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Abstract
Potato (Solanum tuberosum) and tomato (Solanum lycopersicum) are two closely related species
and members of the Solanaceae family. A comparative genomics analysis of starch metabolism
genes between the two species could provide an insight into both plants starch metabolism,
useful from a plant breeding point of view.
The objective of this study was to pinpoint the differences in the starch pathway genes that
explain the phenotypic differences between tomato and potato. It was aimed to uncover the
differences on both genomic and transcriptomic level.
Sets of homologous starch-related genes were produced for both species and phylogenetic trees
were inferred from them. From the trees, gene duplications or losses between the two species
were pinpointed. Expression levels for the same set of genes were visualized on metabolic
pathway graphs.
Gene identifiers of genes duplicated were summarized, grouped according to the enzyme they
encode for. Orthologous pairs of tomato and potato gene identifiers demonstrating different
expression pattern between the two species were summarized as well.
Provided the pronounced phenotypic differences on the phenotypic level between tomato and
potato, the differences on the genomic level are minor. On the transcriptomic level a number
pairs of orthologous genes demonstrate different expression patterns.
Current results offer informative insight in starch metabolism. Genes being duplicated in one of
the two species or genes shown to have differential expression patterns are potentially interesting
form a plant breeding perspective.
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1. Introduction
Starch is the most widespread and abundant storage carbohydrate in plants. Starch is highly
important for human nutrition, for its unique properties that are exploited in industry, and as a
feedstock. The harvested parts of our staple crop plants are starch-storing organs. Cereal seeds
(rice, wheat, maize) are the most important group, followed by tubers (potato, sweet potato) and
roots (e.g. cassava) (Zeeman et al. 2010).
Potato (Solanum tuberosum) and tomato (Solanum lycopersicum) are both members of the
Solanaceae family. Potato tubers are globally important dietary source of starch, while tomato is
a major crop plant cultivated for its fleshy fruit. In potato starch is accumulated in the tubers
throughout their development, while in tomato starch is accumulated in the fruit during early
development stages and broken down into simple sugars during ripening (The Tomato Genome
Consortium 2012; The Potato Genome Sequencing Consortium 2011; Klee & Giovannoni 2011).
The objective of this study is to conduct a comparative genomics analysis of starch metabolism
genes between potato and tomato. The outcome will provide an insight into both plants starch
metabolism.
1.1 Starch in plant biology
In most vascular plants, starch plays an important role in the day-to-day carbohydrate
metabolism of the leaf and is one of the primary products of photosynthesis in the chloroplast. In
leaves, starch accumulated during the day is degraded during the night, providing a continuous
supply of carbohydrates in the absence of photosynthesis. Leaf starch is a short-term
carbohydrate reservoir and thus is often termed 'transitory starch'. Starch also accumulates in
non-photosynthetic tissues of plants, such as seed, roots and tubers and is thus called 'storage
1

starch' (Streb 2012). Organelles that synthesize and store starch are called amyloplasts (Wise &
Hoober 2007). Storage starch is deposited in amyloplasts of heterotrophic cells and serves as a
long term energy source to fuel growth processes upon germination or sprouting (Streb 2012).
1.2 Starch chemical structure
Starch is found in the form of insoluble granules, which consist of two components, amylose and
amylopectin, both polymers of glucose. Amylopectin is a large, branched molecule and the major
starch component making up 75% or more of the starch granule. Glucosyl residues of
amylopectin are linked by α-1,4-bonds to form chains. The α-1,4-linked chains are connected by
α-1,6-bonds (branch points). Amylopectin is responsible for the granular structure of starch. Its
molecular architecture gives rise to a treelike structure in which clusters of chains occur at
regular intervals along the axis of the molecule (Figure 1). Amylose, the second glucan
component of starch, is smaller than amylopectin and only lightly branched (Zeeman et al.
2010).

Glucose units are linked into
chains via α-1,4-bonds and
branched via α-1,6-bonds

Neighboring chains of
amylopectin clusters
form double helices

Amylose chains form
single helices

Figure 1. Schematic representation of amylopectin and amylose, and the structures adopted by
the constituent glucan chains (adapted from Zeeman et al. 2010).
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1.3 Differences in the starch metabolism between tomato and potato.
In potato, for the starch production to take place in tubers, photoassimilates in the form of
sucrose must first be imported form photoautotrophic tissue (leaf) via phloem. Tuberisation is
marked by many physiological and biochemical changes in the stolons. On the biochemical
level, sucrose synthase (Susy) activity increases with the development of tuber (Ferreira et al.
2010).
In tomato, starch concentration can be as high as 20% dry weight in the young fruit, while is
negligible in the mature fruit (Schaffer & Petreikov 1997). At the beginning of fruit ripening,
accumulated starch is metabolized to glucose and fructose. The two sugars constitute 2-4% of the
fresh weight of a tomato fruit (Klee & Giovannoni 2011). In other words, growing (but not
ripening) tomatoes accumulate starch in a similar way as growing tubers do.
Potato and tomato have a high degree of sequence similarity, as they are shown to have an
approximate 8% sequence divergence when compared to each other (The Tomato Genome
Consortium 2012). On the phenotypic level, however, there are great differences. Potato is
storing large quantities of starch in the tubers, while tomato stores starch in the fruit for a short
period.
1.4 Aim of the study
The aim of this study is to unveil the differences on both genomic and transcriptomic level of the
starch pathway genes that give rise to the phenotypic differences between tomato and potato.
Gene duplications or losses will be pinpointed, along with the differences in expression for the
genes involved in the starch pathway. This study could offer an insight into starch metabolism
differences, useful from a plant breeding point of view.
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The output of this analysis, in combination with the current knowledge about starch metabolism,
could result into suggesting a number of genes that are potentially interesting from a breeding
point of view in both plants. Gene loci that are potential targets for modification could be
identified and targeted for mutagenesis, resulting in a plant with enhanced agronomical traits.
1.5 Starch synthesis pathway
In Figure 2 the pathway for starch synthesis in the chloroplasts of leaves is shown.
Phosphoglucomutase (PGM) catalyzes the conversion of glucose-6-phosphate into glucose-1phosphate. Next, AGPase (ADP-Glucose-Pyrophosphorylase) uses glucose-1-phosphate and
ATP to produce ADP-glucose and inorganic pyrophosphate (PPi). Starch Synthases (SSs)
catalyze the formation of new glucosidic linkages by transfering the glucose residue of the ADPglucose to the non-reducing end of an existing α-1,4-linked glucan chain, effectively elongating
it. Branch points in the amylopectin molecule are added by branching enzymes (BEs), while
debranching enzymes (DBEs) may be involved in tailoring the branched glucans into a form
capable of crystallization (Zeeman et al. 2007).
Non-photosynthetic tissues such as tubers or roots have a similar pathway. Sucrose entering the
non-photosynthetic cell is converted into glucose-6-phosphate in the cytosol. This then enters the
plastid and is used as a substrate for the starch synthesis pathway. To conclude, the difference
between photosynthetic and non-photosynthetic tissues is the origin of glucose-6-phosphate,
while the “core” of the pathway is identical (Zeeman et al. 2007).
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Figure 2. The starch biosynthetic pathway. SuSy, sucrose synthase; OPPP, oxidative pentose
phosphate

pathway;

Glucose

1P,

glucose-1-phosphate;

UDP-GPP,

UDP-glucose

pyrophosphorylase; Glucose 6P, glucose-6-phosphate; PGM, phosphoglucomutase; ADP-GPP,
ADP-glucose pyrophosphorylase; GBSS, granule bound starch synthase; SS, starch synthases;
SBE, starch branching enzymes; P, phosphate monoesters; SP, starch phosphorylases; DBE,
debranching enzymes; SP, starch phosphorylases (Huang et al. 2011).
In plants, AGPase is a heterotetramer consisting of two large and two small subunits. Large
subunits are regulating the activity of the enzyme and there are 4 distinct ones in Arabidopsis
(APL1-4). It appears that the use of different large subunits confers a distinct regulatory
properties to AGP according to the necessities for starch synthesis in a given tissue (Figure 3)
(Crevillén et al. 2003).

5

Figure 3. The regulation of ADP-Glc PPase activity by the different large subunit isoforms
(APL1-4) in A. thaliana in relation with the source/sink nature of the organ or tissue. Source
sites are net sugar export ones, like leaves and sink sites are ones of net sugar import like tubers,
roots, and young leaves (Crevillén et al. 2003).
Attempts to enhance starch accumulation have focused on engineering AGPase activity in plants.
Potato plants with engineered AGPase targeted to plastid had up to 60% more starch in tubers
when compared to control plants. This is because this enzyme provides the substrate for Starch
Synthases. It is subject to allosteric regulation (allosteric regulation is the regulation of an
enzyme by the binding of an effector molecule at the protein‘s allosteric site, a site other than the
protein's active site) (Zeeman, Kossmann, & Smith, 2010).
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1.6 Starch degradation pathway
Starch degradation pathways differ between plant organs, and distinct pathways may exist within
the same organ. In Figure 4 a model of the pathways involved in starch breakdown in leaves is
shown. Starch degradation in some non-photosynthetic organs, like seeds or tubers, proceeds by
a pathway different from that in Arabidopsis leaves, but the exact details of this pathway are not
clear. What is clear is that the control of degradation differs between organs (A. M. Smith et al.
2005). For the potato tubers specifically, the starch pathway is not well understood (Ferreira et
al. 2010).
BAM (β-amylases) hydrolyze the linear chains of the starch, but cannot hydrolyze adjacent to
branch points of either amylose or amylopectin. The complete degradation of amylopectin
requires the activity of DBE (DeBranching Enzymes) (Zeeman et al. 2010).
AMY (α-amylase) is capable of releasing linear and branched glucans in insoluble granules.
However, AMY has a less important role in starch breakdown (Zeeman et al. 2007).

7

Figure 4. A model for the pathways of starch degradation in Arabidopsis chloroplasts. When
dark, starch is hydrolyzed to maltose and glucose. Phosphorylation of the granule surface by
GWD (glucan water dikinase) and PWD (phosphoglucan water dikinase) may allow the direct
action of BAM3 (β-amylase) and ISA3 (isoamylse), with maltose being the product of the first
and linear glucans the product of the second. AMY3 (α-amylase) can also attack the starch
granule to release branched glucans, which are then debranched by LDA (limit dextrinase),
producing linear glucans. BAM acting on linear glucans releases maltose, while PHS (α-glucan
phosphorylase) liberates glucose-1-phosphate (Glc1P). Loss of enzymes participating in
reactions depicted as gray dashed lines does not prevent a normal rate of starch breakdown.
Thickness of arrows reflects an estimation of the respective fluxes (Zeeman et al. 2007).
1.7 Phylogenetic terminology
This study aims to point gene duplication and deletions conducting a phylogenetic analysis. For
this reason, some basic terminology of phylogeny will be explained.
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All organisms on earth have a common ancestor. Thus any set of species is related, this
relationship is called phylogeny. Usually the relationship can be represented by a phylogenetic
tree (Durbin et al. 1998). A Phylogenetic tree is composed of edges and nodes. Edges connect
nodes, a node is the point where two or more edges diverge. A tree is assumed to be binary if an
edge that branches splits into two daughter edges. Edges and nodes can be internal or external
(terminal). In the case of molecular phylogenetic trees, terminal nodes correspond to the
sequences from which the tree was derived. Molecular phylogenetic trees are usually drawn with
proportional branch lengths, which means the length of a branch corresponds to the amount of
evolution (percentage of sequence difference) between the two nodes they connect (Baldauf
2003; Durbin et al. 1998).
Phylogenetic trees can be rooted or unrooted. At the base of a rooted tree the oldest node of the
tree (the root). Root defines the order of branching in the rest of the tree, that is who shares a
more recent common ancestor with whom (Baldauf 2003).
Homologous genes are genes that share a common origin. Homologous genes can be orthologs
or paralogs. Genes which diverged because of speciation are called orthologs. Genes which
diverged by gene duplication are called paralogs. Generally, paralogs preform biologically
distinct, though mechanistically related, functions (Koonin 2005; Durbin et al. 1998).
In Figure 5 a hypothetical phylogenetic tree is shown. In this tree, the last common ancestor
(LCA) of species A, B and C encodes for three paralogous genes from the given family. These
genes are the progenitors of the three branches shown in the tree. Each gene in branch is a
paralog of each gene in branches 2 and 3, and vice versa. In Branch 1 is a case of a
straightforward vertical inheritance of gene X from the last common ancestor. Thus, the genes in
the 3 different species are orthologs to each other and, on top of that, they show a one-to-one
9

orthologous relationship. In branch 2, in addition to this vertical inheritance pattern, a lineagespecific duplication in species A is shown. Genes YA1 and YA2 are co-orthologs of the genes
YB and YC. In branch 3, in each of the species a lineage specific duplications occurred.
Paralogous genes in each species are collectively co-orthologs to the genes of the rest of the
species in this branch. For example, genes ZA1-3 are, collectively, co-orthologs of genes ZB1-2
and ZC1-2 (Koonin 2005).

Figure 5. A hypothetical phylogenetic tree illustrating orthologous and paralogous relationships
between three ancestral genes X, Y and Z (colored green, orange and blue, respectively) and
their descendants in three species A, B and C. LCA stands for last common ancestor (of the
species under comparison) (Koonin 2005).
10

1.8 Hidden Markov models, sequence similarity, tree inference and bootstrapping
Pfam is a database of multiple sequence alignments based on Hidden Markov Model profiles
(HMMs) (E. L. Sonnhammer et al. 1997). A multiple alignment of a family of sequences can
show how the sequences relate to each other: some positions in the alignment are more
conserved than others. One way of representing such a family is through HMMs (Durbin et al.
1998).
In an alignment, there are blocks of residues where no insertions or deletions occur. For these
regions an approach known as position specific score matrix (PSSM) can be used to build a
model. Using this model, a score S can be calculated for any sequence. Score S is calculated by
adding up values that behave like elements in as score matrix s(a, i) where a is the amino acid
and i is the position i in the sequence model. PSSM is used to search for a match in a longer
sequence x of length N by evaluating the score Sj for each starting point j in x from 1 to N – L +
1where L is the length of the PSSM (Durbin et al. 1998).
PSSM can be viewed as a trivial HMM with a series of identical states that will be called match
states, Mj for a match in position j of the multiple alignment. For insertions to be modeled, a new
state Ii is introduced, where Ii will be used to match insertions that occur at the residue matching
the ith column of the alignment. If an insertion occurs at a position i in the alignment, we need a
transition from Mi to Ii, a loop from Ii to itself for the case of multi-residue insertions, and a
transition from Ii to Mi+1. For deletions, i.e. segments of the multiple alignment that are not
matched by any residue in sequence x, silent states Di are introduced. Silent states do not emit
any residues, it is thus possible to use a sequence of them to get from any match state to any later
one. The cost of deletion would then be an M to D transition, the number of D to D transitions
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and lastly a D to M transition (Durbin et al. 1998). In Figure 6 the structure of an HMM is
shown.

Figure 6. The transition structure of a profile HMM. B stands for begin, E for end. Squares indicate matching states, circles delete
states and diamonds insert states (Schuster-Böckler et al. 2004).

Pfam database consists of part A and B. Pfam-A is curated and contains well characterized
protein domain families with high quality alignments. In Pfam-A, for each family a seed
alignment is constructed from a non-redundant representative set of full length domain sequences
trusted to belong to the family. Then from each seed alignment an HMM was built. Pfam-B
contains sequence families that were generated automatically by clustering and aligning the
remaining protein sequences after the removal of Pfam-A domains (Finn et al. 2008). An HHM
profile can be visualized, an example from the Pfam family is shown in Figure 7.
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Figure 7. Partial logo of the Pfam pkinase model. A sequence logo graphically represents the conservation of the columns
(positions) in a multiple alignment by plotting a stack of letters, which can be nucleotides or amino acids, for each position. The
relative height for each letter in the stack is proportional to its frequency at the position. Positions with narrow match state
stacks are likely to be deleted in typical family members. The total width of a red shaded (dark + light red) stack visualizes the
expected number of inserted letters (Schuster-Böckler et al. 2004).

HMMs can be used for sequence similarity search. Profile HMMs and pair-HMMs are
probabilistic modeling methods (S. Eddy 2008). HMMER is a software suite for protein
sequence similarity searches using such probabilistic methods. It provides means for searching a
protein sequence against a target sequence database or against Pfam (Finn et al. 2011).
Maximum likelihood is a methodology for estimating unknown parameters in a model. Given a
fixed outcome of the model, the likelihood function is defined as a function of the parameters
and is equal to the probability for this outcome to occur given the parameter values. The
maximum likelihood estimates (MLEs) of parameters are those parameter values that maximize
the likelihood, or probability, to observe a particular outcome. Two optimization steps are
involved in maximum likelihood tree estimation: optimization of branch lengths to calculate the
tree score for each candidate tree and a search in the tree space for the maximum likelihood tree.
When maximum likelihood is implemented for tree reconstruction, the tree (topology) is a model
and branch length on this tree along with substitution parameters are the model parameters.
Maximum likelihood tree inference is thus equivalent of comparing tree topologies, each with
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the same number of parameters (branch lengths and substitution parameters). RAxML is an
implementation of the maximum likelihood methodology (Yang & Rannala 2012). To assess the
accuracy of the tree estimate, bootstrapping is used.
Bootstrapping involves resampling from one’s sample with replacement, making a fictional
sample of the same size. In the case of bootstrap for phylogenies, sites, or columns of the
multiple alignment, are drawn independently, with replacement, with the order of the genes in
each column of the data matrix remaining the same. For an alignment consisting of n columns,
data sets with n sites are drawn, and each is analyzed to infer the phylogeny. The result is a
collection of different estimates of the tree. To estimate the existence of a branch of a tree, a
probability P is assigned to it. P is the fraction of the bootstrap replicates which have this branch
present. The P value is intended to give an estimate of the amount of support this branch has
(Felsenstein 2004).
1.9 Objective and approach
Potato and tomato are two closely related species showing high degree of genetic similarity, but
their starch related phenotype is substantially different. The objective of this study is to pinpoint
the differences in the starch pathway genes that explain the phenotypic differences between
tomato and potato. Gene duplications or deletions between the two species will be uncovered,
along with the differences in gene expression level. This output will provide an insight into the
starch metabolism of both species. It might help the breeding efforts for tomato and potato.
The approach to achieve the aforementioned goals is to build a pipeline. A pipeline consists of a
chain of processing elements arranged so that the output of each element is the input for the next.
The pipeline will do the following:

14

1. Discover homologous genes by means of protein domain similarity. Multiple groups of
homologous genes will be the output of this step.
2. On each group, estimate a phylogenetic tree and infer gene duplications or losses between
the two species.
3. Visualize their expression levels on a metabolic pathway graph and infer the differences
in expression on each group. Visualizing on a pathway graph will provide an intuitive
insight into the expression differences.

15

2. Materials and Methods
2.1 Plant data
Three plant organsims were used: Arabidopsis thaliana, Solanum lycopersicum (tomato),
Solanum tuberosum (potato). The main objective of this study is to compare the starch pathway
between tomato and potato. The model plant Arabidopsis was also included as it is a well-studied
plant. . The majority (77%) of the Arabidopsis genes possess at least basic functional annotation
(Lamesch et al. 2012). This will facilitate the characterization of genes of tomato and potato of
unknown function from their neighboring Arabidopsis ortholog(s) in a tree.
2.2 The starting set of “seed” genes
The input for the pipeline is a set of so called “Seed” genes, representative for starch pathway.
All known genes encoding for enzymes participating in the starch pathway are present in this
initial input set.
A publication of Streb in 2012 (Streb 2012) shows a table with Arabidopsis genes for starch
synthesis (Table 1) and one with starch breakdown genes (Table 2).
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Table 1. Arabidopsis genes coding for proteins involved in starch synthesis. In the corresponding
columns the following information can be found: short and full enzyme name, the Arabidopsis
locus identifier and the E.C. number. Adapted from Table 1 from (Streb 2012).
Starch Synthesis in Arabidopsis
Short name

Name

PGI (PGI1)

Phosphoglucose isomerase

A. thaliana
Locus
At4g24620

PGM1 (PGM)

Phosphoglucomutase

At5g51820

5.4.2.2

AGPase

ADP-glucose pyrophosphorylase

APS1, ADG1

AGPase small subunit 1

At5g48300

2.7.7.27

APS2

AGPase small subunit-like 2

At1g05610

2.7.7.27

APL1, ADG2

AGPase large subunit 1

At5g19220

2.7.7.27

APL2

AGPase large subunit 2

At1g27680

2.7.7.27

APL3

AGPase large subunit 3

At4g39210

2.7.7.27

APL4

AGPase large subunit 4

At2g21590

2.7.7.27

SS

Starch synthase

GBSS (WAXY)

Granule-bound starch synthase 1

SS1, SSI

Soluble starch synthase 1

At5g24300

2.4.1.21

SS2, SSII

Soluble starch synthase 2

At3g01180

2.4.1.21

BE

Glucanotransferase 1,4-α-glucan branching enzyme

BE1

Starch branching enzyme 1

At3g20440

2.4.1.18

BE2

Starch branching enzyme 2

At5g03650

2.4.1.18

BE3

Starch branching enzyme 3

At2g36390

2.4.1.18

At1g32900

E.C.
5.3.1.9

2.4.1.242
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(continued)
Short name

Name

DBE

A. thaliana
Locus
α-1,6-glucosidase Starch debranching enzyme (DBE)

E.C.

ISA1

Isoamylase 1

At2g39930

3.2.1.68

ISA2, DBE1

Isoamylase 2

At1g03310

3.2.1.68
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Table 2. Arabidopsis genes coding for proteins involved in starch breakdown. In the
corresponding columns the following information can be found: short and full enzyme name, the
reaction it participates, a role description, the Arabidopsis locus identifier and the E.C. number.
Adapted from Table 1 from (Streb 2012).

Starch breakdown
Short name

Name

A. thaliana Locus

E.C.

GWD

α-glucan water dikinase

GWD1, SEX1

Glucan, water dikinase 1

At1g10760

2.7.9.4

GWD2

Glucan, water dikinase 2

At4g24450

2.7.9.4

PWD, GWD3 )

Phosphoglucan, water dikinase

At5g26570

2.7.9.5

3.1.3.-

Phosphoglucan phosphatase
SEX4

Starch excess 4

At3g52180

LSF2

Like Sex Four 2

At3g10940

LSF1

Like Sex Four 1

At3g01510

BAM

Exo-amylase β-amylase

BAM1 (BMY7 / TRBMY)

At3g23920

BAM2 (BMY9)

At4g00490

3.2.1.2

BAM3 (BMY8 /
ctBMY)

At4g17090

BAM4

At5g55700

BAM5

At4g15210
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(continued)
Short name

Name

A. thaliana Locus

BAM6

At2g32290

BAM7

At2g45880

BAM8

At5g45300

BAM9 (BMY3)

At5g18670

AMY

E.C.

Endo-amylase α-amylase

AMY1

At4g25000

AMY2

At1g76130

AMY3

At1g69830

3.2.1.1

DBE

α-1,6-glucosidase Starch debranching enzyme

ISA3

Isoamylase 3

At4g09020

3.2.1.68

LDA, PU1

Limit dextrinase

At5g04360

3.2.1.142

PHS

α-glucan phosphorylase

PHS1

At3g29320

2.4.1.1

PHS2

At3g46970

DPE

4-α-glucanotransferase Disproportionating enzyme

DPE1

At5g64860

DPE2

At2g40840

2.4.1.25

2.3 Grouping of 'seed' genes
In Table 1 and Table 2 the “seed” genes (locus) identifiers are grouped according to the protein
(enzyme) they encode for. Producing one phylogenetic tree for each enzyme would make
20

homology study easier than putting all the genes from all enzymes together. Thus, the structure
in the tables will be used for the data fed into the pipeline. For each of the groups, a FASTA file
will be created with all the gene identifiers. For each of the FASTA files, another set of genes,
homologous to the ones that are in the file, will be produced. In turn, on this set of genes a
phylogenetic tree will be estimated, resulting in one tree for each enzyme and its homologs.
2.4 Input data
In Table 3 all files used as input in the analysis is shown.
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Table 3. Input files for the pipeline. A short description of each file follows, along with the format of the file, its structure, the origin
and remarks.
Short Description

Organism(s)

File Format

Origin

Remarks

Proteome files

Tomato, Potato,

FASTA

www.tair.org

For potato, both PGSC and ITAG

Arabidopsis

Uniprot Genes

Tomato, Potato

http://solgenomics.net
FASTA

http://www.uniprot.org

annotation was used

All genes in UniProt DB for
Tomato and Potato

InterProScan

All

Output of InterProScan
run on proteome

Arabidopsis

-

www.tiar.org

Potato annotation

Potato

GFF

http://solgenomics.net

ITAG annotation

Potato annotation

Potato

GFF

http://solgenomics.net

PGSC annotation

Blast DB

“Seed” genes

Arabidopsis gene
aliases

makeblastdb

Organism
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Short Description

Organism(s)

File Format

Origin

“Seed” genes file

“Seed” genes

FASTA

User created

Remarks

Organism
RNA-seq

Colors file

Tomato, Potato

-

Data compiled from

In file header a description of

NCBI SRA database

tissue/conditions is expected

User created

Color code in index 0 is reserved
for expression level = 0

Graph file

-

XML

User created

User adjusted pathway graph
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2.5 Algorithm of the analysis
In Figure 8 an outline of the pipeline workflow is shown. The starting point is a set of seed
genes. The discovery of homologous genes across all species included in the study follows. After
a set of homologous genes has been created, phylogenetic trees are estimated and the expression
data for the same set of genes is visualized in an expression data graph.

InterProScan Output
Parsing

Seed Genes

Expression
Data

Homology
Discovery
Gene Naming from
UniProt

Phylogenetic
Trees

Expression Data
Graph

Figure 8. An overview of the pipeline. The output of InterProScan, along with the set of Seed
Genes facilitates the discovery of homologs across species. Final output includes a set of
phylogenetic trees and a graph with the expression data visualized.
2.6 Homology discovery
Homology discovery is a core concept in the workflow. For each of the species in the study,
InterProScan search was run on the species proteome and the domains in the protein sequences
were discovered using the Pfam protein family database. Next, InterProScan output of the
species providing the “seed” genes was searched. “Seed” genes are grouped as shown in Table 1
and Table 2. For each group of “seed” genes, a list of domains found in them was compiled. This
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list of domains is then used to search in InterProScan output, this time for all species, for genes
that have at least the same set of domains. In this manner, one set of homologous genes is
produced for each group of “seed” genes (Figure 9).

Figure 9. Homology discovery flowchart. First, InterProScan output for the starting species is
searched and a list of Pfam domains (Pfam1, Pfam2) found in the “Seed Genes” is compiled.
Then InterProScan output of all species is searched for genes that have at least all domains
found in the starting species, but they may have more (e.g Pfam3, Pfam4). The final output is a
set of homologous genes discovered across all species in the study (Gene X, Y, Z, …).
2.7 Assigning Gene names to gene identifiers
Gene identifiers were matched to a gene name, descriptive of the function of the enzyme the
gene encodes for, and the name was integrated in the tree. All protein sequences of tomato and
potato were retrieved from UniProt. UniProt is a central resource on protein sequences and
functional annotation of high quality (The UniProt Consortium 2008). From the protein
sequences retrieved from UniProt, a BLAST database was created and both species’ proteome
was aligned against it using BLASTP. Gene identifiers of UniProt matches with a sequence
identity of 90% or higher were used to tag homologs.
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2.8 Sequence alignment
Sequences of the homologs were aligned with MAFFT (Katoh et al. 2002). MAFFT employs a
method for rapid multiple sequence alignment based on fast Fourier transformation (Katoh et al.
2002). It is implemented as command line tool. It was run using the default parameters.
2.9 Phylogenetic tree estimation
After sequences were aligned, a phylogenetic was estimated. For this RAxML-VI-HPC is used.
RAxML uses maximum likelihood (ML) (Stamatakis 2006) to estimate trees. In the pipeline, the
following arguments were used:
“-PTHREADS -SSE3 -T 4 -x 12345 -p 12345 -f a -\# 100 -m PROTGAMMAJTTF”
2.10 Genome Annotation selection
In this study the PGSC (potato genome sequencing consortium) gene annotation was initially
used. In many cases genes were missed and tomato genes were not matched with a homolog
from potato, not because the homolog was not present in potato genome, but because it was
missed by PGSC annotation. From the perspective of this study, ITAG potato annotation was
proven to be of higher quality compared to PGSC and it was thus decided to be the one used for
the analysis.
2.11 Gene expression data and visualization
Gene expression data (JW Bargsten, 2012, personal communication) was obtained for all
homologous genes discovered during the analysis. FPKM (Fragments Per Kilobase of exon
per Million fragments mapped) values were log transformed (N = log (FPKM +1)) to facilitate
visualization. Hence, FPKM = 0 corresponds to N = 0.
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Next, a color code had to be assigned to each of the values. A file with a color palette was
provided to the pipeline. This file contained color codes ranging from white to dark red and all
the shades in between, while a single color, outstanding from the rest (green), was also included.
If N ≠ 0, then a corresponding color from the shade will be assigned to it, if N= 0 then green will
be assigned to it.
2.12 Pipeline script overview
In Figure 10 a flowchart of the scripts, along with input, intermediate and output files is shown.
It is the implementation of the workflow shown on Figure 8. Auxiliary scripts on the left hand
side are parsing InterProScan output and match gene identifiers to a gene name. Their output is
then fed into the main script (Pipeline_beta.pl). This script outputs phylogenetic trees along with
visualization data. The data is fed to the visualization module, which integrates expression data
into the pathway graph.
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Figure 10. An overview of the scripts the pipeline consists of, their relationships, input files, intermediate output and final output.
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3. Results
3.1 Phylogenetic trees and their manipulation. Inferred gene duplication or losses.
In this study, phylogenetic trees were estimated to pinpoint gene duplications or losses between
tomato and potato. One phylogenetic tree was estimated for each of the 12 gene groups (Table 1
and Table 2).
In Figure 11 the phylogenetic tree for AGPases is shown. Four discrete groups of genes can be
seen.

GMP

MEP cytidylyltransferase

AGPases

Eukaryotic Initiation
Factor

GMP

Figure 11. Phylogenetic tree for all homologous genes discovered for AGPases in tomato, potato
and Arabidopsis. In red are the branches and leaves that are not considered to encode for starch
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pathway-related enzymes. Group named as ‘Eukaryotic Initiation Factor’ and gene named ‘MEP
cytidylyltransferase’ have high sequence similarity (>90%) to predicted plant proteins, when
aligned against the NCBI NR database.
In Figure 12 a detail of the tree is shown and the structure of the node label is explained.

Figure 12. A detail of Figure 11 where three nodes are shown. To make the different species
easily recognizable, a green dot is added in front of potato, a red in front of tomato and a blue in
front of Arabidopsis genes. On each node, the bootstrap value is added; 100 bootstraps were
run. In this case the value is 95. Values higher than 70 out of 100 are considered to give this
node a high confidence level. Information printed for each gene for potato (Stu) and tomato (Sly)
is structured as follows: species initials|Gene ID|Gene name from Uniprot [optional]. For
Arabidopsis it is species initials|Gene name_Gene ID.
The set of homologous genes was built on the basis of domain similarity. Nevertheless, a gene
may have the same domains as the ones in the “seed” set, but this does not necessarily mean it is
part of the starch pathway. It is therefore necessary to screen all genes in a tree and conclude
which of them are indeed part of the starch pathway and which not. An indication on the function
of the gene is the name that is assigned to it (on the grounds of high sequence similarity with a
UniProt potato/tomato protein) or by the name of the homologous Arabidopsis genes. In the case
none of the former rendered any results, the sequences were aligned against the NR database of
the NCBI to have an indication of its function. In Figure 11 all genes that are not part of the
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starch pathway are colored in red. For instance, on the upper right corner of the tree a group of
enzymes encoding for GDP-mannose pyrophosphorylase (GMP) can be seen. GMP, according to
literature (Streb 2012), is not part of the starch pathway. Gene identifiers not belonging to the
starch pathway will be excluded from further inquiry for the rest of this analysis.
After all genes in the tree are screened, the groups that are irrelevant are removed and a core of
AGP-encoding genes remains in the analysis. The remaining branch is shown in Figure 13. In
this branch, 6 pairs of homologous tomato and potato genes can be seen. There is not a
duplication or loss event between tomato and potato. There is, however, one duplication event in
Arabidopsis (APL4) and one loss event (APS1). Bootstrap values for the branches are higher
than 79, providing high confidence to tree layout.

APL1

APL2
APL3
APL1

APS1
APL1

APS1

APS2

Figure 13. All the genes in this branch encode for AGPase. All potato genes are paired with a
tomato one. Gene naming for tomato and potato genes is derived from the orthologous
Arabidopsis genes.
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There are 11 additional trees that are in the Appendix. They were processed using the same
rationale as explained for the AGPases.
All phylogenetic trees were screened and all genes not belonging to the starch pathway,
according to (Streb 2012), were removed. Afterwards, gene duplications or losses between
tomato and potato can be compiled. Gene identifiers of genes duplicated in one of the species are
shown in Table 4, grouped according to the enzyme they encode for. In only 4 out of 12 enzymes
there is a duplication or loss.
Table 4. A list of all genes identifiers that are duplicated or lost when comparing tomato and
potato.
Enzyme name

Gene identifier

Type of event

Remarks

PGI

Sotub01g013400

Duplication in potato

Small

fragment

of

PGI protein (163 AA)
– possibly annotation
error
DBE

Solyc07g014590

Loss in potato

PHS

Solyc09g031970

Loss in potato

4 genes in tomato, 2
genes in potato

Solyc03g065340

Loss in potato

4 genes in tomato, 2
genes in potato

β-amylase

Sotub07g021110

Duplication in potato

Possibly a mistake in
annotation

Sotub07g021090

Duplication in potato

Possibly a mistake in
annotation
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The chromosome a gene is located on is printed in the gene identifier. It is the number just after
‘Sotub’ or ‘Solyc’. Gene with the identifier Solyc07g014590, for example, is located on
chromosome 7. All pairs of orthologous genes potato and tomato genes were screened for their
location and it was concluded that all orthologous pairs are located in the same chromosome.
3.2 Visualization of expression data
Combining expression data and pathway visualization is one of the key objectives of this study.
None of the existing visualization tools had the option to incorporate the expression data for two
organisms on a pathway graph for all homologous genes encoding for an enzyme. This mode of
data representation would provide an informative intuitive way to represent the expression data.
From publicly available RNA-seq data, a set of tissues fitting the goal of starch metabolism
studying were selected. In both organisms 4 tissues were included. In tomato leaves and 3
different developmental stages of fruits were selected, ranging from immature to fully ripe. In
potato apart from leaves, tissues from stolons, tubers and fully ripen potato fruits were selected.
Having a simplified starch synthesis pathway as a template, a graph was built and the pipeline
printed the expression data the graph, resulting in Figure 14. In this graph, a chain of reaction
starting from fructose-6-phosphate and resulting in starch is shown, along with intermediate
metabolites and enzymes that catalyze the reactions.
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3.0

0.0

Fru6P

Glc6P

Glc1P
6P

ADPGlc

Starch

Figure 14. Expression data printed in the starch synthesis pathway. On the left top corner of the figure, a color legend with the with
the corresponding log(FPKM + 1) values for the expression data is shown. Green stands for zero expression, light colors for low and
dark red for high expression levels. Orthologous genes are in the same level. A legend with tissues used is printed at the top right
corner and is explained in Figure 15.
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The legend found on the upper right corner of the graph is explained in Figure 15.

Figure 15. The legend seen on the upper right corner of Figure 14. Small boxes on the top bear
the name of the species (Sly for Solanum lycopersicum and Stu for Solanum tuberosum). The rest
of the boxes are the tissues and experimental conditions of the sample. There are 4 tissues for
each plant, positioned from left to right and expression data is printed in the boxes in the same
order. This is illustrated by the arrows pointing at the boxes at the bottom left corner of the
figure.
For the starch breakdown graph, Figure 4 was used as a template, starch degradation pathway
was reproduced and expression data was printed on it, resulting in Figure 16. Degradation
pathway is known only for the photosynthetic tissues, for the rest it is largely unknown and
believed to be substantially different. Nevertheless, since the pathways for tissues other than
photosynthetic are not available, the data will be printed in this graph; this fact should be taken
into account when interpreting the results.
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Branched
Glucans

Linear
Glucans

Figure 16. Starch Breakdown pathway in Arabidopsis leaves. Orthologous genes are in the same level.
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The aim of this study was to pinpoint gene duplications or losses, with the results summed up in
Table 4 and to further explain phenotypic differences using expression data. Interesting insights
into starch biology could arise from the study of orthologous potato and tomato genes
demonstrating different expression patterns. Gene identifiers of these genes, grouped according
to the enzyme they encode for, are displayed on Table 5.
Table 5. Table of enzymes that show different expression pattern between tomato and potato.
Enzyme family

Isoform

Gene Identifiers

Starch Synthases

SS1

Sotub03g013130 - Solyc03g083090

Branching Enzymes

SBE1

Sotub04g035850 - Solyc04g082400

AGPases

APL2

Sotub07g011850 - Solyc07g019440

AMY2

Sotub04g035480 - Solyc04g082090

AMY1

Sotub03g021150 - Solyc03g095710

AMY3

Sotub05g011310 - Solyc05g007070

Starch synthesis

Starch Degradation
AMY (α-amylases)

GWD (Glucan Water

Sotub05g014130 - Solyc05g005020

Dikinases)
BAM (β-amylase)

PHS1

BAM1

Sotub09g026990 - Solyc09g091030

BAM3

Sotub08g006070 - Solyc08g007130

BAM9

Sotub01g021680 - Solyc01g067660
Sotub05g005530 - Solyc05g012510
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4. Discussion
4.1 Differences between tomato and potato.
The core question in this study is whether phenotypic differences in the starch metabolism
between tomato and potato can be attributed to genomic or transcriptomic differences between
the two species. In Table 4 all duplication or loss events between tomato and potato are
summarized. There are 6 such events concerning 4 enzymes. This is not too much of a difference
provided there are 12 enzymes and approximately 50 genes in this study.
On the transcriptomic level, on the other hand, differences are more prominent. In Table 5 pairs
of orthologous genes that demonstrate different expression patterns are shown. Still in most cases
orthologous gene pairs demonstrate similar expression patterns.
It is difficult to compare genomic and transcriptomic differences and the relative effect they have
on the phenotype. A gene duplication or loss can have an absolute effect on a phenotypic trait,
while a difference in the expression level can have a more gradual effect. The few
duplications/losses events can have an effect of equal importance on the phenotype as the more
prominent differences on the transcriptomic level.
4.2 Enzymes with interesting findings
In Figure 15 and Figure 16 the whole graph for starch synthesis and degradation, respectively, is
shown. For some of the enzymes in these graphs interesting facts were discovered and will be
further discussed in detail.
In all Figures, potato and tomato orthologous genes are placed in the same line, while the gene
names from Arabidopsis orthologs are placed on the right hand site of the graph.
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4.2.1 AGPases
In Figure 17 expression data for tomato and potato for AGPases (part of Figure 14) is shown.
APS2 is practically not expressed in both potato and tomato, leaving only APS1 gene actively
encoding for the small subunit. Large subunits are tissue specific and this is also the case for both
tomato and potato. APL1 is highly expressed in leaves compared to the rest of the tissues. APL3
in immature tomato fruits and tubers, both organs are building up starch levels. APL2 is very
lowly expressed in potato while a gradient of middle-level expression is observed in tomato as
fruits ripe.

Figure 17. Genes encoding for AGPase. Arabidopsis orthologous gene names are printed on the
right hand side of the gene identifiers. Graph legend is on the top right corner of the figure.
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4.2.2 Starch synthases (SS)
The substrate for starch synthesis in higher plants is ADP-glucose. After ADP-glucose has been
synthesized, Starch synthases are transferring it into existing glucan chains. Five gene classes
encoding for starch synthases exist, GBSS (granule-bound starch synthase) and SSI, SSII, SSIII
and SSIV. GBSS binds to the starch granule and is responsible for the synthesis of amylose, the
linear glucan of starch. The rest of the SS isoforms, called soluble SS, generate the chains in
amylopectin. There is evidence that that each SS isoform has different properties and distinct
role in amylopectin synthesis. SSI preferentially elongate short, SSII medium and SSIII long
chains (Zeeman et al. 2010).
In Figure 18 expression data for all starch synthases isoforms is shown. GBSS is highly
expressed in potato tubers. In tomato SSI is highly expressed, while in potato it is barely
expressed. On the contrary, SSII and SSIII are more expressed in potato tubers compared to the
rest of the potato tissues and tomato. According to Zeeman (2010), these short of differences
probably contribute to the observed variation in the structure of starches between different
organs and species.
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Figure 18. Starch synthases family of genes. There are five gene classes, namely GBSS (granulebound starch synthase) and SS I to IV (starch synthases).
4.2.3 Branching enzymes (BE)
The branching of amylopectin is catalyzed by branching enzymes (BEs). Higher plant BEs fall
into two classes, class I and class II. Class I enzymes preferentially transfer longer chains than
class II enzymes (Zeeman et al. 2010).
In Figure 19 expression data for BEs is shown. BE1 is highly expressed in potato tuber, while a
gradient of expression is observed as tomato fruit ripens. Moreover, there is an isoform,
orthologous to BE3 gene of Arabidopsis. BE3 is barely expressed in both tomato and potato.
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BE3
BE2
BE1

Figure 19. Branching Enzymes. SBE1 is highly expressed in potato tubers while an increase in
expression is observed as tomato fruit ripens.
4.2.4 α-amylase
In Arabidopsis three proteins are predicted to be α-amylases AMY1, AMY2 and AMY3. AMY3
is located in the chloroplast. Probably none of these isoforms are necessary for starch
degradation (A. M. Smith et al. 2005).
In Figure 20 α-amylases expression levels are shown. AMY2 is highly expressed in potato
tubers. AMY3 is highly expressed in ripening and ripe tomato fruits. In both tomato and potato a
duplication occurred to AMY1, but one of the isoforms is just barely expressed.
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AMY2
AMY1
AMY1
AMY3

Figure 20. AMY (α-amylase). In red print on the right it is the name of the orthologous
Arabidopsis gene, as inferred from the tree.
4.2.5 β-amylase
In Figure 21 β-amylases expression levels are shown. BAM1 is highly expressed in potato
leaves, tubers and stolons, while little expressed in tomato. BAM1 is considered to be
chloroplastic in Arabidopsis (Zeeman et al. 2010), however, in potato it is expressed in the nonphotosynthetic tissues of stolons and tubers. BAM3 is duplicated in both tomato and potato and
one of the isoforms is found expressed in potato leaves while almost not at all in any of the
tomato tissues. BAM9 is highly expressed in potato leaves, tubers and stolons, as well as in
ripening and ripe tomato fruits. This is in contrast with references (Zeeman et al. 2010), that
BAM9 is considered to be inactive in Arabidopsis as it has multiple substitutions of amino acid
residues in its putative active site that are strictly conserved in other active β-amylases.
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BAM1
BAM3
BAM9
BAM3

Figure 21. β-amylases (BAM). In red print on the right it is the name of the orthologous
Arabidopsis gene, as inferred from the tree.

4.3 Similar studies
In a comparative genomics study (Frumence et al. 2013) of odorant binding proteins (OBPs)
across 3 mosquitoes species, a similar approach was used as in this study. Putative OBPs were
identified using 10 Drosophila query sequences, in a similar way Arabidopsis “seed” genes were
used in this study. For homologous genes discovery consecutive PSI-BLAST runs were used
instead of HMMs. To identify orthologous genes from this set of genes, the reciprocal best
BLAST hit approach was used, instead of the domain similarity approach used in this study.
Phylogenetic trees were inferred using the neighbor-joining method in MEGA 4.0, instead of
maximum likelihood and RAxML used in this study. Branches less than 50% bootstrap support
were collapsed. InParanoid database was used to examine the inparalogous relationships between
OBPs. The authors succeeded in discovering all previously reported OBPs plus a number of new
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ones. To conclude, a comparable workflow as in current study was followed, even though
different tools were used to accomplish the same tasks.
4.4 Further steps to be taken to make use of the output of this analysis.
The goal of this study was to create a pipeline that would facilitate the comparison of the genes
of the starch pathway between tomato and potato. This goal has been accomplished and the
output has been presented and discussed.
This output can be considered to be too general though. More specific biological questions may
arise as this knowledge is used for plant breeding. Expression data on another set of tissues for
one of the enzymes could provide a useful insight, for example.
In this study, only genes encoding for pathway enzymes were discussed. It would be equally
interesting though to look for genes that encode for proteins facilitating the transportation of
metabolites across the cell membrane or enzymes part of a pathway feeding the starch pathway
with metabolites. In other words, the biology connected to starch metabolism and the
transcription factors should be taken into account.
With a few minor modifications in the source code, this pipeline can be used for a similar
analysis of any gene family. Its usability can be improved by simplifying the configuration file
fields or removing entries that are redundant. A graphics user interface can be built to increase
the user-friendliness.
4.5 Points to improve in the pipeline
Part of the pipeline is a module that visualizes expression data. In the current implementation,
this module is dependent on the rest of the pipeline script to function: RNA-seq data is retrieved
for the set of homologous genes that was previously compiled by the pipeline. It would be useful
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if the module could function independently and print the expression data for any set of genes the
user inputs.
In this pipeline implementation, genes have to manually be entered in the correct order in the
appropriate fields in order to have orthologous genes printed in the same line. The user needs to
infer orthology from the trees manually. A script to extract and print all gene identifiers from a
tree file and print them paired would facilitate the creation of the graph.
Another feature that could be implemented is the ability to incorporate biological replicates for
the expression data and calculate the standard deviation or another interval estimate of the
values. This will facilitate the comparison of expression data between the two species.
4.6 Conclusions
This study has shown that the starch pathway genes are well preserved between potato and
tomato, despite the big differences in the phenotype between the two plants. On the genomic
level, only a handful of duplication or deletion events were discovered. On the trascriptomic
level a number of pairs of homologous genes demonstrated different expression patterns between
the two plants. Further investigation on these genes may provide an insight into the starch
metabolism pathway.
Software built for this study could be used to perform a similar comparative genomics analysis
for any gene family of any set of species.
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5. Appendix
5.1 Phylogenetic trees

Figure 22. α-amylases

Figure 23. β-amylase
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Figure 24. Branching Enzymes

Figure 25. DeBranching Enzymes

Figure 26. Disproportionating Enzymes
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Figure 27. Glucan Water Dikinase (GWD)

Figure 28. Phosphoglucose isomerase (PGI)

Figure 29. Phosphoglucomutase (PGM)
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Figure 30. Phosphoglucan phosphatase.

Figure 31. α-glucan phosphorylase (PHS)
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Figure 32. Starch Synthases

5.2 Pipeline manual
GFAnalysis Instructions Manual
What is GFAnalysis?
GFAnalysis is a comparative genomics tool that facilitates the study of a gene family across
several species. Even though GFAnalysis was specifically built to compare starch pathway genes
between tomato, potato and Arabidopsis, provided a number changes in the code are made, the
tool can be used for any other gene family or set of species.

How does GFAnalysis work?
GFAnalysis starts from a set of genes, representative of a metabolic pathway (or a group of
genes) of a species, referred to as ‘seed’ genes from now on. Tool proceeds to extend this set by
searching for homologs in the genome of the species providing the seed genes, as well as in other
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species that are of interest. This is accomplished by looking into InterProScan output from all the
species. In other words it looks for genes that have the same domains as the ones in the seed set.
After this extended set of homologous genes is built, phylogenetic trees are being produced. In
this manner duplications or deletions of genes across the species can be pinpointed. Additionally,
RNA-seq data is fed into software, with the user selecting tissues and conditions of interest. This
expression data is then visualized onto a KEGG metabolic pathway graph that has been
appropriately manipulated by the user. In this manner, both genomic and expression differences
between the species can be studied.
GFAnalysis is programmed in Perl.

How to install GFAnalysis
To install GFAnalysis, a number of folders and files need to be copied into user’s linux machine.
Moreover, specific software and Perl modules need to be available on that machine.
The following three files and one folder need to be copied into users working directory:
●

A configuration yml file that contains all settings for the pipeline along with the paths
where input files are saved.

●

Two shell script files (.sh) that are executing Perl scripts in the appropriate sequence.

●

Folder GFAnalysis that contains all the scripts.
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There are two software tools required to be installed in the machine before GFAnalysis can be
used. The first is mafft, for multiple alignments of sequences, and the second is RaXML, for
building phylogenetic trees.
1

Additionally, apart from Perl itself, there are a few Perl modules that need to be installed
on the machine before the pipeline can be executed. They are listed in the appendix.

Input files
All input files are defined in the configuration file, along with the path they are stored in. It is
therefore convenient to describe input files along with the rest of the fields in the configuration
file.
Configuration.yml, is, as its name suggests, a yml file. It has the following fields, all of which
should be properly defined for the scripts to properly run. Fields can be roughly divided into the
following categories:
1

Input files

2

Options

3

Intermediate files created by GFAnalysis.

Input files fields in Configuration.yml:
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Sequence_files_path: A folder (path) where FASTA files containing ‘seed’ genes are stored. In
the case gene names in the FASTA are different from the one in the proteome file, gene (protein)
sequence should also be included. Otherwise gene name in the FASTA file header is sufficient
and the sequence field should be left blank. It is recommended to cluster the seed genes and put
similar genes (eg. homologous) together in one file.
Pfam_Domains: A file. In the case the user wants to add manually protein domains IDs (if, for
instance, interproscan failed to detect some). File format: in each single line we have
associated_file_name(the file name that contains related seed genes) and domain IDs, separated
by space. It is optional.
Hash_of_fasta_files: Contains a hash with plant => proteome fasta file.
PotatoGFF_File: Potato GFF annotation file, in the case original PGSC annotation is used.
multiple_domains_hash: Hash Plant => Interproscan output file.
Script expects the following information in the following columns in file: Gene ID [0],
HMMPfam [3], Domain ID [4]
Interproscan_Seed_organism: Interposcan file with interproscan results for the species that
provided the ‘seed’ genes.
Plant2RNAfile: Plant => RNA-seq file. In the header of this RNA-seq file a tissue and condition
description is expected.
Uniprot_files: plant => Uniprot files. Uniprot are fasta files containing all genes of the species
that is stored in Uniprot DB
Proteome_files: Plant => fasta proteome files.
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colors_file: File with codes of color shades, from the lightest (eg white) to the darkest (eg dark
red). In each line an integer is found, starting from 0 and up to the total number of shades
included, followed by the color code. Color corresponding to 0 is reserved for indicating FPKM
values of zero and should be distinct from the rest (eg green in a set of red shades). Τhe τwo
integers are tab separated.
XML_file: XML file, on which expression data will be visualized, after it has been properly
manipulated by the user (for more details read ‘How to run GFAnalysis’).

Options fields in Configuration.yml:
Output_path: The path where output files will be stored.
working_path: Path where intermediate files created by scripts will be stored. It also contains
the Output_path.
Mafft_path: mafft executable file
RaxML_path: RaXML executable file
Number_bootstraps: number of bootstraps RaXML will perform
Plant2Tissue_list: Plant => list of numbers. Numbers correspond to tissue and conditions. If
there is only one number, and is equal to 0, the the script will print all options (from the
description found at the header of the RNA-seq file) asking the user to make a choice on the fly.
ara_gene_aliases: Arabidopsis gene ID => Gene name
original_IDs: if 1, it is true, then the original potato PGSC Gene IDs are used
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Always_overwrite: if 1, it is true, then delete the contents of the output folder without user’s
prompt
colors_increment: the minimum difference between 2 FPKM values in order to be assigned to
different colors. If set at 0 (zero), then the script is calculating the optimal value according to the
formula:

maximum FPKM value
number of colors

. In this manner, a sample with FPKM value of 0 will be assigned

with the lightest color (white), while the sample with the maximum RPKM the darkest available
in the set.
XML_tag: a string tag used to identify the nodes on the user-modified XML file. (eg
http://www.ab.wur.nl/gfanalysis )

Intermediate files fields in configuration.yml:
Hash_of_domain_files: Contains a hash with Plant => yml file (normally stored in the working
path). yml file has been earlier created by Multiuple_Domains.pl and is a map of Gene IDs to a
list of domain IDs.
Array_of_gene2Name_files: A list of yml files with Gene_ID => Gene_Name. Files are created
by Arabidopsis_genes_parser.pl + Potato_Tomato_genes_parser.pl
potato_protID2Chrom_file:

yml file with prot_id => chromosome number. Created by

Potato_Tomato_genes_parser.pl
Potato_protein2Gene_map: protein ID => Gene ID (in the case original potato annotation is
used), created by Potato_Tomato_genes_parser.pl.
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map_protein2gene: Potato Gene ID => Protein ID
hash_blast_results: Hash Plant => yml file. These files contain Gene ID => Gene Name
RNA_files: hash of Plant => RNA output file. These files are created by the pipeline, and are
expected to be in the output path.
XML_output_file: Name of the XML output file where visualization output is saved
Trees2GeneIDs_file: just a name of the file where Trees => Gene IDs will be written. This file
is facilitating the creation of the XML file for the visualization, as it has all gene IDs found
during the analysis under the corresponding tree name (these IDs have to be copied in the XML
file).

Output
Output of GFAnalysis can be roughly divided into two categories: final output files, that
informative for the end user, and intermediate files, that are just output of one script or tool and
input for another. Intermediate files generally do not contain information useful to to the end
user.
The final output includes the following:
1

A number of folders, in the output path, that should be equal to the number of input
sequence files, containing the ‘seed’ genes and named after them. In each such folder a
.newick file, with a tree can be found. Moreover, a summary.txt file is providing an
overview of the homologous genes found across the species.
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2

Ιn the main output folder RNA output files are stored, which will be fed in the next step
to visualize gene expression on the kegg pathway. In the same path a file with a table of
all genes IDs found in each tree is stored.

3

Finally, in the main working folder an XML file with the RNA-seq info incorporated can
be found. RNA-seq information is visualized after this file is opened by the appropriate
software.

How to run GFAnalysis
After all files mentioned in the installation are copied in the desired folder, pipeline is ready to be
used. User should follow the steps:
1

Fill in all the fields in the configuration.yml file.

2

Run GFAnalysis.sh

3

Gene trees are now in the output folder, along with the files with the expression data
output, necessary for the next step.

4

For the visualization of RNA-seq data user should first take the corresponding Kegg
XML file and manipulate it with the appropriate software. It is also possible for the user
to create the graph starting from scratch. More specifically, what has to be done is:
a

In the case the user starts with a Kegg pathway graph, it is advisable to delete the
nodes that are not important for the analysis. Otherwise, after expression data is
printed, the resulting graph will be cluttered with information, making it difficult
to read.
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b

For the nodes of interest (eg enzymes), an extra node should be created, and
connected with a link with the enzyme node.

c

In this newly created node, the following information should be filed in in the
corresponding fields. Specifically:
i

In Label a descriptive name for the enzyme must be typed in.

ii

In ID all gene IDs that encode for this particular enzyme must be filled in.
This can be inferred from the tree output. As it is expected that each tree
will include (homologous) genes from only one enzyme, an output file
contains a table with all gene IDs that correspond to a tree. As more than
one plants can be included in the analysis, the format plant:Gene_ID used
to assign the proper plant name to the Gene_ID.

iii In the Reference URL a string must be typed, as defined in the XML_tag

field, as a means of tagging the particular node for the script.
d
5

Save the file

Run visualization.sh

Output file can be found in the working directory, named after the name provided in the
configuration file.

Appendix
List of modules required by GFAnalysis
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Array::Utils
Bio::Gonzales::Align::IO
Bio::Gonzales::Feat::IO::GFF3
Bio::Gonzales::Matrix::IO
Bio::Gonzales::Seq
Bio::Gonzales::Seq::IO
Bio::Gonzales::Seq::Util
Bio::Phylo::IO
Bio::SeqIO
Getopt::Long::Descriptive
Gonzales::Util::Cerial
XML::Smart
YAML::XS
Storable
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