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Abstract In the field of evolutionary genome analysis, biologists seek to identify important genes or
chromosome regions by comparing phylogenetic trees and analyzing the mutation at which locus might
affect phenotypic traits. Unfortunately, the tree comparison and accompanying analysis are often performed
manually. In this paper, we characterize the workflow of evolutionary genome analysis and present a task
analysis for the fundamental questions asked by biologists during the analysis procedure. We propose two
algorithms to enable quantitative tree comparison. One is to measure the differences between corresponding
leaf nodes on two trees, and the other is to compute the classification inconsistency of each leaf node by
comparing tree structure with a given biological classification. Configuring with the obtained difference and
inconsistency, we present a visual analysis system, visual comparison of phylogenetic trees for evolutionary
genome analysis, which not only enables biologists to intuitively explore trees but also identify locus which
affects their traits by comparing SNP variants of selected leaf nodes. We conclude with case studies from
two biologists who used our system to augment their previous manual analysis workflow and demonstrate
that our system can reveal more insight.
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1 Introduction

The rapid development of high-throughput sequencing technologies enables whole-genome sequencing at an
unprecedented rate applied to study most of the different organisms. With the obtained whole-genome
sequence data, the biologists seek to investigate the genome-wide variation patterns of one species. More
specifically, they want to identify the genes which might affect the evolutionary history or response for the
significant phenotypic traits changed during the evolution, such as yield, color, size, and others. This
identification is facilitated by comparing genomic variation within varieties. Once these genes are identified,
they might be used as the basis for future genomic-enabled breeding (Rubin et al. 2010; Li and Zhang 2013)
or diagnosing (Xun et al. 2012).

In population genetics, the whole-genome data consist of the DNA sequences of different strains of one
species. By organizing each strain as a leaf node, the phylogenetic tree is often used to reveal the evolu-
tionary relationship of different strains. To characterize patterns of genetic variation, biologists often
compare the phylogenetic tree generated by one gene or a chromosome region with the tree generated by the
whole genome. And they explain differences between two trees with some prior knowledge, such as the
biological classification. For example, if some varieties have been misclassified, a further selection of the
chromosome region is applied and results in finding the genotype that can explain the phenotypic traits
change. Although this phylogenetic tree comparison with accompanying analysis is a common practice in
population phylogenetic analysis (Rubin et al. 2010; Xun et al. 2012; Qi et al. 2013), most of the time it is
manually operated as far as we know, which largely hinders the progress of science.

A number of metrics (Graham and Kennedy 2010) have been proposed to measure the distance between
two trees, whereas there are few works in measuring the distance between leaf nodes with the same label in
two trees. To address this issue, we present a novel linear-time phylogenetic tree comparison algorithm
which can quantitatively measure the leaf node differences between two trees. Rather than directly mea-
suring the change of the leaf node itself, we define the difference as the path length from the target leaf node
to the leaf nodes of its sibling node, where the sibling node is defined on the reference tree. Once obtaining
the node differences, we visualize the leaf node differences with treemaps, which facilitates the user to
quickly select the nodes with large differences. If biologists are interested in some changes, they can
examine how the tree structure is consistent with the known biological classification. Although encoding the
classification information to tree edge color can help the user examine the inconsistency, it is hard for the
user to quickly identify which leaf nodes have the largest inconsistency. To address this issue, we propose
another algorithm to measure the inconsistency between the tree and biological classification, by examining
how the label of the target leaf node is similar to the labels of leaf nodes of its sibling node.

To facilitate biologists to identify important genes, we present the first visual analytic system, Visual
comparison of phylogenetic trees for evolutionary genetic analysis (VEGA), that enables biologists to
explore the relationship between genes and evolutionary history of many populations in one species with the
whole-genome data. Our system not only allows the user to intuitively explore tree differences and clas-
sification inconsistency but also interactively investigates leaf nodes, which corresponds to individual
strains. By visualizing node values with a treemap, the user can quickly get an overview of the differences or
inconsistency and easily identify the leaf nodes of interest. Here, the inconsistency refers to the degree of
how the classification implied by the phylogenetic tree is different from the biological classification. If the
biologist finds some strains with large differences or inconsistencies, the different single nucleotide poly-
morphisms (SNPs) of these varieties can be visualized that provides the hints to explain the phenotypic traits
change. Since our tree comparison algorithm does not place any requirement about the input data, our
system can also be used to compare the differences in evolutionary history revealed by different chromo-
some regions. This facilitates biologists to characterize genes that have not been functionally characterized
yet.

We conducted two case studies with two different whole-genome datasets to test the capabilities of
VEGA in analyzing whole-genome patterns. Its usefulness has been demonstrated in identifying new
important genes or chromosome regions. The main contributions of this paper are summarized as follows:

— We characterize the workflow of evolutionary genome analysis and identify the fundamental questions
met at each analysis stage.

— We propose two novel algorithms to perform phylogenetic tree-related comparisons, which facilitate the
user to intuitively explore tree differences and tree classification inconsistencys;

— We present the first dedicated visual analysis tool which enables intuitive exploration of the relationship
between genes and evolutionary history of one species for the biologist.
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The rest of the paper is organized as follows. After introducing the related work in Sect. 2, we briefly
describe the background of evolutionary genome analysis in Sect. 3. Next, we introduce our two
phylogenetic tree-related comparison algorithms in Sect. 4 and present our system in Sect. 5. Finally, we
report our case studies in Sect. 6, followed by the conclusions of our work.

2 Related work

Genome Visualization The emergence of extensive genome sequence data has opened the field of genome
visualization, which enables the biologist to intuitively explore the data and interactively refine the pre-
liminary automatic analysis result. Nielsen et al. (2010) review existing genomic data visualization tools
and discuss their advantages and disadvantages. According to them, genome browsers (Kent et al. 2002;
Fiume et al. 2010; Thorvaldsdottir et al. 2013) are the most commonly used tools in genome visualization.
By visually encoding variant attributes and multi-scale annotation information, the recently developed tools,
such as cBio (Cerami et al. 2012), MuSiC (Dees et al. 2012) and Variant View (Ferstay et al. 2013),
support intuitive exploration of sequence variants. These tools can be taken as a complement to this work,
where they can be used to compare the sequences of selected individual strains.

Rather than focusing on individual sequence exploration, evolutionary genetic analysis studies the
genetic variation within populations. To characterize genetic variation, the phylogenetic tree (Penny et al.
1992) is often used to reveal the evolutionary relationship between different individual strains.

Tree Construction and Visualization To construct a phylogenetic tree, neighbor-joining algo-
rithm (Saitou and Nei 1987) is most commonly used. It is based on a distance matrix where the distances
between different strains are often measured by p-distance. The p-distance is the proportion (p) of nucleotide
sites at which two sequences being compared are different. In a rooted phylogenetic tree, leaf nodes
correspond to individual strains, while internal nodes represent common ancestors.

Node-link diagrams and treemaps are two main representations of tree visualization. A phylogenetic tree
can be drawn by using node-like diagrams with radial, rectangular and circle layouts (Bachmaier et al.
2005; Von Landesberger et al. 2011), whose edge length can be regarded as the evolutionary time. Strains
with similar evolutionary histories are grouped together. And in most cases, the grouping revealed by the
tree is consistent with the biological classification. This presentation offers an intuitive representation for the
user to study the relationship between different nodes. However, it is not space efficient when the number of
nodes is large. Many available tools, such as Darwin (Perrier and Jacquemoud-Collet 2006) and
Mega (Kumar et al. 2008), visualize phylogenetic trees in this manner. In contrast, treemap (Shneiderman
1998) is a space-efficient technique by recursively laying out child nodes within their respective parent
nodes. By encoding the value of a leaf node with box size or color, it is very efficient for the user to select
some leaf nodes of interest. However, as demonstrated in Barlow and Neville (2001), the hierarchical
structure in the treemap is not as clear as the node-link representation. In this paper, we combine these two
representations together where the user selects leaf nodes from treemap and then corresponding subtrees in
node-link representation will be highlighted.

Tree Comparison Tree comparison is an important topic in information visualization (Graham and
Kennedy 2010; Guerra-Goémez et al. 2013), and we restrict the discussion on this work about phylogenetic
trees comparison. TreeJuxtaposer (Munzner et al. 2003) is one of the most closed examples that compares
two phylogenetic trees by associating each node in one tree to its most similar node in the other tree. Bremm
et al. (2011) developed a set of linked hierarchy views for the comparison of multiple phylogenetic trees
with a modified Robinson-Foulds distance. Robinson et al. (2016) proposed an online side-by-side phylo-
genetic tree comparison tool, Phylo.io, which can automatically find the best corresponding internal node or
subtree structure to the user selected ones. However, biologists need to examine all leaf nodes to find those
strains with the most change in the evolutionary history or inconsistent with the biological classification.
Thus, the comparison methods of computing difference of nodes themselves or locating some specific nodes
in the existing tools are not enough to meet the analytical needs. To facilitate biologists to locate genes of
interest during analysis, matrices to quantitatively measure the change of strains according to the evolu-
tionary relationship on the tree, and the inconsistency with the biological classification are needed.

DoubleTree (Parr et al. 2004) uses two connected side-by-side phylogenetic trees to highlight topo-
logical differences between biological classifications. In our work, the differences of leaf nodes are quan-
titatively measured and intuitively visualized with a treemap, which helps the user get an overview of the
relation differences of all individuals.
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3 Background

In this section, we present the first contribution, a characterization of the problem domain. This charac-
terization includes a description of the data structure of whole-genome data, the pipeline that how the
population geneticist analyzes the genome sequence and identification of the challenges in genetic analysis.
We learn this characterization by closely working with two target biologists for eight months, who have
more than 10-year experience in evolutionary genetic analysis.

3.1 Data description

Since each sequence has been aligned to a reference, the input of each genome sequence is the difference
between an individual genome and the reference genome, called SNP variants. Each SNP refers to a
variation at a single position in a sequence among individuals. Besides four DNA bases A, C, G or T, some
SNP variants degenerate bases which are synthesized with multiple bases. For example, the degenerate base
represented with the letter R corresponds to the mixed position of A and G. For more details about the
representation of degenerate bases, please refer to nucleic acid notation (http://en.wikipedia.org/wiki/
Nucleic_acid_notation). In our data, all degenerate bases are diploid, and some of them belong to
heterozygous genotype.

Since most SNP variants are within protein-coding regions, each SNP variant can potentially change the
amino acid it codes for. If it does not lead to the amino acid change, it is called synonymous SNP otherwise
non-synonymous SNP. Non-synonymous SNP potentially alters the function of a protein and consequently
changes the phenotypic traits. These SNP variants might be useful in the interpretation of the evolutionary
relationship between different strains. They are the targets that our collaborators want to identify.

In our case, SNP is the smallest element in the sequence, located at different genes, while one chro-
mosome consists of many genes. Since all sequences have been aligned to a reference, the chromosome and
genes of each sequence can be visited by using the position information from the reference sequence.
Besides the genome, scientists also have their biological classification for each strain, which is used to
explain the interesting mutation.

3.2 Evolutionary genome analysis workflow

Advances in next-generation sequencing have enabled the study of genomic evolution and diversity on a
whole-genome scale. To date, a few studies have been undertaken to discover important genes and deter-
mine their functions from the population of one species (Xu et al. 2012; Qi et al. 2013). After interviewing
with the population geneticist, we summarize the following pipeline in population genome studies:

— select multiple strains of one species;

— collect the accessions of each strain and sequence all accessions;

— map the filtered raw sequences to a reference genome sequence and detect the SNP variants;

— investigate SNP variants and identify important genes or mutation site which can explain the change of
significant phenotypic traits.

The first three steps prepare the data for the analysis in the last step, where there are multiple open-source
software programs, like GATK (McKenna et al. 2010) and SOAP2 (Li et al. 2009) that can be used to help
in step 3.

The last step is the most critical to identify important genes. It proceeds in five stages:

constructing the whole-genome phylogenetic tree 7,;

selecting a genome region to construct the phylogenetic tree 7};

comparing these two trees and identify the tree difference including structure difference and edge length
difference;

understanding the differences by mapping biological classification to Tj;

examining the SNP variants of the leaf nodes in 7; with large inconsistency and checking whether the
mutation at the loci of these SNP variants can result in the change of amino acid.

w =

v

Often the whole genome is used to construct tree 7;. The last four stages iterate until there are no more
interesting findings, where the third and fourth stages are interleaved together. When 7; is constructed from
the whole genome, biologists are interested in 7, which has large differences with 7}, and then they would
find which gene leads to the difference by taking biological classification into consideration. Note that
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biological classifications are based on phenotypic traits and they are not always consistent with the clusters
indicated by the whole-genome phylogenetic tree. Currently, the last three stages are performed manually
and this is time-consuming even if the tree is small (dozens of nodes).

3.3 Data questions

We have identified 9 questions that biologists ask to gain insights at different stages of the genome analysis
workflow, shown in Table 1. These questions were gathered from interviews with our biologist collaborators
about their data analysis methods.

Questions Q1 and Q2 attempt to understand the whole-genome phylogenetic tree. Q3 and Q4 are about
the comparison of two phylogenetic trees generated by different genome regions. Q5 through Q10 can lead
to insight about the genome region explored in Q3 and Q4. Q5 and Q6 pertain to comparing tree structures
with known biological classification. Once the nodes with large consistency are identified, Q7 through Q9
are direct questions about SNP variants of the investigated strains.

Taken all questions as a whole, we can see that evolutionary genome analysis involves four components:
phylogenetic tree visualization (Q1 and Q2), phylogenetic tree comparison (Q3, Q4 and Q10), phylogenetic
tree classification exploration (Q5 and Q6) and SNPs exploration (Q7 through Q9). Although there are
software programs that can do some individual tasks, there is no tool that can support all of them.

We use these questions to motivate and justify our visualization design. These questions provide
guidance for what information is required to solve the task at each stage of evolutionary genome analysis.

4 Algorithm

In this section, we describe and discuss new algorithms for computing the leaf node difference between two
phylogenic trees from one population and calculating the inconsistency between the phylogenic tree and the
given biological classification which group strains into different clusters. With them, Q3 and Q4 which
involve the difference and inconsistency of leaf nodes can be quantitatively measured.

4.1 Tree—tree comparison

Two phylogenetic trees to compare are generated by genome regions of one species, and thus, they have the
same number of leaf nodes. As each leaf node is labeled by a name, we can easily associate two leaves with
the same name. Instead of computing the similarity between two internal nodes (Munzner et al. 2003), our
collaborators are more interested in identifying if and how far leaf nodes have been moved. The main reason
is that neighboring nodes have similar evolutionary histories. If the path length between two neighboring
nodes in the other tree becomes large or small, it indicates that their evolutionary histories become different
and some genes may be responsible for this change.

Suppose we have two phylogenetic trees 7; and 7,, where the leaf nodes of them come from the same
strains, and 7, is the reference tree. If two nodes are associated with the same label in these two trees, we
both name this node as v; and v,. To measure the change of the leaf node v; € 7}, we take the sibling node v,
of v, in the reference tree T, as the reference node. For each v, the difference is defined as:

d(v) = |L(vg, v, Ty) — L(vp, vy, T))| (1)

Table 1 Questions for the evolutionary genome analysis

Question

Q1  How does the phylogenetic tree correspond to the distance matrix?

Q2  What is the classification label of each leaf node?

Q3 What is the change of the leaf node from one phylogenetic tree to the other tree?

Q4  How large the structural difference between two phylogenetic trees?

Q5  How is the phylogenetic tree consistent with the biologist classification?

Q6 What is the classification inconsistency of one leaf node in the phylogenetic tree generated with one genome region?
Q7  Which SNPs make leaf nodes with inconsistent classifications?

Q8  What is the gene id of the selected SNP variants?

Q9  Is there any SNP variants with the same loci among multiple strains?
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where v is the sibling nodes of v in tree T, and is a leaf node, and L(v, v, T) refers to the number of edges
traversing from node v to v on the tree 7.

Figure la shows an example, where the edges colored in blue are the paths between nodes A and B, and
the difference between them is 1. We can see that if two leaf nodes are sibling nodes, they have the same
differences.

If v is a internal node, we take its all descendant leaf nodes S(v) = {v,...,v,} as the reference nodes
defines the distance as

1 m
= % Z Ulvth)Tl L(Dravir,Tr)" (2)

Figure 1b shows an example, where the sibling node of node C is an internal node in the reference tree and
v = {A, B}. Since the neighboring distance between nodes B and C has not been changed, the difference of
node C is less than node B shown in Fig. la. Note that, the difference on node D is zero although the leaf
nodes of its sibling node B, C have been changed. This is reasonable because it is still grouped with nodes
A, B, C together.

To measure the structures difference between 7; and T,, we define it as the sum of the difference of all
leaf nodes ), d(v). This metric is useful for biologists to select genome regions. They are more interested in
the phylogenetic tree which has a large difference with the whole-genome tree, which means the selected
genome region might be responsible for the change of the evolutionary history.

4.2 Tree classification comparison

Given a phylogenetic tree, the biologists will check how it is consistent with the given biological classi-
fication, which multiple strains are split into different classes, such as wide and cultivated. Often, the tree
structure generated by a genome region usually has large inconsistency with such classification. To help the
scientist quickly identify the inconsistent nodes, we compute the classification inconsistency of each leaf
node u by measuring the inconsistency between it and its sibling node v:

plu) = 172800172 5 5, v) (3)

where 0(p, v) = 1 if nodes u and v have different labels, otherwise d(p,v) = 0. As shown in Fig. 2b, the
inconsistency between two leaf nodes with the difference label is 1 according to the classification label
shown in Fig. 2a.

If the sibling node v is an internal node, we measure its inconsistency by comparing the labels of its all
leaf nodes S(v) = {vi,...,v,} with the u:

m

plu) =Y 1/2800 D725 5 (1, ). (4)
i=1
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Fig.1 We show the calculation of differences between leaf nodes on two trees where the left is the reference and the middle is
the compared tree. a The sibling nodes of nodes A, B are leaf nodes, where the difference of both nodes A and B is 1. b The
sibling node of node C is an internal node whose leaf nodes are nodes A and B, where the difference of node C is 0.5
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Fig. 2 We show the calculation of inconsistency between leaf nodes on a tree with a classification. a The labels of five leaf
nodes; b the inconsistencies of both nodes A, B are 1 due to different labels, while the inconsistencies of both nodes C, D are 0;
¢ the inconsistency of node E is 3/4 where nodes B, C, D contribute 1/4, respectively
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Fig. 3 Investigating the genome-wide variation pattern of 50 strains of cultivated and wild rice by comparing the phylogenetic
trees generated by the whole genome and a selected gene, respectively. a The side-by-side comparison of the distance matrices
with heatmaps; b, ¢ side-by-side comparison of two phylogenetic trees, where the edge color indicates the classified label of
each node (pink is cultivated and blue is wild); d treemap shows the difference values of leaf nodes of the tree in ¢; e the scatter
plot shows the distribution of difference and classification inconsistency within leaf nodes. f The SNP variants between the
selected leaf nodes, corresponding to the strains 49 and 45, where all variants belong to one gene. When the biologist selects a
rectangle with the annotation 45, the corresponding nodes in two trees both are automatically highlighted shown in red

p(u) is 1 if all leaf nodes have the different label with node u. Figure 2c shows how each leaf node
contributes to the inconsistency of node E, where each node of B, C, D contributes 1/4.

5 Visual design

Figure 3 shows the interface of our VEGA system, which consists of four components: side-by-side heatmap
views (Fig. 3a), side-by-side phylogenetic tree comparison views (Fig. 3b, c), treemap view (Fig. 3d), 2D
scatter plot view (Fig. 3e) and SNP variant view (Fig. 3f). Two compared trees can be quickly generated
after the user specifies the range of chromosome regions. In the following section, we describe in detail our
interactive visualization techniques.

5.1 Visualizing phylogenetic tree

To help the user explore tree structure, we provide four different visualization styles: orthogonal layout,
radial layout and both orthogonal and radial layout with unit edge length. As demonstrated by Burch et al.
(2011), orthogonal layout is more effective in showing the hierarchy than the radial layout. Since a phy-
logenetic tree is an unrooted tree, the user is allowed to set different nodes as the root. After re-rooting, the
nodes on subtree in the orthogonal layout are moved in the vertical direction, while they are just rotated in
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wen Cultivated (1-40) w== Wild (41 - 50)
a b c d

Fig. 4 Four different layouts of phylogenetic tree where all strains have been separated into two classes: wild (blue) and
cultivated (red). a Orthogonal layout; b radial layout; ¢ orthogonal layout with unit distance; d radial layout with unit distance

= Cultivated(1-40}
= Wild(41-50)

s w

a b

Fig. 5 The phylogenetic tree (a) constructed by whole-genome sequence and the corresponding distance matrix (b)

radial layout. This difference makes the radial layout better in revealing the cluster structures. Figure 4
shows an example, node 16 has a large distance with the bottom branches in Fig. 4a, but these nodes are
grouped to one point in Fig. 4b. To help the user see the grouped nodes, we annotate their names in a nearby
box shown in gray in Fig. 4b. In contrast, nodes with the edge length of 0 look like being placed in the same
depth of the tree, which could mislead user understanding of the tree hierarchy (Fig. 4a); thus, setting the
edge length of all nodes to a unit length enables us to clearly see the hierarchy, as shown in Fig. 4c, d, but
this style ignores the original distances between nodes. Thus, we suggest combining these four styles
together in exploring tree structure.

Although Darwin and Mega allow the user to manually colorize each node, it cannot directly show the
classification on the tree at once. To address this problem, we use the classified label to colorize the edge
linked to the leaf node. As shown in Fig. 4, the edge with pink color means the connected leaf node is a wild
strain and the edge with blue color means the connected leaf node is a cultivated strain. This color-coding
strategy answers question Q2.

We also visualize the distance matrix used for phylogenetic tree construction with a heatmap. This
enables the biologists to see how the tree structure corresponds to the distance matrix (Q1) as well as doing a
side-by-side comparison of the distance matrices. Figure 5 shows the whole-genome phylogenetic tree
(Fig. 5a) and the corresponding distance matrix (Fig. 5b). From Fig. 5b, we can observe three groups: 1-13,
14-40 and 40-50, which correspond to different parts of the tree in Fig. 5a.

5.2 Side-by-side comparison
Besides showing two phylogenetic trees in side-by-side fashion, we also allow the user to make a side-by-

side comparison of the distance matrices. To facilitate the comparison, we compute the minimal and
maximal from two matrices and then use the same color map to create the heatmaps. As demonstrated in
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Fig. 6 Side-by-side comparison of distance matrices, which are used to construct the phylogenetic trees in Figs. 4 and 5Sa,
respectively

Fig. 6, the color ranges from blue to red, indicating distances various from small to large, and in Fig. 6b,
four nodes with large distances to other nodes are clearly shown which helps in filtering strains of interest
during analysis.

5.3 Visualizing node value

By using the measures defined in Sect. 4, we compute two numerical attributes: difference and inconsis-
tency for each leaf node. However, it is hard to encode them into tree node or edge. To help the user explore
these values, we provide two views: treemap view and scatter plot view.

Treemap view Treemap is an efficient way in visualizing node values while presenting the hierarchy. We
map the obtained numeric attributes to the color of the corresponding rectangular while using tree depth to
determine the size of the rectangular. This facilitates the user to perceive the nodes with large values,
especially when the number of leaf nodes is large. Note that, the color of the box is white if the value of its
corresponding node is zero. By comparing the nodes of the phylogenetic tree in Fig. 4 with the one
generated with the whole genome in Fig. 5, the result of difference and inconsistency is shown in Fig. 7a, b,
respectively. Together with the scatter plots in Fig. 7c, biologists can easily discover nodes of their interests,
for example nodes with both higher difference and inconsistency; then, they can proceed with seeking the
genes that cause the inaccuracy of the traits identification during biological classification.

Scatter plot View We provide a 2D scatter plot view, whose axes correspond to difference and incon-
sistency, respectively. This view helps users to explore nodes with small difference but large inconsistency
or the other way around, as illustrated in Fig. 7.
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Fig. 7 Visualizing the node values generated by comparing the trees in Fig. 4 with the one in Fig. 5a. a Treemap for the value
of difference defined on the phylogenetic tree in Fig. 4; b treemap for the value of inconsistency defined on the phylogenetic
tree in Fig. 4; ¢ the 2D scatter plot shows the distributions of the node difference and inconsistency, given in a, b
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5.4 Visualizing SNP variants

After selecting two nodes of interest, the biologists are interested in the differences of the SNP variants in
the selected genome region. We provide a light SNP variant view (see figure below) to help the user explore
genotype, loci and gene ids of these variants. Since the DNA sequence is stored as a linear array, SNP
variants are encoded into paired vertical lines, where the genotypes of two variants and their loci are
annotated at each position. To answer Q8, we annotate different genes with a black dashed line (see inset).
Since the biologists would like to compare SNP variants of multiple paired strains (Q9), we link the same
loci appeared in different pairs with gray solid lines, as shown in Fig. 9e.

SNP Variant view
genelD 6 48

1G A (22419804
1A G{22420156

AK
068282 4 C G722420233

1C A(22420281

1T C (22420416

5.5 Interaction

Besides supporting basic tree interactions, such as translation, panning and zooming, VEGA supports
various advanced interaction.

Local Zooming Although using four styles enables the user to learn the cluster, hierarchy and distance
between nodes, style switching is a huge burden to the user. To alleviate this issue, we introduce local
zooming. In this manner, the user selects a region in the tree and then the hierarchy with the unit distance
will be automatically shown in neighboring empty regions. As demonstrated in Fig. 8, a region is selected
by a red circle and then the hierarchy with unit distance is shown in a red box.

Dynamic Classification The biologists usually have more than one kind of classification for one species.
To support the analysis with different classifications, we save the classification information with an XML
file. With that, the user can dynamically change this file and update the classification. On the other hand, we
allow the user to dynamically change the label of nodes. During the analysis, the biologists may change the

a

Fig. 8 Local zooming of a selected region in phylogenetic trees with styles: a orthogonal and b radial



533

pre-loaded classification if the classification has a large inconsistency with the whole-genome phylogenetic
tree. It helps the user to dynamically revise the prediction and classification results made before the analysis.

Brushing and Linking Our system consists of seven views, where the treemap view can be set to display
node difference or inconsistency. After selecting a leaf node in one tree, the corresponding leaf node in the
other tree will be highlighted. Likely, selecting some boxes in heatmap or treemap views or some points
from 2D scatter plot view, the corresponding leaf nodes are highlighted, as demonstrated in Fig. 7.

6 Case studies

In this section, we demonstrate the capabilities of VEGA on two datasets provided by our biologist col-
laborators, who are active researchers in whole-genome analysis. In these two datasets, the major goals are
both to identify genes that have been influenced by artificial selection during domestication, which should be
valuable for plant breeding.

6.1 Rice

As the staple food for more than half the world’s population, rice (Oryza sativa L.) has undergone sub-
stantial phenotypic changes in grain size, color, shattering during domestication. The identification of the
major genes responsible for these traits should be valuable for advancing rice breeding technology so as to
improve rice yield. Our biologist collaborator attempts to identify important genes from the whole-genome
sequences of 50 accessions of cultivated and wild rice. After alignment, the obtained number of SNP
variants is around 6.5 million, located at 24,209 genes. Our collaborator first identified several chromosome
regions which potentially have the genes of interest and then manually compared the evolutionary history of
each gene or small chromosome regions and analyze the related SNP variants. In the process of identifying
these genes, our collaborator has discovered the evidence to classify the cultivated rice into two groups:
indica and japonica.

Our collaborator first would like to see whether our method can quickly identify the genes of interest
which have large differences with the whole-genome phylogenetic tree. After computing tree differences in
a batch, he found one gene, named as 0s02g0567000, which has the largest difference but has never been
explored before. Figure 4 shows its resulted phylogenetic tree. By inspecting the hierarchical structure with
local zooming in orthogonal layouts and comparing this tree with the whole-genome phylogenetic tree in
Fig. 5a, he found some interesting structures in this tree that nodes on the bottom branch are grouped
together, while other nodes on the above branch have large variations. This indicates that the cultivated
strains colored in pink have similar genotypes, while the wild strains have high levels of polymorphisms.
One main reason is that this gene in wild strains has not been affected by artificial selection. By further
exploring the tree with local zooming, he spotted that strains from 14 to 40 are close to the wild strains 44
and 45 on the tree, while most of the strains from 1 to 13 are close to the wild strains 46, 47, 48 and 49.
Since the cultivated strains can be further split into two groups: indica (1-13) and japonica (14—40), he
concluded that these two groups might be cultivated from the strain 44 and 45, and 46, 7, 48, 49, respec-
tively. He then verified this observation from the heatmap shown in Fig. 5. In all, he concluded that this
gene might play an important role in determining domestication-related traits.

Then, he wondered whether our system can reveal more insight of one known gene, sh4, which influ-
ences the shattering trait. Figure 9a shows its resulted tree, where the nodes have been classified into four
groups: indica (1-13), japonica (14—40), rufipogon (41-45) and nivara (46-50). There are some clear
observations from the tree: (1) The group of indica is close to the wild strains; (2) the group of japonica is
well separated from wild strains. Comparing this tree with the whole-genome phylogenetic tree in Fig. 5a,
he found that all strains seem to have similar evolutionary histories. He then provided the reason that this
gene is one of the domestication-related genes (Li et al. 2006). However, by inspecting the SNP variants
shown in Fig. 9d, some nodes have large classification inconsistencies, like node 6 which is grouped with 45
(a wild strain). To investigate which loci result in such inconsistency, he further compared SNP variants of
these outliers with one cultivated strain, 45. As shown in Fig. 9e, we can find one locus in two pairs of
nodes: (6, 22) and (27, 22), two loci in one pair of nodes (47, 22). Thus, he concluded that node 6 is still
close to the cultivated strain located at the bottom tree branch, although it is grouped with 45. Meanwhile, he
found that the mutation at the loci can lead to the amino acid change. All these messages have not been
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Fig. 9 Visual comparison of the tree shown in a with the one Fig. 5a. a The phylogenetic tree generated by the gene si4; b,
¢ treemaps for the values of difference and inconsistency defined on the phylogenetic tree in Fig. 9a; d the 2D scatter plot
shows the distributions of the node difference and inconsistency, shown in b, ¢; e the SNP variants between the paired strains: 6
and 22, 21 and 22, 47 and 22

revealed by previous studies, and he planned to further combine biological experiments to verify these
findings.

6.2 Cucumber

Compared to rice, cucumber has large diversity and its classification is related to the geographic distribution.
To gain a comprehensive insight into the genetic basis of domestication, our second collaborator has
collected the sequences of 115 cucumber strains sampled from 3342 accessions worldwide. After alignment,
these data include around 3.3 million SNP variants within 2336 genes. The collected strains can be classified
into 4 geographic groups: East Asian (1-37), Eurasian (38-66), Indian (67-96) and Xishuangbanna (97—
115). Among these groups, the Xishuangbanna group uniquely accumulates f-carotene in its fruit. Since
cucumber is indigenous to India (Sebastian et al. 2010), biologists assume the Indian group is close to the
wild type, while the other three groups belong to the cultivated type.

Our collaborator performed the genome-wide reduction in genetic diversity (Chia et al. 2012) to identify
potential chromosome regions and then manually investigated each gene located at these regions to see
whether it is related to some domestication-related traits. He has identified several genes and chromosome
regions that might be involved in domestication, but he is not sure the functions of them. Hence, he first used
our VEGA to verify his finding and then investigated unknown chromosome regions.

He has found the gene, Csa3G183920, which encodes a putative f-carotene hydroxylase®®, but he did not
understand how this gene affects the trait. By comparing the phylogenetic tree (Fig. 10b) generated by this
gene with the whole-genome phylogenetic tree (Fig. 10a), two interesting patterns are revealed: (1) Most of
the nodes with large differences belong to the Indian group. This evidence supports that the Indian group is
quite different from the other three cultivated groups. (2) The variations of the Xishuangbanna group are
relatively small, and all nodes are close to each other. He hypothesized that this gene might be a particular
gene of Xishuangbanna group. To further explore this gene, he selected other strains from the other groups
to see which locus determines the trait in SNP variant view. After comparing multiple strains with the strains
from Xishuangbanna group, we can see all strains from Xishuangbanna have the locus, 12845300 (see
Fig. 11a). Combining with genetic codes, he found that the genotype in Xishuangbanna group at this locus
affects the aspartic acid. Moreover, the mutation at this site can enrich f-carotene hydroxylase®, corre-
sponding to a particular trait of yellow fruit with a higher level of f-carotene. In contrast, the genotype at
this locus in the other group affects alanine, which is not related to this trait

Through biological experiments, biologists have found that two chromosome regions control the bit-
terness synthesis and transfer: bi-1 (bi) and Bt-1 (Brt), respectively. But it is still unknown which region plays
a more important role in domestication. To achieve this task, our collaborator first separately compared the
trees generated by these two regions with the whole-genome phylogenetic tree (see Fig. 10a). Observing the
tree generated with the Bt region (see Fig. 10c), we can see that the Indian group has been split into two
groups, while the other nodes are close to each other. This indicates that the Indian group has a large
variation and cultivated groups are consistent on this gene. In contrast, the tree (Fig. 10d) generated from the
bi region is closer to the whole-genome tree, although there are some differences. From this comparison, he
speculated that the Bt region might play a more important role in domestication because the bi region of all
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Fig. 10 The phylogenetic trees generated from different genome regions of cucumber. a the tree generated by the whole
genome; b the tree generated by the Csa3G183920 gene (b); ¢ The tree generated by the Bt region; d the tree generated by the
bi region

Fig. 11 a The SNP variants among the paired strains: 51 and 105, 67 and 105, and 22 and 105; b the node differences between
two trees in Fig. 10c, d

cultivated groups seems to be selected. To verify this speculation, he further compared the phylogenetic
trees generated by these two regions. Figure 11b shows the node differences between these two trees, where
we can see most of the nodes with small difference values belong to the Indian group. That means these two
trees have different evolutionary histories for most of the cultivated strains. Combining his biology
knowledge, he gave the following explanation for this difference. As we know, the bitter substances are
useful in preventing diseases. If these bitter substances of the cultivated groups can be transferred from fruit
to foliage, their survival ability would be greatly improved. He concluded that the Bt region is an artificially
selected region during domestication and plays a more important role in determining bitterness.

6.3 Expert feedback

Our collaborated biologists have many years of experience in the field of evolutionary genome analysis.
However, they did not see any mature software that can allow them to interactively specify a chromosome
region and then quickly get a phylogenetic tree. Currently, they first export the SNP variants located at the
specified chromosome region into a file, then import this file to Darwin or Mega before drawing a tree and
manually compare with another tree drawn by these tools. In contrast, our VEGA not only supports the user
to interactively generate a tree and map the classification to the tree but also quantitatively measures the
difference with another tree, especially the change of leaf nodes which are desired by them.

Our interactive tool is a comfortable approach for leaf node selection, which enables biologists to
quickly locate the nodes of the interest and explore their tree structure. The most important is that our
VEGA facilitates them to quickly select strains from tree comparison and compare SNP variants. They told
us that this function can potentially accelerate the procedure of gene discovery and they plan to use VEGA
in their daily research.

They also provide us some advice that can improve the applicability of the system. Since the genome
analysis pipeline involves the chromosome region filtering which is currently done manually, our collab-
orators suggested us to include this process into the system to enable the biologists perform the whole-
genome analysis pipeline with our system.
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7 Conclusion and future work

Biologists working in the field of whole-genome analysis are faced with the comparison of phylogenetic
trees that requires them to identify the leaf nodes with a large difference and large classification incon-
sistency. Currently, this challenging task is performed manually, which hinders the progress of important
gene discovery. To address this problem, we present a novel characterization of the workflow and identify
the questions met at each stage. Guided by this contribution, we propose two algorithms to compare two
phylogenetic trees with the same number of leaf nodes and compare one tree with its classification.
Configured with obtained node values of difference and inconsistency, our VEGA allows the user to
intuitively explore the tree and discover important genes and loci. We present two case studies with biologist
collaborators and demonstrate the capabilities of VEGA in assisting biologists to discover important genes.

According to our collaborators’ suggestions, it would be interesting future work to integrate the auto-
matic chromosome region filtering method into VEGA so that the biologists can perform the entire genome
analysis pipeline in our system. It would also be useful to integrate more variant attributes into SNP variant
view, like exons. And we would like to improve the scalability of our tree drawing as well. For sometimes
they would analyze sequencing data in large scales and take their collected sequences of 3000 strains of one
species for instance. Although our comparison methods and interactive exploring can still perform in real
time, the tree construction and drawing process are relatively slow due to the time complexity of neighbor
joining and techniques we used to draw the tree. Our collaborators then indicate that the response time is
still within tolerable time, and it is not common to perform analysis on such a big dataset. Usually they
would regroup the strains and analyze each group separately, which can also improve the efficiency in the
following procedure.
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