. The first chapter is the entire article Rings reconcile genotypic and 

phenotypic evolution within the Proteobacteria which was published in GBE, for which I am 

second author. The second chapter is the current manuscript for my first author publication titled 

Reconstructing Phylogenetic Rings through Occam's Ring Structures and the R.I.N.G.S. Method 

which is in its final stages before being submitted for publication. Finally, I take the time to 

speak of future directions for my work and what I believe my contribution lent to the field of 

phylogenetic rings. All in all, I have dedicated the last year of my life to better understanding and 

developing phylogenetic rings, which I have cherished and deeply appreciated every step of the 
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way. 

I first became involved in the study of phylogenetic rings through my work on the 2015 

GBE article Rings reconcile genotypic and phenotypic evolution within the Proteobacteria. My 

contribution ranged from being involved in reshaping the paper, after initial reviews, and helping 

in the refocus of the article from Alpha-,Beta-, Delta-, and Gamma- proteobacteria to  Alpha-

,Beta-, and Gamma- proteobacteria. We found a new focus for the work in revealing possible 

origins for biological processes, such as photosynthesis. In order to identify how these biological 

processes flowed through the rings, I helped write a program to see what protein families were 

present in what flows of the ring and therefore where they were generated. Another contribution 

to this article was my assistance in determining the key assumption to phylogenetic rings, which 

was how rings are sensitive to gene gain but unaffected by gene loss. Finally, I drew all the 

figures found in the paper.. My efforts garnered me a second author position on this article. 

 My second major contribution to the phylogenetic rings is in outlining two reconstruction 

methods for the rings. Both of these methods utilize a newly defined phylogenetic tree called the 

Duplicate Taxa Tree (DTT) which is a phylogenetic tree that has at least one taxon that appears 

at least twice at the end of a terminal branch. This is possible due to the fact that every DTT 

transforms into a unique phylogenetic ring by combining branches with duplicate taxa, creating 

converging paths. The first of the two methods introduced in this work is called the Occam's 

Ring structure, which has the minimum number of paths and taxa on its respective DTT that still 

depicts the significant-flow paths for the set of taxa being investigated. The other method, named 

Ring Identification for Non-Generalized Structures (R.I.N.G.S.) method, is the first step toward a 

quantitative technique for reconstructing phylogenetic rings. This method assumes that a ring 

structure holds, contains a major assumption for a constant rate of evolution between taxa and 
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makes a large approximation of applying a z-test to counts that have questionable independence. 

This work is an initial step and it has shown promise in determining a realistic phylogenetic ring 

structure by finding the significant-flow counts and number of each taxa on the ring's DTT. This 

work is the first ever quantitative approach for reconstructing phylogenetic rings. My 

contribution to this manuscript, that is in its final stages of drafting, earned me a first-authorship 

position. 
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CHAPTER ONE 

Rings Reconcile Genotypic and Phenotypic Evolution  

within the Proteobacteria 
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Abstract

Phylogenetic rings represent evolution on a taxanomic scale by showing both convergent

endosymbiotic-events and divergent processes representing tree-like events producing different

species.  Although  rings  present  a  novel  way  to  reconstruct  models  that  may  expand  the

knowledge of how life evolved, there has yet to be an quantitative method on how to construct

phylogenetic  rings.  The  goal  of  this  article  is  to  introduce  two  methods  for  reconstructing

phylogenetic  rings.  The first  method is  defined as  Occam's Ring,  which is  the simplest  ring

structure  that  contains  all  taxa  being  investigated  as  well  as  all  statistically  significant

informative patterns.  The second method is  proclaimed here as  Ring Identification for Non-

Generalized  Structures  (R.I.N.G.S.)  method,  which  is  an  expansion on  Occam's  Ring which

produces a model of evolution that is more specific and dynamic. Introducing these two methods

is a first step in encouraging the exploration of new and informative reconstructions of evolution.

Introduction

Phylogenetic  rings  model  evolution  on  a  taxanomic  scale  by  depicting  divergent  and

convergent  gene  flows.  The  diverging  pathways  represent  when  two  species  have  evolved

separately to the point they are considered to be unique from one another, which is the speciation

so  commonly  depicted  in  phylogenetic  trees.  When  a  converging  pathway  is  observed  it  is

believed that  a  genome fusion  has  occurred,  such as  when endosymbiosis  there  has  been a

genome transfer event similar to endosymbiosis. These convergences cause the unidirectional

flows  to  come  back  in  on  themselves  and  produce  a  ring  like  structure.  Through  this

reconstruction  of  evolutionary  history,  a  more  realistic  depiction  of  how  certain  taxa  have

evolved can be modeled.
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The phylogenetic rings were first introduced in 2004 by James Lake and Maria Rivera in

their Nature article, The ring of life provides evidence for a genome fusion origin of eukaryotes .

The motivation for the phylogenetic rings were to resolve how genome fusions and horizontal

gene fusions were obscuring gene sequences in the reconstruction of the “Tree of Life” (Rivera

MC. and Lake JA.  2004).  This   led to the first  depiction of  an unrooted Ring of  Life,  and

eventually would mature into its current rooted form, known as the “Rings of Life” (figure 2-1)

(Lake JA. and Sinsheimer JS. 2013 and Lake et al.  2015). This representation of how early life

evolved on Earth is the cornerstone of the Ring of Life Hypothesis, which is a contender to

replace the Three Domain Hypothesis, and has been gaining support through   evidence from

current research (McInerny JO, O'Connell MJ., and Pisani D. 2014 and McInery JO, Pisani D.,

O'Connell MJ. 2015).

Although  it  is  evident  that  the  reconstruction  of  phylogenetic  rings  is  capable  of

contributing  to  the  modeling  and  understanding  of  evolutionary  history,  no  formal  ring

reconstruction protocol has been outlined. This article is to present a procedure for producing

basic phylogenetic ring structures and then introduce a new quantitative technique to explicitly

develop  ring  models.  The  first  procedure,  called  Occam's  Ring,  constructs  a  ring  with  the

minimum number of gene flows consistent with the statistically informative patterns.  A new

exploratory  technique  is  introduced,  called  the  Ring  Identification  for  Non-Generalized

Structures (R.I.N.G.S.) method. This process is being developed to help reconstruct phylogenetic

rings that have specific gene flows in order to produce a realistic depiction of how life evolved.

By presenting these two methods we hope to introduce phylogenetic ring reconstruction to the

field of phylogenetic modeling in order to better summarize evolutionary histories.
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Methods

Occam's Ring

The objective when reconstructing phylogenetic rings using the Occam's Ring fomalization

is to model the simplest representation of how we believe genes flowed through diverging and

converging paths. In order to make the appropriate ring structure, a new type of phylogenetic tree

is introduced here known as the Duplicate Taxa Tree (DTT), which is a phylogenetic tree that has

at least one taxon that appears at least twice at the end of a terminal branch. Every DTT can be

transformed into a ring by combining all taxa of the same type, which appear more than once,

into  a  converging path  producing a  phylogenetic  ring  (figure  2-2).  Branches  of  a  DTT are

analogous to the flows in the corresponding phylogenetic ring. We will show that a DTT can be a

useful tool in phylogenetic ring reconstruction.

To  reconstruct  Occam's  Rings,  we  generate  a  presence-absence  table  of  protein  family

counts of all taxa currently being modeled. Protein family (pfam) counts are currently used due

to their ability to represent tens of thousands of species, so a protein family database allows a

vast sample size to be generated quickly and reliably. The protein family database is an ideal one

for reconstructing phylogenetic rings because the assumption of gene gain detection and gene

loss insensitivity applies (Lake  et al. 2015). This assumption states that for a gene gain to be

detected only a single cell in the population has to produce a new gene while a gene loss is

detected only when every member of the taxon being studied experiences the same loss. When

using large sample sizes gene gains  are  easily  detected,  where gene loss detection is  highly

improbable and so this assumption holds for ring reconstruction. 

Using the  counts  generated  in  our  presence  absence  table  we must  identify  the  counts

associated  to  the  root  pattern,  the  statistically  significant  informative  patterns,  and singleton
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patterns. The root pattern is the pattern containing all pluses and the singleton patterns are the

patterns  that  have  only  one  plus  and  n-1  minuses  when  there  are  n  taxa.  The  statistically

significant informative patterns were introduced in a previous paper (James et al.  2015).  They

are patterns that have at least two pluses and at least one minus, which can be identified using the

chi-square analysis described below. The counts attributed to statistically significant informative

patterns are believed to be protein families involved in genome fusion events. 

The chi-square analysis used here was derived by defining two positive integers x and y

where

 x< y

These values are the observed counts in a goodness-of-fit chi-square test. The expected values

for both these observed values is the midpoint, 

(x+ y )

2

From here we can calculate the test statistic for the goodness-of-fit and find

χ2
=

(x −( (x+ y )

2 ))
2

( (x+ y )

2 )
+
( y−( ( x+ y )

2 ))
2

( ( x+ y )

2 )
=

( x− y )
2

( x+ y )

The test statistic we have derived for our chi-square is identical to that of the McNemar Test.

This approach is appropriate for our analysis because we may assume the evolution of a protein

family  is  a  random and  rare  event,  and  therefore  follows  a  Poisson  distribution.  Since  the

patterns are unique from  one another, our counts may be considered independent. Using this chi-

square test for proximity the degrees of freedom are always one, the null hypothesis is the two

values are the same, and the alternative hypothesis is the terms are different.
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Thus, the chi-square test is applied to the protein family counts associated to all patterns

with at least two pluses and at least one minus, in their rank order. Where the strongest test

statistic appears is where the divide between statistically significant informative patterns, the

larger of the pair of counts tested and all counts greater than that, and the supposed noise, the

smaller of the pair tested and all counts less that that, is believed to exist. This divide is the

border between those patterns that represent flows involved in divergences and in a genome

fusions, with the higher counts being defined as the statistically significant informative patterns,

and are present in our model. 

The Occam's Rings procedure we have outlined here is designed to reconstruct rings when

there is at least one informative pattern that is significantly less observed than the other patterns.

When all informative patterns are observed in roughly equal numbers then the Occam's Rings

procedure  alone  can  not  determine  whether  a  ring  is  appropriate  or  whether  there  just  isn't

enough data to determine which of the standard phylogenetic trees is the best representation of

the evolutionary history. Additional analyses are needed to distinguish between these possibilities

In order to represent the  Occam's Ring structure, a DTT is drawn that has the minimum

number of branches and taxa of each type that represents the statistically significant informative

patterns. Most taxa will have a single gene path, from root to terminal end, leading to it unless it

is  absolutely  necessary  to  add  taxa,  and  therefore  branches,  to  incorporate  the  statistically

significant informative patterns. Once the DTT with the necessary number of minimal branches

and taxa is depicted, then it is transformed into its ring representation, which is the Occam's Ring

structure for this set of taxa. An example of what is and is not an Occam's Ring for 4 taxa may be

observed in figure 2-3.
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Ring Identification for Non-Generalized Structures (R.I.N.G.S.) Method

The goal of the Ring Identification for Non-Generalized Structures (R.I.N.G.S.) method is

to

develop a detailed reconstruction of how taxonomic groups evolved throughout history.  This

method  picks  up  where  Occam's  Ring left  off  in  that  we only  use  R.I.N.G.S.  after  finding

evidence for some gene flows using Occam's Rings.

 A major underlying assumption of this process  is that all taxa in the set undergo a constant

rate of evolution. This means that the point from where the first protein family present in this set

of taxa starts the root, known as the generating point, then the rate of accumulation of genes

along any given path to a single terminal end is assumed to have a constant rate  C.  A path is

defined as a set of branches on the DTT that always begin at the generating point and can be

traveled to a single terminal end. 

To begin this process the shortest path must be identified, by finding the lowest count value.

A path starts in the root, where the first pfam in this set of taxon is generated, travels a set of

branches, never turning back on itself, ending at a terminal branch for a single taxon. Of all the

ways to travel  from the root to a terminal end, at a taxon. We are curious to identify the shortest

path assoicated to the least number of protein counts over the traveled branches.  In order to

identify  this  path,  we observe  each taxon individually  and identify  which  patterns  have  the

current  taxon  present.  Once  these  protein  family  counts  are  identified  they  are  summed  to

produce this particular taxon's sum of counts. This is repeated for each taxon being investigated.

The lowest sum of counts is the smallest rate that C must fit and therefore is defined as C for this

set. The taxon defined as C is believed to have the least amount of gene flows passed into it due

to its low rate of protein families produced over time, and therefore has one taxon on the DTT.
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The other sum of counts will be compared to C, if they are found to be approximately the same

then they are believed to also have a single taxon on the DTT. If the sum of counts and C are not

the same then following analyses is required.

Again because we are comparing a large sample size, due to using protein families, our

statistic  z has a normal distribution with mean zero and variance one. 

z=( ( x− y )

√ ( x+ y ) )
We  recognize  this  to  be  only  an  approximation,  because  we  understand  these  paths  are

independent paths we also recognize that the sum of counts used in this analysis are generated

from common branches. Therefore the independence of this analysis is questionable. 

For the initial comparison, we set the null to be C equal to the sum of counts of the path(s)

leading to a  taxon currently being compared, with an alternative of not equal. If the result of the

analysis is that there is not enough evidence to reject the null, then we assume that the path(s)

leading to this taxon is similar enough to C and there is also a single path leading to this taxon on

the DTT, though if the null is rejected then we will test the possibility that the sum of counts

represents two paths. This is done by multiplying C by two and then adding another root count,

otherwise known as the count associated to the root pattern, to the sum of counts being tested.

The additional root count is added because every individual path starts at the generating point,

which is  the  initial  value that  is  the root  count,  and travels  some,  yet  to  be deduced,  path.

Although it is unknown whether every branch traveled for this taxon, it is assumed that the sum

of counts for this taxon contains the counts for most of these paths, which is why it failed the

assumption of one path initially. 

The same comparison is run again, but now the null is that two times C is equal to the sum
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of  counts  of  the  current  taxon  with  the  additional  root  count  added  on,  and  an  alternative

hypothesis of not equal. If this null is not rejected then it is assumed this taxon appears twice on

the DTT. Though if the sum of counts plus the root count is less than two times C, then we may

also assume two taxon on the DTT because the sum of counts and the additional root counts may

be missing from the other duplicate paths that will be identified in a later step. Therefore if we

believe the sum of counts, with the appropriate number of roots added on, to be the same or less

than  C times  the  number  of  paths  being  considered  then  this  process  is  complete  for  this

particular taxon. 

If the sum of counts with the added root count is still greater than two times C, and the null

is rejected then C is multiplied by 3 and another root count is added to the sum of counts. The

same inference process is run, with a null hypothesis of three multiplied by C being equal to the

sum of counts summed with two root counts, and once again an alternative hypothesis of not

equal. This process is continued in this fashion until the null is unable to be rejected or the sum

of counts with the additional root counts is found to be less than C times the number of supposed

paths.

This  inference  is  done  for  all  taxa  being  studied  and  the  final  number  of  paths  is

approximated for each individual taxon. Next, the necessary counts and the approximate number

of taxa present on the DTT are obtained. From here a subset of all possible DTT are constructed

that contain these counts and approximate number of taxa. Due to the assumption of a constant

rate of evolution, each terminal branch from the same node has equal counts, and similarly all

branches from the same node to the terminal node should sum to the same count. By applying

this logic all the branch counts are calculated for all possible trees. By using the counts like

branch lengths and assuming they follow a Poisson distribution we may derive the maximum
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log-likelihood for each DTT by setting the derivative of the log-likelihood to zero as follows

ln (L ( λi ) )=∑
i=1

b

− λi+c i ln ( λi )

0=
d

d λi
( ln ( L ( λ i )))=− 1+

c
λ i

For some tree, Tk, in the subset of DTT, b is the number of branches on the particular DTT and ci

is the count associated to the pfam count, a constant, associated to the current branch. Although

when we evaluate this maximum log-likelihood for  any branch i it is found

λi=c i

Meaning that when evaluating the maximum log-likelihood for any given tree, we may assume

that each branch's mean is equal to the branch's count. Therefore, the maximum log-likelihood

for any DTT may be defined by

ln (L (T k ))=∑
i=1

b

−c i+c i ln (c i )=−(∑
i=1

b

ci (1− ln ( ci )) )
Taking this into consideration, in order to pick the most likely tree in the subset of DTT's we

use AIC. Because all the trees in our subset have the same number of branches, after solving for

them earlier using our assumption of a constant rate of evolution, we have equal numbers of λ for

each likelihood. Therefore the penalty term of each of the AICs is the same. Thus we drop the

penalty term and let the  AIC be for all Tk 

AIC=−2 ln (L (Tk ) )=2(∑
i=1

b

c i (1− ln (c i )))
The tree, Tk,  with the lowest AIC is determined to be the most likely tree DTT. Finally, the

selected DTT is transformed into its phylogenetic ring form, producing a more realistic model of
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evolution.

Results

To  illustrate  both  of  these  methods  they  will  be  applied  to  the  Alpha-,Beta-,  and

Gammaproteobacteria classes, previously studied in Rings Reconcile Genotypic and Phenotypic

Evolution within Proteobacteria by Lake et al. (Lake et al. 2015).

Occam's Ring

To begin, the presence absence table for the Alpha-,Beta-, and Gammaproteobacteria classes

are generated, and may be found in table 2-1. The count associated with the root pattern appears

in  the  table  as  4396  and  the  counts  associated  with  the  singleton  patterns  are  303  for

Alphaproteobacteria, 132 for Betaproteobacteria, and 881 for the Gammaproteobacteria. In order

to identify the statistically significant informative patterns, all the counts associated to patterns

with at least two pluses and at least one minus are placed in ascending order. Then the chi-square

analysis is applied to all the adjacent counts. The most substantial test statistic is 235.81 and is

found between the flows for Alpha/Gamma, 419, and Alpha/Beta, 77. This means we believe any

count 419 or above was involved in a gene flow that underwent a genome fusion. Therefore the

statistically  significant  informative  patterns  for  this  set  of  classes  is  Alpha/Gamma  and

Beta/Gamma.

Now that we have all necessary counts, we can draw a DTT with the minimum number of

taxa and branches that incorporate the Alpha/Gamma and Beta/Gamma flows. It is necessary to

have a flow that leads to only Alpha and Gamma but not Beta as well as a flow that leads to a

Beta and Gamma but not Alpha. So the DTT for this construct will have a branch leading to

terminal branches containing Alpha and Gamma and another branch leading to terminal branches
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containing Beta and Gamma. The simplest DTT we can construct,  in Newick format, would be

((Α,Γ),( Γ,B)).

This DTT requires an extra Gammaproteobacteria flow to be present to represent the two

statistically significant informative patterns and represents the minimum number of flows that

are consistent with the observed results for these taxa. Since we have at least two statistically

significant informative patterns for three taxa, then a ring is believed to be an appropriate model

By this conclusion we believe we found the DTT analogous to Occam's Ring for Alpha-,Beta-,

and Gammaproteobacteria. The last step is to transform the DTT reconstructed here into its ring

form, which may be found in figure 2-4. 

R.I.N.G.S. Method

Once we have established that a phylogenetic tree is insufficient to explain the observed

counts, then we can apply the R.I.N.G.S. method.  When applying the R.I.N.G.S. method, in

order  to  identify  a  less  generalized  model  of  evolution  for  the  Alpha-,Beta-,  and

Gammaproteobacteria, it is necessary to expand on the Occam's Ring analysis. That means the

only information obtained up to this step is the  count associated to the root pattern (4396), the

counts  associated  to  the  singleton  patterns  (303,  132,  and  881  for  Alpha-,Beta-,and

Gammaproteobacteria,  respectively),  and  counts  associated  to  the  statistically  significant

informative patterns ( 419 and 547 for the Alpha/Gamma and Beta/Gamma flows, respectively).

The next step is to approximate how many paths for each taxon likely appear on the DTT.

In order to approximate the number of each taxon, the sum of counts for each taxon is found

by summing all the counts for each taxon for which that taxon is present. The sum of counts are

found to be 5118  for the Alphaproteobacteria, 5075 for the Betaproteobacteria, and 6243 for the
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Gammaproteobacteria.  Due  to  our  assumption  of  a  constant  rate  of  evolution  between  the

Alpha-,Beta-, and Gammaproteobacteria, then the lowest sum of counts is the smallest count that

the  constant  rate,  C,  must  fit.  This  means  we  define  C for  this  set  of  classes  to  be  the

Betaproteobacteria sum of counts, 5075.

Now that  C,  the  count  attributed  to  a  single  path  on  the  DTT,  has  been identified  the

remaining members of the set of classes must be compared to C to see if they have one or more

paths. First, the Alphaproteobacteria sum of counts, 5118, is compared to C using the z-test. A p-

value of .3336 is found, meaning the null hypothesis, stating that the two values are the same,

does  not  have  enough  evidence  to  be  rejected  for  a  critical  value  of  0.05.  Therefore  it  is

approximated  that  one  Alphaproteobacteria  appears  on  the  likely  DTT.  Next,  the

Gammaproteobacteria sum of counts of 6243 is compared to C, and a p-value of less than .0001

is found and the null of the two paths being the same is rejected. So  C  is multiplied by two,

checking for two paths for Gammaproteobacteria, producing a count of 10150 and another root

count is added onto the sum of counts of the Gammaproteobacteria, producing a count of 10639.

This is tested by the z-test and a p-value of 0.0003 and once again the null hypothesis of the

counts  being  the  same  is  rejected.  So,  C  is  multiplied  by  three,  checking  for  three  paths,

producing  a  count  of  15225  and  two  root  counts  are  added  to  the  sum  of  counts  of  the

Gammaproteobacteria, producing a count of 15035. Once again these values are tested by the z-

test, but a p-value of .138 is found and the null hypothesis does not have enough evidence to be

rejected.  Therefore,  it  is  approximated that the likely DTT has one Alphaproteobacteria,  one

Betaproteobacteria, and three Gammaproteobacteria.

Next,  a  subset  of  all  possible  DTT's  is  generated  with  the  statistically  significant

informative patterns and number of each taxon as a constraint. Since we are assuming a constant
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rate of evolution among taxa, we recognize that any pair of branches diverging from a node have

equal  sum  of  counts  from  the  starting  node  to  any  terminal  end  it  leads  to.  Due  to  this

assumption, the unknown branch counts may be deduced from the necessary counts identified

earlier. The subset of possible trees with their appropriate branch counts may be found in figure

2-5. 

In order to select the most likely tree in this subset of DTT's, the AIC is calculated for each

tree. Although prior to that, tree (III) may be ruled out, because for it to have equal branch sums

from the first node to any terminal end it would require a negative protein family count over one

of its branches. Since this is not possible, tree (III) is not possible. Once the AIC is calculated for

each tree, which are shown in figure 2-5, it is discovered that tree (I) is the most likely DTT for

the Alpha-,Beta-, and Gammaproteobacteria. The final step in this process is to transform the

selected DTT into its phylogenetic ring form, as depicted in figure 2-6.

Discussion

The Occam's Ring shown in  figure 2-4 is the simplest representation of the evolutionary

history of the Proteobacteria based on the pfam data. This model shows that the two major gene

flows that led to the Gammaproteobacteria were due to an endosymbiotic like event that occurred

between  ancestors  of  the  Alphaproteobacteria  and  Betaproteobacteria.  The  genome  fusion

depicted in this general model is only a single additional piece of information, yet it is important.

Information about what protein families were passed into the Gammaproteobacteria could help

better inform what protein families evolved earlier  in history or how they contributed to the

Gammaproteobacteria  class.  However  due  to  the  generality  of  the  Occam's  Ring method  of

reconstructing evolutionary histories, there is little detail about the evolutionary history one can

deduce from this construct.
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In order to better understand the history of the Alpha-,Beta-, and Gammaproteobacterial, we

utilized a newly formulated way to detect additional flows. This construction was derived from

our new  method, R.I.N.G.S.. Although the rings presented here are slightly different from Lake

et al. (Lake et al. 2015), the result does not contradict any assertions made in that work and only

improves  the  model  with  additional  evidence.  The  postulated  genome  fusion  events  carry

precedent due to the prevalence of endosymbiosis in the history of proteobacteria classes (Sagan

L. 1967 and von DohlenIet al. 2001). We summarize the evidence that supports the phylogenetic

ring found using the R.I.N.G.S. method.

The first phylogenetic ring for the Alpha-,Beta-, and Gamma- proteobacteria, presented by

Lake  et  al.,  recognized  the  presence  of  a  Alpha-Gamma  and  Beta-Gamma  flows.  This

information is  presented here  but  further  explored,  using the  R.I.N.G.S.  method,  derived by

detecting  the  number  of  taxa  on  the  ring's  DTT.  Although  there  is  a  different  double  ring

structure  present  in  Lake's 2015  study,  it  still  represents  multiple  flows  into  the

Gammaproteobacteria, which the Alpha- and Beta-proteobacteria produced. The only adjustment

we made here is  the  placement  of  a  Gammaproteobacteria  on the  likely DTT based on the

probability of our result and the impossibility of the DTT for the previous ring structure in Lake's

2015 depiction, which corresponds to (III) in  figure 2-5. This slight adjustment alters the root

placement but retains all the critical conclusion and assertions made by the earlier ring, such as

the  flow  of  protein  families,  what  the  structure  elicits  about  the  proteobacteria  class,  and

allowing for additional  statistically significant informative patterns of either the Firmicute and

Actinobacteria  taxon.  In  other  words,  the  new  representation  only  adds  more  quantifiable

evidence to the earlier ring studies of Proteobacteria while ultimately creating a more likely ring

reconstruction that supports the prior assertions.
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Traditional phylogenetic trees are limited in their ability to portray endosymbiotic events;

summarizing evolution using rings is a preferred approach to include these events. Along with

the evidence provided by Lake  et al.(Lake  et al.  2015), it is evident that Proteobacteria have

undergone a multitude of endosymbiotic events throughout their history. Such events include

those described by the Endosymbiotic Theory (Sagan L. 1967) and findings of endosymbiotic

events of Eukaryotes with Gammaproteobacteria, who themselves went through endosymbiosis

with Betaproteobacteria (von Dohlen et al. 2001). This gives the reconstructions portrayed here

lends  precedence  that  genome  fusions,  possibly  endosymbiosis,  led  to  the  genesis  of  the

Gammaproteobacteria.

Therefore, taking the empirical evidence presented here, along with the DTT constructed

earlier  we  believe  we  have  found  the  appropriate  multiple  flow  ring  structures  for  the

Alpha-,Beta-, and Gamma- proteobacteria. This information may be used to help us understand

which of these three evolved earlier in evolutionary history and how common traits among these

Proteobacteria were inherited due to these gene flows. Further research into these classes will be

needed, but we hope this model will help provide a road map for future studies.

Conclusion

Both  Occam's  Ring  and  the  R.I.N.G.S.  method  are  important  tools  in  understanding

evolutionary history.  Occam's Ring  provides a general but reliable ring reconstruction,  while

R.I.N.G.S.  identifies  additional  flows  and  brings  more  specificity  to  help  researchers  better

understand how genes flowed into a particular taxon and from where once phylogenetic trees can

be rejected in favor of rings. The Occam's Ring approach necessarily cannot determine just how

many gene flows have occurred.  At this early stage, the R.I.N.G.S. method leaves room for

further development. Problems with the R.I.N.G.S. method include the assumption of equal rates
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of evolution along all  branches. Further work is  necessary to determine how reasonable this

assumption is, how much the method depends on this assumption, what biases can occur with the

conclusions from R.I.N.G.S. if  the assumption is  violated and how the assumption might be

relaxed. Another fundamental problem is that the estimation of the number of influential flows

depends on a  sequential  testing  scheme that  ends  with  a  failure  to  reject  a  null  hypothesis.

Statistically, failure to reject a null hypothesis does not necessarily mean that the null hypothesis

is true but that is what we are essentially assuming here. The Occam's Ring procedure also has its

own problems.  The most  notable  problem is  that  the  method  breaks  down if  all  influential

patterns  are  large.  Despite  these  problems,  we  believe  that  using  these  two  methods  of

phylogenetic  ring  reconstruction  provide  insights  into  understanding  the  complicated

evolutionary histories of the Proteobacteria. 

There is no question that depicting evolutionary relationships as phylogenetic rings is

still in an early stage. When used alongside traditional phylogenetic trees and networks, rings can

help provide a more full and encompassing image of what paths life took to be what it is today.

Researchers  have  found  it  difficult  to  depict  the  history  of  life  in  a  simple  tree  structure,

phylogenetic rings may be the answer. Life certainly is not only about the strongest surviving,

which  are  what  phylogenetic  trees  primarily  depict,  but  also  about  the  most  cooperative

surviving, which rings incorporate beautifully.
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Figure 2-1. Rings of Life. The current reconstruction of the rooted Rings of Life. Introduced in

the article The Deep Roots of the Rings of Life by Lake JA. and Sinsheimer JS. and presented in

its current form in Rings reconcile genotypic and phenotypic evolution within the Proteobacteria

by Lake et al.

Figure 2-2. An example of a DTT and its analogous phylogenetic ring.  A Duplicate Taxa

Tree (DTT) is a phylogenetic tree with at least one taxa that appears more than once on the

phylogenetic tree. Though this is not possible on a traditional phylogenetic tree, a DTT allows

this due to repetitive taxa being combined into a converging path, creating a phylogenetic ring.

The DTT on the  left  has  a  duplicate  C present  and  the  red  arrows  represent  how they are

combined to produce its respective phylogenetic ring, found on the right.

Figure 2-3. An example of  Occam's Ring.  The left column presents an  Occam's Ring and its

respective  DTT while  the  right  column shows  a  ring  structure  that  does  not  adhere  to  the

Occam's  Ring  criteria.  Though both  rings  have  the  same statistically  significant  informative

patterns, notice that the DTT in the right column has one more C than the left column. Therefore

the right DTT does not have the minimum number of taxa or paths to represent the same flows

while the left does. Therefore the left column ring, and its respective DTT, is  the Occam's Ring

for these taxa and statistically significant informative patterns.

Figure 2-4. The Occam's Ring for Alpha-,Beta-,Gammaproteobacteria.  The DTT with the

minimum number of taxa and paths with an Alpha/Gamma and Beta/Gamma flow, in Newick

format, is  ((Α,Γ),( Γ,B)). The phylogenetic ring presented here is the structure associated with

this DTT.

Figure  2-5.  Subset  of  all  possible  Duplicate  Taxa  Tree  with  statistically  significant
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informative  patterns  and  likely  number  of  taxon.  Presented  here  are  the  three  possible

reconstructions for a Alpha/Gamma and Beta/Gamma flow as well as one Alpha-proteobacteria,

one Beta-proteobacteria,  and three Gamma-proteobacteria taxa on the DTT. The counts were

found by using  the  numbers  in  the  presence-absence  table  and recognizing  that  the  sum of

branches  for  the  two  branches  leaving  any  node  must  be  equal.  DTT  (III)  is  eliminated

immediately due  to the impossibility of having a negative branch length. The AIC formulated

here is performed on the remaining two trees and it is found that DTT (I) is the most likely

reconstruction.

Figure  2-6.  The  ring  structure  for  Alpha-,Beta-,Gammaproteobacteria  from  R.I.N.G.S.

method.

Transforming DTT (I) from figure 2-5, which was found to be the most likely DTT in the subset

of possible DTT, into its ring form produces the phylogenetic ring structure presented here.

Table Legends 

Table 2-1. The Pattern-Absence Table for Alpha-,Beta-, and Gammaproteobacteria.

In green is  the count associated to  the root  pattern,  in blue are the counts associated to the

singleton counts, and in red are the counts associated to the statistically significant informative

patterns. After applying the chi-square analysis, it was found that 77 is believed to be due to gene

transfers and is uninformative for our reconstruction.
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Conclusion

My contribution to phylogenetic rings has been studying their application and developing

reconstruction  techniques.  The  applications  I  helped  investigate  involved  studying  the

proteobacteria class and the possible origins of photosynthesis. The reconstruction techniques I

helped develop were Occam's Ring and the R.I.N.G.S. method. These methods are the first ever

to be developed, and therefore created with the intention of sharing their methods in order to be

used by fellow scientist. 

The work I have accomplished up to this point has help further the legacy of phylogenetic

rings,  but  future  research  is  still  necessary.  Although  major  work  in  the  application  of

phylogenetic rings and their reconstruction has been undertaken in the last year, there is still

immense work left to be done. The future work for the application of phylogenetic rings would

be to  take  the  techniques  used  in  the  manuscript  Rings  reconcile  genotypic  and phenotypic

evolution  within  the  Proteobacteria  and  apply  them  to  other  classes  and  other  biological

pathways.  A  possible  class  that  may  be  better  understood  by  these  techniques  is  the

cyanobacteria.  Also,  further  investigation  needs  to  be  done  to  validate  the  origin  of

photosynthesis. Additional work regarding the first quantitative method for reconstructing rings,

R.I.N.G.S. method also needs to be done. The R.I.N.G.S. method has immense potential, but has

assumptions and makes some approximations. The major assumptions in the R.I.N.G.S. method

is that there is a constant rate of evolution between taxa and that genes can be added but are not

eliminated. Depending on the data sets being considered these assumptions are  not always true

and  require  future  work  in  finding  ways  to  compare  taxon  paths  while  relaxing  these
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assumptions. The approximation that needs to be worked out is the z-test that compares the taxon

paths,  although the  paths  being compared share  overlapping components.  Due to  the shared

paths, there is a question whether the compared values are independent and therefore may not

satisfy the independence condition for the z-test. A possible solution for this may be found in

modeling the dependency of these paths.
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