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Where we are going and where we have been

• Previous Class:  
!5. Phylogeny 

• Current Class: 

!6. Phylogeny example 

• Next Class: 
!7. rRNA Sequencing from uncultured
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Eisen Office Hours

• Today 10:30-11:30 Storer 5331 

• Monday 10:00-11:00 GBSF 5311



Class Participation Sign Up

• Task: Summarize one figure from one of the papers for 
class, ~ 5 minutes. 
! There will be 2-3 presenters per class. 
! Each person needs to do a different figure so you need 

to contact the other person to coordinate. 
! Can meet with Eisen, Ettinger before hand to discuss. 

• Sign up for date on Google Sheet goo.gl/bmxCDw - 
include your name & email address.

http://goo.gl/bmxCDw


Paper Analysis Project

• Select 1-2 papers on one of the topics of the course 
(approval needed) 

• Review the paper and write up a summary of your 
assessment of the paper (more detail on this later) 

• Present a short summary of what you did to the class 

• Ask and answer questions about your and other people’s 
reviews in the discussion forum on Canvas
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Abstract.—An accurate reconstruction of the eukaryotic tree of life is essential to identify the innovations underlying the
diversity of microbial and macroscopic (e.g., plants and animals) eukaryotes. Previous work has divided eukaryotic diver-
sity into a small number of high-level “supergroups,” many of which receive strong support in phylogenomic analyses.
However, the abundance of data in phylogenomic analyses can lead to highly supported but incorrect relationships due
to systematic phylogenetic error. Furthermore, the paucity of major eukaryotic lineages (19 or fewer) included in these
genomic studies may exaggerate systematic error and reduce power to evaluate hypotheses. Here, we use a taxon-rich
strategy to assess eukaryotic relationships. We show that analyses emphasizing broad taxonomic sampling (up to 451 taxa
representing 72 major lineages) combined with a moderate number of genes yield a well-resolved eukaryotic tree of life.
The consistency across analyses with varying numbers of taxa (88–451) and levels of missing data (17–69%) supports the
accuracy of the resulting topologies. The resulting stable topology emerges without the removal of rapidly evolving genes
or taxa, a practice common to phylogenomic analyses. Several major groups are stable and strongly supported in these
analyses (e.g., SAR, Rhizaria, Excavata), whereas the proposed supergroup “Chromalveolata” is rejected. Furthermore, ex-
tensive instability among photosynthetic lineages suggests the presence of systematic biases including endosymbiotic gene
transfer from symbiont (nucleus or plastid) to host. Our analyses demonstrate that stable topologies of ancient evolutionary
relationships can be achieved with broad taxonomic sampling and a moderate number of genes. Finally, taxon-rich analy-
ses such as presented here provide a method for testing the accuracy of relationships that receive high bootstrap support
(BS) in phylogenomic analyses and enable placement of the multitude of lineages that lack genome scale data. [Excavata;
microbial eukaryotes; Rhizaria; supergroups; systematic error; taxon sampling.]

Perspectives on the structure of the eukaryotic tree
of life have shifted in the past decade as molecular
analyses provide hypotheses for relationships among
the approximately 75 robust lineages of eukaryotes.
These lineages are defined by ultrastructural identities
(Patterson 1999)—patterns of cellular and subcellular
organization revealed by electron microscopy—and are
strongly supported in molecular analyses (Parfrey et al.
2006; Yoon et al. 2008). Most of these lineages now
fall within a small number of higher level clades, the
supergroups of eukaryotes (Simpson and Roger 2004;
Adl et al. 2005; Keeling et al. 2005). Several of these
clades—Opisthokonta, Rhizaria, and Amoebozoa—
are increasingly well supported by phylogenomic
(Rodrı́guez-Ezpeleta et al. 2007a; Burki et al. 2008;
Hampl et al. 2009) and phylogenetic (Parfrey et al.
2006; Pawlowski and Burki 2009), analyses, whereas
support for “Archaeplastida” predominantly comes
from some phylogenomic studies (Rodrı́guez-Ezpeleta
et al. 2005; Burki et al. 2007) or analyses of plastid
genes (Yoon et al. 2002; Parfrey et al. 2006). In con-
trast, support for “Chromalveolata” and Excavata is
mixed, often dependent on the selection of taxa in-
cluded in analyses (Rodrı́guez-Ezpeleta et al. 2005;
Parfrey et al. 2006; Rodrı́guez-Ezpeleta et al. 2007a;
Burki et al. 2008; Hampl et al. 2009). We use quotation

marks throughout to note groups where uncertainties
remain. Moreover, it is difficult to evaluate the overall
stability of major clades of eukaryotes because phyloge-
nomic analyses have 19 or fewer of the major lineages
and hence do not sufficiently sample eukaryotic diver-
sity (Rodrı́guez-Ezpeleta et al. 2007b; Burki et al. 2008;
Hampl et al. 2009), whereas taxon-rich analyses with
4 or fewer genes yield topologies with poor support at
deep nodes (Cavalier-Smith 2004; Parfrey et al. 2006;
Yoon et al. 2008).

Estimating the relationships of the major lineages
of eukaryotes is difficult because of both the ancient
age of eukaryotes (1.2–1.8 billion years; Knoll et al.
2006) and complex gene histories that include hetero-
geneous rates of molecular evolution and paralogy
(Maddison 1997; Gribaldo and Philippe 2002; Tekle
et al. 2009). A further issue obscuring eukaryotic re-
lationships is the chimeric nature of the eukaryotic
genome—not all genes are vertically inherited due to
lateral gene transfer (LGT) and endosymbiotic gene
transfer (EGT)—that can also mislead efforts to re-
construct phylogenetic relationships (Andersson 2005;
Rannala and Yang 2008; Tekle et al. 2009). This is espe-
cially true among photosynthetic lineages that comprise
“Chromalveolata” and “Archaeplastida” where a large
portion of the host genome (approximately 8–18%) is
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What Does 1st Authorship Mean?



Abstract

An accurate reconstruction of the eukaryotic tree of life is essential to identify the 
innovations underlying the diversity of microbial and macroscopic (e.g., plants and animals) 
eukaryotes. Previous work has divided eukaryotic diversity into a small number of high-level 
“supergroups,” many of which receive strong support in phylogenomic analyses. However, 
the abundance of data in phylogenomic analyses can lead to highly supported but incorrect 
relationships due to systematic phylogenetic error. Furthermore, the paucity of major 
eukaryotic lineages (19 or fewer) included in these genomic studies may exaggerate 
systematic error and reduce power to evaluate hypotheses. Here, we use a taxon-rich 
strategy to assess eukaryotic relationships. We show that analyses emphasizing broad 
taxonomic sampling (up to 451 taxa representing 72 major lineages) combined with a 
moderate number of genes yield a well-resolved eukaryotic tree of life. The consistency 
across analyses with varying numbers of taxa (88–451) and levels of missing data (17–69%) 
supports the accuracy of the resulting topologies. The resulting stable topology emerges 
without the removal of rapidly evolving genes or taxa, a practice common to phylogenomic 
analyses. Several major groups are stable and strongly supported in these analyses (e.g., 
SAR, Rhizaria, Excavata), whereas the proposed supergroup “Chromalveolata” is rejected. 
Furthermore, ex- tensive instability among photosynthetic lineages suggests the presence of 
systematic biases including endosymbiotic gene transfer from symbiont (nucleus or plastid) 
to host. Our analyses demonstrate that stable topologies of ancient evolutionary 
relationships can be achieved with broad taxonomic sampling and a moderate number of 
genes. Finally, taxon-rich analyses such as presented here provide a method for testing the 
accuracy of relationships that receive high bootstrap support (BS) in phylogenomic analyses 
and enable placement of the multitude of lineages that lack genome scale data. [Excavata; 
microbial eukaryotes; Rhizaria; supergroups; systematic error; taxon sampling.]
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Intro Paragraph 1

Perspectives on the structure of the eukaryotic tree of life have shifted in the past decade as 
molecular analyses provide hypotheses for relationships among the approximately 75 robust 
lineages of eukaryotes. These lineages are de ned by ultrastructural identities (Patterson 1999)
—patterns of cellular and subcellular organization revealed by electron microscopy—and are 
strongly supported in molecular analyses (Parfrey et al. 2006; Yoon et al. 2008). Most of these 
lineages now fall within a small number of higher level clades, the supergroups of eukaryotes 
(Simpson and Roger 2004; Adl et al. 2005; Keeling et al. 2005). Several of these clades—
Opisthokonta, Rhizaria, and Amoebozoa— are increasingly well supported by phylogenomic 
(Rodr ́ıguez-Ezpeleta et al. 2007a; Burki et al. 2008; Hampl et al. 2009) and phylogenetic 
(Parfrey et al. 2006; Pawlowski and Burki 2009), analyses, whereas support for 
“Archaeplastida” predominantly comes from some phylogenomic studies (Rodr ́ıguez-
Ezpeleta et al. 2005; Burki et al. 2007) or analyses of plastid genes (Yoon et al. 2002; Parfrey 
et al. 2006). In con- trast, support for “Chromalveolata” and Excavata is mixed, often 
dependent on the selection of taxa in- cluded in analyses (Rodr ́ıguez-Ezpeleta et al. 2005; 
Parfrey et al. 2006; Rodr ́ıguez-Ezpeleta et al. 2007a; Burki et al. 2008; Hampl et al. 2009). 
We use quotation marks throughout to note groups where uncertainties remain. Moreover, it is 
dif cult to evaluate the overall stability of major clades of eukaryotes because phyloge- nomic 
analyses have 19 or fewer of the major lineages and hence do not suf ciently sample 
eukaryotic diver- sity(Rodr ́ıguez-Ezpeletaetal.2007b;Burkietal.2008; Hampl et al. 2009), 
whereas taxon-rich analyses with 4 or fewer genes yield topologies with poor support at deep 
nodes (Cavalier-Smith 2004; Parfrey et al. 2006; Yoon et al. 2008). 
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et al. 2005; Burki et al. 2007) or analyses of plastid
genes (Yoon et al. 2002; Parfrey et al. 2006). In con-
trast, support for “Chromalveolata” and Excavata is
mixed, often dependent on the selection of taxa in-
cluded in analyses (Rodrı́guez-Ezpeleta et al. 2005;
Parfrey et al. 2006; Rodrı́guez-Ezpeleta et al. 2007a;
Burki et al. 2008; Hampl et al. 2009). We use quotation

marks throughout to note groups where uncertainties
remain. Moreover, it is difficult to evaluate the overall
stability of major clades of eukaryotes because phyloge-
nomic analyses have 19 or fewer of the major lineages
and hence do not sufficiently sample eukaryotic diver-
sity (Rodrı́guez-Ezpeleta et al. 2007b; Burki et al. 2008;
Hampl et al. 2009), whereas taxon-rich analyses with
4 or fewer genes yield topologies with poor support at
deep nodes (Cavalier-Smith 2004; Parfrey et al. 2006;
Yoon et al. 2008).

Estimating the relationships of the major lineages
of eukaryotes is difficult because of both the ancient
age of eukaryotes (1.2–1.8 billion years; Knoll et al.
2006) and complex gene histories that include hetero-
geneous rates of molecular evolution and paralogy
(Maddison 1997; Gribaldo and Philippe 2002; Tekle
et al. 2009). A further issue obscuring eukaryotic re-
lationships is the chimeric nature of the eukaryotic
genome—not all genes are vertically inherited due to
lateral gene transfer (LGT) and endosymbiotic gene
transfer (EGT)—that can also mislead efforts to re-
construct phylogenetic relationships (Andersson 2005;
Rannala and Yang 2008; Tekle et al. 2009). This is espe-
cially true among photosynthetic lineages that comprise
“Chromalveolata” and “Archaeplastida” where a large
portion of the host genome (approximately 8–18%) is
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• LBA



Introduction

• Questions about Introduction?
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• What data did they use? 

• What genes? 

• What taxa? 

• How did they get the data?
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Fig 1: 451 Taxa and some of the 16 genes
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Fig. 2: 88 Taxa each w/ 10 or more of the 16 genes
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UPGMA

Unweighted Pair Group Method with 
Arithmetic mean (UPGMA) algorithm



The True Tree



Distance Matrix For True Tree



Collapse Diagonal



Identify Lowest D

OTUs A B C D E

B 2

C 4 4

D 6 6 6

E 6 6 6 4

F 8 8 8 8 8



Join Those Two Taxa

• Create branch with length = D

•              2
• A--------------B



Make D from Node Equal

 



Create New Distance Matrix

• Merge Two OTUs joined in previous step 
(AB)

• Dx, AB = 0.5 * (Dx, A + Dx, B)



New Matrix



UPGMA



Compare to True Tree

 
 



But …

• What is evolutionary rates not equal



Unequal rates

 



UPGMA with Unequal rates



Compare to True Tree

 

 
 



Neighbor Joining



Start with Star Tree



Calculate S 

• For  each  OTU,  calculate  a  measure  (S)  as 
follows.

• S is the sum of the distances (D) between that 
OTU and every other OTU, divided by N-2 
where N is the total number of OTUs. 

• This is a measure of the distance an OTU is 
from all other OTUs



Calculate Pairwise Distances

• Calculate the distance Dij between each OTU 
pair (e.g., I and J).



Identify Closest Pair

• Identify the pair of OTUs with the minimum 
value of Dij – Si – Sj



Joining Taxa

• As in UPGMA, join these two taxa at a node 
in a subtree.



Calculate Branches

• Calculate branch lengths. Unlike UPGMA, neighbor 
joining does not force the branch lengths from node 
X to I (Dxi) and to J (Dxj) to be equal, i.e., does not 
force the rate of change in those branches to be equal.  
Instead,  these  distances  are  calculated  according  to 
the following formulas

• Dxi = 1/2 Dij + 1/2 (Si – Sj)
• Dxj = 1/2 Dij + 1/2 (Sj – Si)



Calculate New Matrix

• Calculate a new distance matrix with I and J 
merged  and  replaced  by  the  node  (X)  that 
joins them.  Calculate the distances from this 
node to the other tips (K) by:

• Dxk = (Dik + Djk – Dij)/2



Distance Matrix

 



S

• SA = (5+4+7+6+8) / 4 =        7.5

• SB = (5+7+10+9+11) / 4 =    10.5

• SC = (4+7+7+6+8) / 4 =         8

• SD= (7+10+7+5+9) / 4 =       9.5

• SE= (6+9+6+5+8) / 4 =         8.5

• SF= (8+11+8+9+8) / 4 =       11



M

• Mij = Dij – Si - Sj

• Smallest are 
• MAB = 5 – 7.5 – 10.5 = -13

• MDE = 5 – 9.5 – 8.5 = -13
• Choose one of these (AB here)



New Tree

• Create a node (U) that joins pair with lowest 
Mij such that 

• SIU = DIJ/2 +  (SI – SJ) / 2 
• Merge U with other taxa
• Join I and J according to S above and make all 

other taxa in form of a star



C

D

E

F

U1

B

A

4

1



New Matrix

• DXU = DIX + DJX – DIJ where I and J are those 
selected from above.



Table 11



Compare to True Tree

C
D

E

F

U1

B

A

4

1
U2

3

2

2

1
U3

U4

5

 


