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Figure 3. Phylogenetic hypothesis for the 12 genome species based on gene presence/absence for the e-195 matrix. All nodes are supported by 100%
bootstrap and 100% jackknife proportions with 90 replacement and removal respectively and posterior Bayesian probabilities of 1.0, except for the node
defining the sister pair erecta + yakuba (see text for details). The boxes on the nodes represent partitioned support measures. The number in the white box
is the total Bremer or branch support measure. The six boxes below the white one tell whether the partitioned Bremer support is positive or negative for the
partition indicated in the legend. The number in the green box at the bottom of each group of boxes is the node number. For example, for the node uniting
persimilis and pseudoobscura (node 2 in the green box) the branch support is 1963, and all partitions are positive for partitioned Bremer supports.

Figure 4. Trees generated
by partitioning the overall
data set into go catego-
ries or nogo categories as
explained in the text are
on the top. Trees generated
by partitioning the go cat-
egory genes info the three
root categories Biological
Process (BP), Molecular
Function (MF) and Cell
Component (CC). Blue dots
indicate nodes that are not
supported by bootstrap
proportions over 80%.
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Figure 5. Heat maps showing the role of partitioning in understanding support
to the Drosophila 12 genome free. (A) Heat map constructed by grouping
genes with consistency indices of 0.20 (20), 0.25 (25), 0.33 (33) and 0.5
(50) into separate partitions and then establishing GO root (below white line)
and goslim (above white line) categories for these genes. Green = low num-
ber of genes, Red = high number of genes. (B) Heat map of diagnostic genes
and gene families partitioned into highest category GO terms (go, nogol
and nog2; see text for explanation) and for root categories (CC, MF and
BP; see text for details) by node (1 thru 9; see Fig. 1 for description of node
numbers). Green = low number of genes, Red = high number of genes.

Hidden support and function. Partitioned branch support (PBS)
and partitioned hidden branch support (PHBS) values for each gene
family with GO annotation for each node were calculated.?? PBS
identifies the proportion or support (or conflict) provided by the
presence/absence of genes and categories of genes at each node in
the whole matrix tree (Fig. 3) and is positive in value or zero. PHBS
determines the amount of support (or conflict) derived from data
combination. We noted both positive and negative PHBS values for
each of the 5,000 genes associated with GO terms. Consequently,
each node can have positive or zero PBS and both positive and nega-
tive PHBS values, indicating gene content changes lending support
at a given node, and PHBS values, identifying gene content changes
that disagree with the relationship depicted at a specific node. We
first examined root GO categories to assess what patterns might
emerge upon partitioning (Fig. 6). We found that genes belonging
to the BP root category were overrepresented in both positive
PBS values at almost all nodes, suggesting that genes involved in
biological processes are more likely to be impacted by or respond to
cladogenetic events in species divergence and in divergence of major
groups of Drosophila. In addition, it appears that CC category genes
for the most part are least affected by cladogenesis or major diver-
gence events.

The Division of gene families which are overrepresented for posi-
tive PBS and positive or negative PHBS values into narrower goslim
categories is presented in Figure 7. Interestingly, only a few goslim
categories are involved in presence/absence changes in this group
(the rightmost six goslim categories in Fig. 7). Genes in two goslim
categories, metabolism and binding, appear to be very active in
contributing to PBS and PHBS at all nodes in the tree. These gene
families fall into the biological process (BP) and molecular function
(MF) root categories, both of which are expected to evolve rapidly
in response to adaptation to new environments. As a consequence,
presence absence data from these categories may be good markers of
divergence over evolutionary time. Perhaps the most striking result
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of Figure 7 is the large impact of goslim categories
on PBS at node 4, the ancestor of D. sechelia, D.
simulans and D. melanogaster. A number of goslim
categories are involved in supporting this relation-
ship. This pattern may be the result of basing the
assignment of GO terms on the D. melanogaster
annotation and the fact that these three species are

Figure 6. Heat map showing the number of statistically significant over represented genes
rendering support at the nine nodes (1 thru 9) for the three GO root categories (BP, MF and
CC; see text for description of root categories) in the Drosophila 12 genome tree. Three kinds
of support are shown in the figure PBS, positive PHBS (+) and negative PHBS (). Green = low

number of genes, Red = high number of genes.

When root GO categories are examined for distribution of diag-
nostic characters, some categories are specific to major internal nodes.
For example, diagnostic gene presence/absence events supporting the
melanogaster species group (Node 6) are predominately derived from
the root biological process (BP) GO category. For the node defining
the sister group relationship between the melanogaster and obscura
species groups (node 8), CC category genes are over-represented in
the diagnostic category. Finally, we note the under-representation of
genes in root category MF in diagnosis at all nodes, particularly those
internal nodes supporting basal relationships within the phylogeny.

www.landesbioscience.com

the most recently divergent in the data set. The
largest contribution to support at this node is gener-
ated by reproductive genes, a class that includes some
of the most rapidly evolving loci in the genome and
may be involved in reproductive isolation of these
closely related species.?>24 In contrast, two goslim
categories that show very little contribution to PBS values on the tree
at this node are metabolism and binding,.

Analysis of numbers of goslim categories supporting each node
yields several interesting results. For example, tip nodes 1, 2, 3 and
5, all of which denote species pairs, are strongly supported by three
goslim categories each. Internal node 6 in contrast, is supported by
two goslim categories. PBS deviates from the overall pattern at node
7, which defines the melanogaster subgroup, and at nodes 8 and 9,
the most basal in the tree. Node 7 is anomalous because the majority
of support is derived from a single goslim category, the metabolism

295



Phylogenomic analysis of function in 12 genomes

-PHBS

+PHBS

PBS

wu
=
-
e 28 =z
£ % 55 =z
3 % EE 7]
= EE_
%3 3 325
g 58 c 5 22 B
g § 2 ES 8 =2 ] gea '3
2E £ < '-99912 =3 g = S o222
§8 § £ 3925 282 ¥ §eExEsE
E B o ® ot @ Ay @ owE@F =
B BPP. SsTEPteCfropEmocvicse
c6 cE5cwc S fEEg-d= Gl a28
g T2 5 m E2 s8R B 5 ag & au),_g-—
Scefc8labs S c28RcuprEangiee
E;Emngf—t—a-gu‘géb.@f_’s_i—s:mCE%E\-_‘-Q
SSg3cscBolE “(“"’E’Qma Q"gaﬂ_mm
£2353E58c5zE25200802¢ 3o 0ed5s
= n x & = b E 3
G OSWEGCEOBI S OUOEREESSEZESSFEEE

wy

2

@

e .8

@

825

== g @
@ %52 <
28 Sg g
EE-"Z‘ 2 - S’
EE2 = B52 i
= o«
AP ® < & Y=g b
o= » . 9 PE 2ZERG @
=9 90 0 =T 6,2 £EB S a0
E5E5:§38 o e2% VL =%§32 2 5
so3w38 2 323¢ £5_ 8588 .5 2
c29e82 95 %8S 22S§:854 58 8§ ¢
gg;ﬁgg B gfg D:lisgﬁi’g %Z“:-‘Eg 2
- a = & = .3 [ - 7 -]
ecEecBle = _255‘5!588.‘\51’:: OEREPPS
2ERSRGsE® BRoFTos g0 @ =@ 03 "
Ge N8 cE£58:80c58883s:882s323
e 2T PP i ¥ 55 o 3 3 oot 2
2SR5 E o mEE:::E’.‘:uD: %E:uu =

mmeTwm—-mm-ﬂmmn W = (D O~ O A N -

w
0
>
-
m

Figure 7. Heat map showing the number of statistically significantly over represented genes rendering support at the nine nodes (1 thru 9) in the Drosophila
12 genome tree for goslim categories. Three kinds of support are shown in the figure PBS (PBS), positive PHBS (+PHBS) and negative PHBS (-PHBS). Green

= low number of genes, Red = high number of genes.

genes, perhaps reflecting adaptation to novel environments that the
ancestor of the group occupied during its divergence. Nodes 8 and
9, which denote the obscura—melanogaster species group and the
subgenus Sophophora respectively, are interesting because they have
a broad range of goslim categories contributing to support at these
nodes. This pattern may reflect the large amount of evolutionary
time represented by these nodes. In other words, more goslim catego-
ries are involved because more time has elapsed since the common
ancestor of these two nodes.

Gene family presence/absence matrices and phylogenomics.
Constructing the tree of life is a major goal of modern biology. In
order to produce a meaningful and robustly supported phylogeny,
a large amount of character state information from diverse sources
of data needs to be collected. The current study expands upon
approaches that employ DNA or amino acid sequence data by
examining characters based on gene family presence/absence and
gene ontology. This approach has yielded several novel results not
observed in previous analyses of DNA or amino acid sequence
evolution in the 12 Drosophila genomes. For example, terminal
nodes representing more recently divergent taxa (nodes 1, 3 and 5),
while having reasonable branch support, bootstrap values and Bayes
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posterior probabilities, also possess a preponderance of negative
support (sensu??). This negative branch support is often manifested
in low bootstrap proportions or low Bayesian posterior probabilities.
Alternately, basal and internal nodes all show strong positive branch
support and correspondingly high posterior probabilities in Bayesian
analyses, reflecting the deep divergence and long time to shared
ancestry at these nodes.

We suggest that presence/absence data, based on genes or gene
families, may provide a viable alternative to direct analyses of nucle-
otide and protein sequence characters for inferring the tree of life. We
also demonstrate that such analyses may increase support at interme-
diate and basal nodes. This suggestion implies that whole genomes
might become an indispensable aspect of phylogenetic reconstruc-
tion for deeper nodes in the tree of life.

Conclusion—patterns of divergence and support in presence/
absence trees can reveal functional adaptation. An important aspect
of using presence/absence data in phylogenetics concerns generating
a character matrix containing all the relevant information. Genome-
wide analyses often use E value scores to assign homology between
loci or to determine which genes are included in a given analysis. The
present study demonstrates that phylogenetic analysis is sensitive to

2008; Vol. 2 Issue 6
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E value cutoff and that exploration of the E value space is critical to
determining optimal E values based on combined congruence assess-
ment (CCMR!8).

Our analyses also indicate that different partitioning strategies
allow for a more detailed view of support at nodes in the Drosophila
12 genome tree. We took two approaches to examine the role
of describing function in supporting nodes. The first examined
the gene family characters that are absolutely congruent with the
phylogenetic hypothesis in Figure 3. We call these gene family char-
acters diagnostic, and Figure 5B shows the patterns of distribution
of diagnostic gene families in the three root categories by node.
These diagnostic gene families are a small subset with GO annota-
tion and their patterns are not representative of the entire data set.
Nonetheless, diagnostic information appears to be dispersed in a
complex pattern over the nodes in the tree. For instance, while the
BP category can be designated as contributing the largest amount
of support in the entire dataset, when diagnostic genes and gene
families are examined this root category only contributes strongly to
Node 6. The pattern for MF is even more complex with some nodes
garnering strong support from genes in this root category and others
getting very little support.

The second approach involved partitioning the data set into
narrower goslim categories and examining the degree of support
(PBS) and hidden support (PHBS) at each node from these narrower
GO categories. Figure 6 demonstrates that we can, in general, rank
the three major root categories in order of importance for contrib-
uting to nodes as BP > MF > CC. Some exceptions exist, but in
general BP is the most important root category of genes lending
support to nodes in the 12 genomes phylogeny. Figure 7 shows the
results of this approach and demonstrates that in general only a
few goslim categories are “active” in contributing support at nodes.
These few important goslim categories are predominated by genes
in the metabolism and binding categories for most of the nodes in
the tree. At the broadest GO level (root categories) the ranking of
these categories makes some biological sense as the cellular compo-
nent category of genes might be expected to be less prone to gain/
loss events as a result of strong purifying selection against changes
affecting cell structure and membranes. On the other hand, genes
in the BP and MF categories might be expected to tolerate more
change than the CC category genes. The BP and MF categories
include metabolism genes, genes involved in development and sexual
reproduction and genes involved in regulating expression. All of these
categories of genes have been suggested as important in Drosophila
speciation and evolution. Metabolism genes have been singled out
as potentially important for cladogenesis in Drosophila due to the
adaptation of several of these species to unique ecological niches.

Admittedly, the taxon sampling in this data set is sparse. However,
the potential for discovering genes and gene categories that have
important functional roles in the evolution of the genus Drosophila
is high, using this approach. We suggest that partitioning of data sets
into finer and finer categories followed by a detailed analysis of the
degree of support these categories lend to the overall phylogenetic
hypothesis, can be a useful tool in functional genomics of these
flies even with the sparse sampling that the Drosophila 12 genomes
data set accomplishes. For instance, when we examine narrower GO
categories, reproductive genes are shown to impact the node uniting
melanogaster, sechelia and simulans. Another example is the strong
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association of support for node 7 with metabolism genes. This node
defines the melanogaster group and the present analysis points to the
importance in gain/loss of metabolism genes as a factor in the diver-
gence of this species group, perhaps as a result of the adaptation of
the ancestor of these flies to novel ecological challenges.

The inferences we make in this study are most likely strongest
at the broadest GO categories, such as the three root categories.
Inferences made at the lower GO categories like the goslim parti-
tions are harder to interpret because of the sparse sampling. Denser
sampling of species in this genus at the genome level, will yield
stronger correlations of GO categories with specific divergence
events. In other words, denser sampling will provide the researcher
with more hypotheses to test with respect to GO categories.

In order to detect genes in specific GO categories that might
be significant in the evolutionary process, Hahn et al., (2) defined
several genes as lineage specific and then determined if any of these
genes GO terms were over represented. This approach works well
with tips on the tree. We suggest that using phylogenetic approaches
that determine genes that are diagnostic for internal nodes is another
viable approach to identifying GO categories that have been impor-
tant in the evolutionary process. Furthermore, the behavior of genes
and gene families with respect to branch support (PBS and PHBS),
may be yet another approach to classify genes with GO terms that
are evolutionarily significant in cladogenesis.

Materials and Methods

Genomic information. All twelve full genomes with their predicted
protein annotations were obtained from FlyBase (ftp://ftp.flybase.net/
genomes/). All annotations were version 1.0 except for melanogaster
which was version 5.5 and pseudoobscura which was 2.0.

Clustering. The 12 proteomes were compared to each other using
BLAT (25). The matches were filtered based upon e-values from e

-305 a¢ intervals of 5. All matches with an E value score less than

to e
the threshold were clustered using a single-linkage technique. If
protein A matches to protein B and protein B matches to protein C,
then all 3 proteins are put into the same cluster. Each species is then
queried to determine if it contains at least one protein in each cluster.
This query is iterated over each cluster and each species to produce a
matrix indicating the presence/absence of each protein cluster (gene
family) in each species. In this way, we determine if a species has at
least one member of a particular gene family. We suggest that this
approach is appropriately conservative since determining orthology
of very closely related paralogs is very difficult and misleading
orthology statements add more uncertainty to the analysis. Matrices
were produced for 30 different E-values chosen arbitrarily in intervals
of ten from e to 3%,

Character partitioning. We chose to examine in more detail a
matrix of presence/absence information generated from e10% (see
results for justification of choice of this E value). The first step in the
construction of the matrix was to exclude all genes that are present
in a single taxon (“annotation artifacts” sensu?). These genes while
interesting in many respects, have no impact on parsimony based
phylogenetic analysis. The key to all of our subsequent analyses is
the ability to partition the presence/absence information for gene
families into smaller biologically meaningful partitions. To do this
we used the Gene Ontology framework and nomenclature,?® with
Drosophila GO annotation from FlyBase version fb_2008_04.%7
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Our first level of partitioning was based on whether a gene family
character had a GO number associated with it or not. Since the
melanogaster annotation is the most accurate and extensive, we used
it as a guide for assigning GO terms. In this context, we only assign
GO terms to the genes that are present in the melanogaster genome.
We call these genes “go genes”. There will also be a number of genes
and gene families in the melanogaster genome that do not currently
have GO terms associated with them. We call this category of genes
the “nogol genes”. There will also be a number of genes in the matrix
that are not present in melanogaster. For this study, we do not assign
these genes GO terms and these genes we call “nogo2 genes”. We
examined several of the genes in the nogol and nogo2 categories
to rule out the possibility that these are transposable elements. Our
second level of partitioning is to use the root categories of the GO
system—cellular component (CC), molecular function (MF) and
biological process (BP). The next level was to use intermediate goslim
categories as a guide for partitioning. In this scheme, Drosophila
genes were organized into the over 40 different CC, MF and BP GO
categories in the goslim list. Finally we created individual partitions
for all 4,355 genes and gene families in the data set with GO terms
associated with them.

Tree building and measures of support. We used PAUP*?8 to
generate all parsimony trees and estimate tree consensus indices
(using the “indices” command), bootstrap and jackknife trees,
consensus trees and to process batch files for support indices gener-
ated by TreeRot. We used TreeRot? to determine Bremer supports
by generating batch files in TreeRot, processing them in PAUP
and parsing them in TreeRot. We used ASAP? cto generate the
partitioned hidden support values for each partition for each node.
MrBayes®! was used to generate the Bayesian analysis. Given the
presence/absence nature of the data in the matrix we used the “pars-
model” option in MrBayes and 20 million repetitions. The “burn in”
for this data set is miniscule. We rooted all our trees with the clas-
sical break between subgenus Drosophila and subgenus Sophophora.
This rooting approach allows us to polarize character change into the
subgenus Sophophora and into the species pair (mojavensis + virilis)
in the subgenus Drosophila. Any other statements about polarity are
not possible without using a further removed outgroup.

Exploring E value space. For each of the E value partitions we
generated, we estimated a phylogeny using parsimony both with a
consensus tree and bootstrap constraints (character replacement set
at 90%). The consensus tree will almost always be more resolved
than the bootstrap tree because the bootstrap tree has more stringent
requirements for the inclusion of a node in the final tree. For each of
these trees we then used PAUP to estimate the tree fork indices. We
used the consensus fork index (cfi) in subsequent comparisons. The
cfi simply measures the number of nodes that are present in a query
tree that are also present in the concatenated tree. The number of
relevant nodes in the current concatenated tree (Fig. 3) is nine. Any
query tree with all nodes identical to the concatenated tree has a cfi =
9; any tree that lacks one node of the concatenated tree regardless of
where the node is in the tree has a cfi = 8 and so on. We then simply
graph the E value versus the cfi for both consensus and bootstrap. We
also used the Combined Corroboration Metric based on the reten-
tion index (CCMR!8) that is simply the product of the retention
index and the cfi for each tree. Supplemental Table 1 contains the 30
partitioned matrices generated using E values from -5 to -305.
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Using the GO classification system to partition the overall
dataset. In order to explore the behavior of gene presence/absence
transitions with respect to the phylogenetic hypothesis, we used
several approaches. Our first approach is to examine the characters
that are purely diagnostic for the nine nodes in the tree (see also 2).
These characters change only once at a single node and are either lost
(1 — 0) or gained (0 — 1) at the node in question and nowhere else
in the tree. Characters that have 1 — 0 transitions are most likely
genes or gene families where a particular function is lost and hence the
gene or gene family is either eliminated from the genome or diverges
extremely from its previous orthologs and cannot be detected as an
ortholog anymore. Characters that have 0 — 1 transitions are most
likely genes that are the product of gene duplications. Alternatively
an already existing gene might have diverged and acquired new func-
tion (neofunctionalized) at the particular node in the tree.

Our second approach deals with the characters in the matrix that
are not purely diagnostic and is based on the simple idea that char-
acters that are more consistent in the entire tree differ in significant
ways from characters that are not consistent. We estimated consis-
tency indices for each character in the matrix using PAUP and also
estimated the partitioned Bremer support (PBS?2) and partitioned
hidden Bremer support (PHBS??) for each character and character
partition in the matrix using the approaches described above.

To further explore the data set we used the various GO partitions
described above to attempt to correlate function with phylogenetic
pattern. In this approach we estimated support values for each of
the GO category partitions (both PBS and PHBS) and used these
estimates to further partition the GO categories. PBS and PHBS
values for each character are calculated on a node by node basis. The
values for PBS and PHBS can be positive, in which case the char-
acter contributes positive hidden support, negative in which case the
character contributes negative hidden support or zero in which case
all support from the character is found in the PBS. These support
values can be used as indicators of how stringently a particular gene
or class of genes agrees with the phylogeny. Our reasoning is that if
there is strong positive or negative support or hidden support from a
character partition at a node, that partition has undergone significant
evolutionary change at the node.

Once diagnostic state, character consistency, PBS and PHBS
values for each character are all estimated the gene columns are then
partitioned according to their GO term. For instance, characters 532,
3696, 3735, 5650, 5754, 6404, 6610, 7075, 1307 and 10297 are all
genes that are associated with the GO term GO:0006406. In this
way, we can associate the measures of character consistency (consis-
tency index or ci), diagnosis, PBS and PHBS mentioned above with
the gene ontology system. Through this process we obtain a list of
GO categories for each node that are contributing to four important
categories in phylogenetic analysis: (1) whether or not the gene
family character is diagnostic for a node, (2) what the consistency
of a gene family character or larger partition of gene families is with
respect to the overall phylogenetic hypothesis, (3) how much support
each gene or groups of gene family characters contribute to each
node (PBS) in the overall phylogenetic hypothesis and (4) how much
support a gene family or larger partition of genes contributes to the
overall phylogenetic hypothesis as a result of concatenation (PHBS).
We assume that when we detect significant signal for any gene family
or larger partition of genes for any of these four categories at a node,
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that these genes or partitions of genes are important in the evolu-
tion of the flies whose common ancestor is represented by the node.
Figure 1 shows a flow diagram of the analyses that were accomplished
for this study. Supplemental Table 2 contains the entire data matrix
with partitions into GO categories for ¢'19.

Determining significance of over-representation of GO terms
in diagnostics, ci, PBS and PHBS. Once GO category lists are
obtained for each of the four categories above we determined if
significant over-representation of GO terms occurs in the lists using
the FatiGO?3 option in the Babelomics software suite (http://www.
babelomics.org/).3* This option gives a list of over represented terms
relative to the entire genome of melanogaster by using a Fisher exact
test using p < 0.05 as a cutoff for significance. The potential multiple
comparisons problem of Fisher’s exact test for over representation of
GO terms is eliminated using FatiGO in the Babelomics software
suite.>* Once the GO lists are trimmed of non significant terms, we
used the GO Category Classifier®® to group terms on the basis of
their root categories and their generic goslim categorization (www.
spatial.maine.edu/~mdolan/MGI_GO_Slim.html). For each node
we compiled lists of over represented terms for the PBS (in our
study always positive), negative PHBS and positive PHBS. We then
used the PRISM server http://noble.gs.washington.edu/prism/)3° to
construct heat maps to display the frequency of over represented GO
terms at all nine nodes in the concatenated tree hypothesis.
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