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ABSTRACT

Identifying genes required for the formation of neurons from
skin cells using forward genetic screens and whole genome
sequencing in C. elegans

Gregory Minevich

The human brain is the most complex structure in the known universe and one of
the ultimate goals of humanity is to understand its function. The “bottom-up” approach
to developmental neuroscience seeks to assemble a “parts list” of the genes expressed in
each neuron and a map of the gene regulatory networks that determine the identity of the
diverse neuronal types. A key part of building such a gene regulatory map is to identify
the transcription factors that are key nodes in these networks.
The goal of my PhD was to study the particular gene regulatory networks that
govern the decision of the V5 skin cell to divide, lose its skin fate and decide to make
dopamine and glutamate sensory neurons. We chose an unbiased forward genetic screen
approach coupled with whole genome sequencing of mutants derived from these screens.
In the process, we found several mutants that govern this process and developed a
software pipeline that simplifies the analysis of mutants for others who perform forward
genetic screens.
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The Brain—is wider than the
Sky—
For—put them side by side—
The one the other will contain
With ease—and You—beside—
The Brain is deeper than the sea
—
For—hold them—Blue to Blue
—
The one the other will absorb—
As Sponges—Buckets—do—
[. . . ]
—
As Syllable from Sound
Emily Dickinson
!
!
!

Many complain of their looks, but none of their brains.
Yiddish proverb
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CHAPTER 1: A BOTTOM-UP APPROACH TO DEVELOPMENTAL
NEUROSCIENCE
1.1 The scope and complexity of the nervous system
The human brain is often described as the most complex structure in the known
universe (Kandel 2006). Weighing approximately 3 pounds, the brain controls simple
activities such as body movement as well as more complex, quintessentially human
activity such as music, artistic creation, and humor. In this regard, the mind is the set of
operations carried out by the brain much as digestion is the set of operations carried out
by the digestive system, except considerably more elaborate.
The activities of the mind are the output of the elementary signaling units of the
brain -- approximately 100 billion neurons (Milo, Jorgensen et al. 2010) and their
hundreds of trillions of synaptic connections (Smith 2014). Each of these synapses further
contains many protein molecular “switches” (ion channels, receptors, and signaling
molecules) thus bringing the total number of synaptic switches per brain to ~10^20. To
make an analogy to the world of computing, this is approximately the number of total
transistors in all the computers on earth (Smith 2014). This vast diversity of neurons and
synapses are further organized into specialized circuits in different parts of the brain that
carry out each mental function — from control of basic breath, to the most complex
ruminations on quantum mechanics and the origins of the universe.

1.2 Hidden structure of the brain
In recent times, with incredible advances in microscopy, reporter gene
technology, electrophysiology, and computing, neuroscientists are making impressive
2

advances in understanding the structure and function of the brain. For instance, up until
the past few decades, most scientists would have said that the brain’s neuronal pathways
resemble a tangled mass of spaghetti – separate pathways that do not maintain a spatial
pattern relative to each other (Kurzweil 2012). In many respects it was tough to reconcile
how a tangled, messy mass with the consistency of “cold porridge” in the words of the
eminent computer scientist Alan Turing (Fig. 1) (Turing 1952) could give rise to the great
complexity of thought known to emanate from the brain. It turns out that the messy mass
has much more structure than once thought:
“…what we found was that rather than being haphazardly arranged or independent
pathways, we find that all of the pathways of the brain taken together fit together in a
single exceedingly simple structure. They basically look like a cube. They basically run in
three perpendicular directions, and in each one of those three directions the pathways are
highly parallel to each other and arranged in arrays. So, instead of independent spaghettis,
we see that the connectivity of the brain is, in a sense, a single coherent structure.”
(Kurzweil 2012, Wedeen 2012) (Fig. 2)
!
!

1.3 New tools and the BRAIN Initiative
Acknowledging the importance of Freeman Dyson’s observation that “New
directions in science are launched by new tools much more often than by new concepts”
(Dyson, Universitah ha-ʻIvrit bi-Yerushalayim. et al. 1997), researchers have launched an
ambitious new project to apply advances from a variety of fields such as nanotechnology
and optogenetics to the development of non-invasive tools that will assist in understanding
the brain (Alivisatos, Chun et al. 2012). The ultimate goals of the BRAIN Initiative are to
map the activity of every neuron in the human brain and to gain a better understanding
of higher-order, emergent properties such as cognition while also gaining insight into
brain disorders such as autism and schizophrenia (Church 2014). In contrast to a “static”
model of the brain that simply maps how neurons connect to one another, the BRAIN
3

Initiative seeks a “functional” model that would show not only connections between the
millions of neurons in the brain, but also the individual activity of each neuron in various
neural circuits.
!

Fig. 1 The brain is messy and has the “consistency of cold porridge”
according to the computer science pioneer Allan Turing in 1952.

Fig. 2 The Geometric Structure of the Brain Fiber Pathways (Wedeen 2012)

!
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1.4 The need for a developmental, bottom-up approach to understanding
brain function
Not everyone is convinced that the BRAIN Initiative is the best use of resources
given that funds and existing neuroscience efforts will likely be diverted from other
research and the goal of attaining a functional map of the human brain is not reasonable
within the 10-15 year BRAIN Initiative time frame (Gonzalez 2013, Stix 2013). In the
words of Cori Bargmann (before she became one of the leaders of the BRAIN Initiative),
“Creative science is bottom-up, not top down . . . Are we talking about central planning
inside the Beltway?” (Wadman 2013).
Other critics of the BRAIN Initiative such as Cristof Koch (Koch 2013) point out
that despite the fact that the 302 neurons of C. elegans have been mapped for their
connectivity (known as the “connectome”), we are nowhere close to comprehending how
its brain functions. Much as with the human genome, complete knowledge of the
connectome will be a necessary, but not sufficient condition for a complete understanding
of brain function. For example, neuropeptides are often are co-released with
neurotransmitters and can modulate the nature of the neurotransmitter signal. They will
therefore complicate the building of functional models from knowledge of the
connectome. There are currently about 100 known neuropeptides and there is no
comprehensive map of neuronal peptide expression (http://www.neuropeptides.nl/). In
addition, a neurotransmitter can sometimes have two outputs (one excitatory and one
inhibitory) depending on the receptors on receiving cells (Zhaoyu Li 2014). Each synaptic
connection can therefore have a sign, or directionality and it may be modulated.
In parallel to the mostly top down approach employed by the BRAIN Initiative, it
will be therefore be essential to employ a “bottom-up” developmental biology approach
5

to understand how neuronal diversity is generated. Such an approach will utilize classical
genetics, reporter gene technology and techniques such as whole genome DNA
sequencing and single cell RNA sequencing to determine a “parts list” of what genes are
expressed in each neuron and how those genes are regulated during development to form
the particular neuron type. Naturally, a developmental biology approach will yield
insights into what genes, when disrupted, cause disease. It will also offer baseline
knowledge necessary for stem cell therapies that seek to differentiate stem cells into
terminal neuron types for replacement into diseased patients.
A critical part of this bottom-up/parts list approach to understanding the nervous
system is the development of new bioinformatics methods that will allow researchers to
capture and interpret the vast torrents of sequencing data from their experiments. The
importance of new methods for analysis of genomic data follows a general trend in
scientific research. A recent list of the 100 most cited scientific papers of all time supports
this notion as the vast majority described experimental methods or software (Richard Van
Noorden 2014).
In summary, before we can reach the lofty goal of understanding how
consciousness results from brain activity, we must start from the bottom and understand
how the brain’s diverse individual neuron types and the connections between them are
encoded in a four letter, one-dimensional genome. How could it be that depending
primarily on the order of the same four nucleotides, an organism can develop into either
a banana or a human?

6

1.5 The advantages of C. elegans as a model system for studying neuronal
development
Cell fate specification depends on the interplay between two broad sets of
influences: 1) extrinsic cues in the form of transmembrane or secreted signals and 2)
intrinsic signals that act in a cell-autonomous manner (Edlund and Jessell 1999). The
relative input of both intrinsic and extrinsic factors varies over developmental time,
context and cell type, and understanding how these factors interact to form the various
diverse cell types constitutes the central challenge of developmental neurobiology (Edlund
and Jessell 1999).
The study of neuronal development in higher vertebrates is complex due to the
length of their lifecycle and the difficulty of tracking in vivo an individual lineage and cell
type over the course of development. For these reasons among others, many
developmental neurobiologists take advantage of the evolutionary conservation of
neuronal differentiation programs in simpler organisms such as the invertebrates D.
melanogaster and C. elegans (Barr 2003). Indeed, much of our knowledge of nervous system
development comes from these model organisms (Ruvkun 1997, Hobert 2010, Spindler
and Hartenstein 2010).
We have chosen to study neurogenesis in the nematode C. elegans for several key
reasons (Hobert 2010). First, the anatomy of the worm is very well defined. The C. elegans
hermaphrodite has 959 somatic cells, with 302 neurons composed of 118 morphologically
distinct neuronal classes. The worm’s invariant cell lineage allows for direct comparison
of individual cell fates and lineages from individual animal to individual animal thus
eliminating broad and potentially inaccurate comparisons at the level of overall tissue
morphology and structure (Dougherty and Calhoun 1948). In addition, C. elegans is the
7

first multicellular organism for which the neuronal connectome (“wiring diagram”) has
been mapped (White, Southgate et al. 1986). This allows for detailed interpretation of
neuronal function via mutant or cell ablation experiments followed by behavioral
observations (Chalfie and Au 1989, Yemini, Jucikas et al. 2013). Second, the genetic
tractability of the worm has allowed for the generation of a large library of neuronal cell
fate mutants from forward genetic screens (Brenner 1974, Jorgensen and Mango 2002).
C. elegans was the first multicellular organism to have its genome fully sequenced thus
facilitating the rapid identification of causal variants from forward genetic screens
(Bigelow, Doitsidou et al. 2009, Doitsidou, Poole et al. 2010, Sarin, Bertrand et al. 2010,
Minevich, Park et al. 2012). Finally, the simplicity with which reporter gene constructs
can be generated has permitted a detailed understanding of the cis-regulatory logic
required for neuronal specification (Mello, Kramer et al. 1991, Hobert 2002, Tursun,
Cochella et al. 2009, Dickinson, Ward et al. 2013).
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CHAPTER 2: CLOUDMAP: A CLOUD-BASED PIPELINE FOR ANALYSIS OF
MUTANT GENOME SEQUENCES
INTRODUCTION
2.1 Forward genetic screens: unbiased approaches for finding genes
responsible for any phenotype
The idea that genetic differences underlie phenotypic differences between living
things is as old as the field of genetics (Mendel 1866). Charles Darwin and Francis Galton
extended this concept further by suggesting that genetic differences may even underlie
such complex phenotypes as behavioral diversity (Galton 1869, Darwin 1871).
Approximately 40 years after these seminal leaps in biological understanding, Thomas
Hunt Morgan decided to accelerate the process of genetic mutant analysis by exposing
Drosophila to chemicals and radiation and the idea of genetics screens was born (Weiner
1999).
Since those early days, forward genetic screens for animals displaying mutant
phenotypes have proven to be an especially powerful tool in advancing our knowledge of
genetics (Benzer 1967, Brenner 1974, Nusslein-Volhard and Wieschaus 1980). In the
recent era where the genomes of model organism genomes are known (Consortium 1998),
we can combine the process of generating mutants via exposure to chemicals such as
EMS with the process of sequencing the genomes of the mutants to determine which
causal mutation is responsible for the selected phenotype.
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2.2 C. elegans is an ideal organism for high throughput forward genetic
screens
C. elegans is an especially popular organism for forward genetic screens because of
its advantages such as short generation time, transparency, size, self-fertilization and ease
of making transgenic lines (Jorgensen and Mango 2002). These advantages are
particularly impressive because they allow for mutant screens where individual cell fates,
as visualized by gfp-based reporters (Chalfie, Tu et al. 1994), are inappropriately executed.
The Hobert lab has demonstrated that use of a flow cytometry instrument specialized for
worms (a “worm sorter”) (Pulak 2006) can greatly simplify and speed up forward genetic
screens for loss of gfp-labeled cell fate (Fig. 1) (Doitsidou, Flames et al. 2008).
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Fig. A The worm sorter greatly simplifies the process of identifying mutants
from forward genetic screens (Doitsidou, Flames et al. 2008). The screen
performed in this paper isolated mutants for dopamine neuron fate as
assayed by a dat-1::gfp reporter.
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2.3 Bulk segregant analysis coupled with whole genome sequencing
accelerates the process of finding causal variants in mutant strains
Once a mutant is isolated from a forward genetic screen, the search begins for the
causal mutation(s) responsible for the given phenotype. In the past this has involved
genetic mapping strategies using single nucleotide polymorphisms (Williams, Schrank et
al. 1992, Wicks, Yeh et al. 2001, Davis, Hammarlund et al. 2005). In this approach, a
mutant strain from the N2 wild type background is crossed with a polymorphic Hawaiian
CB4856 strain and mutant F2 progeny are examined for their distribution of ~112,000
SNP markers. Genomic regions near the causal variant will contain fewer Hawaiian SNPs
while unlinked regions will contain a mix of Hawaiian and N2 SNPs. The problem with
this approach is that it is fairly time consuming due to the length of time required for
analysis of each SNP. For this reason, a small subset of SNPs is chosen for initial analysis
and then iterative rounds of SNP analysis are performed as the causal region is mapped
to greater precision. Once the linked region containing the mutation is determined, the
time consuming step of Sanger sequencing the region for the causal mutations itself
begins.
In contrast, bulk segregant analysis involves pooling a collection of F2 mutant
progeny from an outcross to a polymorphic strain and analyzing the relative SNP
frequencies in that pooled DNA (Michelmore, Paran et al. 1991). With the advent of next
generation sequencing (Shen, Fan et al. 2005, Shendure, Porreca et al. 2005, Wheeler,
Srinivasan et al. 2008), these pooled genomes can be analyzed in their entirety at
reasonable cost and the location of the causal genetic variant(s) can be easily found
(Bigelow, Doitsidou et al. 2009, Schneeberger, Ossowski et al. 2009, Doitsidou, Poole et
al. 2010, Schneeberger 2014).
16

RESULTS
2.4 CloudMap Introduction
Whole genome sequencing of bulked recombinant mutants is the fastest and
cheapest method to map phenotype-causing mutations in model organisms like C. elegans.
However, analysis of the resulting data is complex and requires specialized bioinformatics
knowledge not readily available in most labs. The free and cloud-based CloudMap
software pipeline solves this analysis bottleneck using a set of community-accepted
standards for analysis (Minevich, Park et al. 2012). CloudMap thus places next generation
sequencing data analysis in the hands of biological researchers.
The CloudMap publication is on page 21 of this thesis and a Worm Breeders
Gazette update on the accuracy of CloudMap from numerous different screens within
our lab is presented on page 53.
I came up with the idea to create a cloud-based pipeline using the Galaxy
platform, determined the sequence of steps and features of the pipeline, experimentally
validated the pipeline with samples from our lab and others, developed the mapping
algorithm which normalizes for Hawaiian SNP density, wrote the Python, R, and XML
code together with Danny Park, developed the VDM method together with Richard
Poole, created the CloudMap websites http://usegalaxy.org/cloudmap and
http://hobertlab.org/cloudmap, and wrote the paper and made the figures.

!
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CloudMap: A Cloud-Based Pipeline for Analysis
of Mutant Genome Sequences
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*Department of Biochemistry and Molecular Biophysics, Howard Hughes Medical Institute, Columbia University Medical Center,
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ABSTRACT Whole genome sequencing (WGS) allows researchers to pinpoint genetic differences between individuals and signiﬁcantly
shortcuts the costly and time-consuming part of forward genetic analysis in model organism systems. Currently, the most effortintensive part of WGS is the bioinformatic analysis of the relatively short reads generated by second generation sequencing platforms.
We describe here a novel, easily accessible and cloud-based pipeline, called CloudMap, which greatly simpliﬁes the analysis of mutant
genome sequences. Available on the Galaxy web platform, CloudMap requires no software installation when run on the cloud, but it
can also be run locally or via Amazon’s Elastic Compute Cloud (EC2) service. CloudMap uses a series of predeﬁned workﬂows to
pinpoint sequence variations in animal genomes, such as those of premutagenized and mutagenized Caenorhabditis elegans strains. In
combination with a variant-based mapping procedure, CloudMap allows users to sharply deﬁne genetic map intervals graphically and
to retrieve very short lists of candidate variants with a few simple clicks. Automated workﬂows and extensive video user guides are
available to detail the individual analysis steps performed (http://usegalaxy.org/cloudmap). We demonstrate the utility of CloudMap for
WGS analysis of C. elegans and Arabidopsis genomes and describe how other organisms (e.g., Zebraﬁsh and Drosophila) can easily be
accommodated by this software platform. To accommodate rapid analysis of many mutants from large-scale genetic screens, CloudMap contains an in silico complementation testing tool that allows users to rapidly identify instances where multiple alleles of the same
gene are present in the mutant collection. Lastly, we describe the application of a novel mapping/WGS method (“Variant Discovery
Mapping”) that does not rely on a deﬁned polymorphic mapping strain, and we integrate the application of this method into
CloudMap. CloudMap tools and documentation are continually updated at http://usegalaxy.org/cloudmap.

W

HOLE genome sequencing (WGS) represents the fastest and most cost-effective way to map phenotypecausing mutations in model organisms such as Caenorhabditis elegans (Hobert 2010). However, analysis of the resulting
data is complex and requires specialized bioinformatics
knowledge not readily available in most labs. Furthermore,

the ﬂood of WGS data has raised new concerns about both
computing power needs and data storage capacities. Researchers may be unwilling to commit resources to computers or software in the fear that they may be quickly
replaced or will not be interoperable with existing or future
systems. As WGS costs continue to plummet and the technology becomes pervasive, all laboratories that use genetic
analysis will be faced with these problems.
The basic premise of genetic mapping is simple: out of
the millions of base positions in a mutagenized, sequenced
genome, we aim to ﬁnd the region of genome that is linked
to the phenotype-causing mutation and identify the causal
variant. Our lab has previously developed single-step SNP
mapping strategies coupled with whole genome sequencing
(Doitsidou et al. 2010) as well as software analysis tools
(MAQGene) for mutant genome sequence analysis (Bigelow
et al. 2009). Although MAQGene has been broadly used by
labs in the C. elegans community (Flowers et al. 2010; Sarin
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et al. 2010; Zhang et al. 2011; Kim et al. 2012; Labed et al.
2012), we no longer support it because the pipeline relies on
an outdated aligner (MAQ) and requires technical expertise
to install, which inevitably limits its general adoption.
In an effort to take advantage of cloud computing and
many freely available open source tools, we have designed
a new mutant genome sequence analysis pipeline to run on
the Galaxy platform (Afgan et al. 2011). Our pipeline uses
custom Python scripts to provide greatly improved mutant
mapping tools and relies on the Next Generation Sequencing
(NGS) Toolbox software suite in Galaxy, along with other
software adapted for Galaxy. The pipeline is browser based,
requires no software installation (when run on the cloud),
and is modular and thus able to accommodate new tools
when available. In addition to mapping mutations in C. elegans using mapping strains like the polymorphic Hawaiian
strain CB4856, CloudMap can be used to support similar
mapping strategies for any model organism that can be
crossed to a polymorphic mapping strain. We also show how
CloudMap can be used to apply a novel, variant-based mapping method (“Variant Discovery Mapping”) for WGS-based
mutant identiﬁcation. We demonstrate native CloudMap support for Arabidopsis and show how other organisms can easily
be accommodated with no changes to the software. We anticipate that as more biologists use these cloud-based tools to
process their own WGS data, more intellectual cross-pollination
will occur between biologists and bioinformaticians, resulting in
many new tools for the Galaxy platform.

submission of variant lists to WormBase (www.wormbase.
org), and other community databases follow.
Lenient variant lists: (Parameters applied to the sample
being subtracted from, i.e., the mutant strain being analyzed.) To accommodate low-quality/low-coverage WGS
data and to ensure the causal variant is not accidentally
removed during variant subtraction, the mapping quality
and base quality thresholds for the mutant being analyzed
are more lenient than for samples used for variant subtraction. WGS alignment data were ﬁltered for reads with
PHRED-based mapping score .10 and individual base quality scores at a given variant position were ﬁltered for
PHRED-based quality .17. No read depth ﬁlter was used.
Stringent variant lists: (Parameters applied to samples
used in variant subtraction in both mapping methods, to
identify heterozygous and homozygous positions in Variant
Discovery Mapping, for Hawaiian variant ﬁltration, and for
submission to various databases such as WormBase.) Reads
required a PHRED-based mapping score .30 (!1/1000
chances of mismapping to another location of the genome)
(Li et al. 2008) and individual base quality scores at a given
variant position were ﬁltered for PHRED-based quality .30
(!1/1000 chances of being called incorrectly) (Ewing and
Green 1998). For a position to be considered, read depth
had to be $3. For Variant Discovery Mapping heterozygous
and homozygous position data were further ﬁltered for
a PHRED-based QUAL score of $200 assigned to each variant by the Genome Analysis Toolkit (GATK) Uniﬁed Genotyper. We empirically determined this value as working best
across several samples and several organisms. The CloudMap Variant Discovery workﬂow produces output ﬁles ﬁltered at Q100, Q200, and Q300 and the CloudMap Variant
Discovery tool can easily be rerun with any of the three
different quality output ﬁles.

Materials and Methods
The reader is referred to the online user guides and videos
(http://usegalaxy.org/cloudmap) and the proof-of-principle
examples described below. These materials will be continuously updated.
Strains

In silico complementation testing tool: Liberal subtraction
strategy: Variant call format (VCF) ﬁles (Danecek et al.
2011) containing both homozygous and heterozygous variants from all samples should be used as input to the Combine Variants tool with the option “Combine variants and
output site only if variant is present in at least N input ﬁles”
set to “2.” This VCF ﬁle of liberally deﬁned common variants
is then subtracted from the VCF for each individual sample
using the GATK Select Variants tool with this common variant VCF output ﬁle as an input to the parameter “Output
variants that were not called in this comparison track.”
Conservative subtraction strategy: The GATK Combine
Variants tool should be run with the option “Combine variants and output site only if variant is present in at least N
input ﬁles” set to a number ranging anywhere from half the
number of total samples, all the way to the most conservative subtraction strategy, where this parameter would be set
to the total number of samples under consideration. Stringently ﬁltered homozygous and heterozygous variants from

For the proof-of-principle application of CloudMap, the strains
OH4254 ot266; vtIs1[dat-1::gfp; rol-6(d)], OH4240 ot260;
vtIs1[dat-1::gfp; rol-6(d)], and OH4247 ot263; vtIs1[dat-1::
gfp; rol-6(d)] were used. FASTQ ﬁles from the mutant
strains fp6 and fp9 were kindly provided by S. Jarriault
and were used for the EMS Variant Density Mapping tool
demonstration.
For the Variant Discovery Mapping proof of principle, we
used the strain OH4254 ot266; vtIs1[dat-1::gfp; rol-6(d)].
Tool settings

We used default settings for all of the tools except where
otherwise noted. Users are strongly encouraged to read
documentation for each tool to suit their needs. Custom tool
settings are described below, in the user guide, and are also
deﬁned in the CloudMap published workﬂows available at:
http://usegalaxy.org/cloudmap.
The mapping quality and base quality thresholds for
Hawaiian Variant Mapping, unmapped mutant analysis,
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all samples can be used as input for the GATK Combine
Variants tool. This VCF ﬁle of conservatively deﬁned common variants is then subtracted from the VCF for each individual sample using the GATK Select Variants tool with the
earlier output ﬁle from the Combine Variants step used as an
input to the parameter “Output variants that were not called
in this comparison track.”

Results and Discussion
Overview

While WGS is the preferred method to map and clone
mutations from forward genetic screens, there is currently
no free, easy-to-use, non–model-organism–speciﬁc bioinformatics tool to analyze this type of WGS data. We have therefore developed CloudMap, a Galaxy-based pipeline that
allows end users to go from raw sequencing data (from
any next-generation sequencing platform) to a speciﬁc
map position and to a small list of potential candidate variants in a few simple steps. The overall conceptual strategy is
schematically depicted in Figure 1.
The CloudMap pipeline is entirely browser- and cloudbased, meaning no software installation is required (as
discussed below, CloudMap can also be run locally or via
Amazon’s Elastic Compute Cloud service). Data are uploaded
to secure individual user accounts and analyzed on servers
running Galaxy software (hosted at Penn State University
among other locations; list of available Galaxy servers in
Table 1) and all of the steps required for common mutant
analysis functions can be sequentially executed online
with a few simple clicks as part of Galaxy workﬂows (Figure 2). These workﬂows provide default function parameters, ensuring that users follow best practices and allow
for automated execution of sequential operations. We
provide these workﬂows as helpful guides, but experienced users may execute functions in any meaningful
order they please and may also create and share their
own workﬂows to take advantage of the automation feature. Documentation of common use case scenarios is
provided both in the form of pdf user guides and as
screen capture videos at http://usegalaxy.org/cloudmap.
These serve essentially as a simpliﬁed, graphic version of
this article that application-oriented end users, who are
not interested in the bioinformatic details of the strategy,
can use to get started (also see Proof-of-principle application of CloudMap below).

Figure 1 CloudMap overall conceptual strategy for mutant genome
analysis. This high-level summary depicts the main CloudMap processes
and outputs. Detailed overview of all the CloudMap functions is provided
in Figure 3, in the user guides, and published workﬂows available at
http://usegalaxy.org/cloudmap.

Strategies and workﬂows

When running the CloudMap pipeline using the workﬂows
we provide, several different bioinformatic processing steps
are performed automatically using a standardized set of
tools. Figure 3 illustrates all of these steps and additionally
indicates branch decision points where more experienced
users can choose among different software applications to
perform desired operations (detailed step-by-step instruc-
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tions are available in provided workﬂows, user guides, and
videos). For instance, users may choose from several aligners including the Burrows-Wheeler Aligner (BWA) (Li and
Durbin 2010), Bowtie (Langmead et al. 2009), or other
aligners. Users may also choose from several alignment
viewers such as the UCSC Genome Browser (Kent et al.
2002), the Integrated Genome Browser (IGB) (Nicol et al.
2009), WormBase (Harris et al. 2004), or other alignment
viewers depending on their preferences. Additionally, we
have written several tools, which are incorporated into the
automated workﬂows, designed to extract mapping positions for model organisms where a mapping cross has been
performed, to perform in silico complementation test analysis on mapped or unmapped strains, and to further annotate
candidate variants. The modular nature of CloudMap allows
the latest bioinformatics tools to be seamlessly incorporated
into the data analysis pipeline as they become available.
Likewise, the latest data stores, including releases of genome reference ﬁles for most common model organisms,
are updated regularly within Galaxy. Alternatively, they can
be uploaded by users and immediately used.
All workﬂows begin with users generating an account
and uploading sequencing data to the Galaxy website
(http://usegalaxy.org) or loading such data in their local
Galaxy installation (see below). Galaxy is also tightly integrated with many popular databases such as WormBase,
modENCODE, and Biomart, and transferring data from
these websites into Galaxy is a straightforward process. Galaxy accepts FASTQ format data ﬁles from all of the major
next-generation sequencing platforms (e.g., Illumina, ABI,
454) and ﬁles may be compressed for quicker upload times.
Current user quotas on the Galaxy main site (250 Gb) allow
for analysis of data from an entire Illumina ﬂow cell to
be performed in !1 day with relatively minimal user
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1251

Table 1 Summary of useful Galaxy links
Function

Link

Galaxy Wiki
Learn Galaxy
List of hosted Galaxy servers
Instructions to conﬁgure Galaxy locally
Other options for running Galaxy
Instructions on running Galaxy using Amazon Elastic Compute
Cloud (EC2)
List of common Galaxy tool errors
Toolshed

http://wiki.g2.bx.psu.edu/
http://wiki.g2.bx.psu.edu/Learn
http://wiki.g2.bx.psu.edu/Public%20Galaxy%20Servers
http://wiki.g2.bx.psu.edu/Admin/Get%20Galaxy
http://wiki.g2.bx.psu.edu/Big%20Picture/Choices
http://wiki.g2.bx.psu.edu/CloudMan
http://wiki.g2.bx.psu.edu/Support#Error_from_tools
http://toolshed.g2.bx.psu.edu

This table will continually be updated at http://usegalaxy.org/cloudmap.

involvement. Users requiring more data storage or more
powerful computing needs are encouraged to conﬁgure their
own local install of Galaxy or to conﬁgure an instance of
Galaxy using Amazon Elastic Compute Cloud (EC2), which
offers computing services on a payment-per-usage basis (for
details about these conﬁgurations see Table 1).
Below we describe in more detail the individual steps and
speciﬁc operations that can be performed as part of the
CloudMap pipeline. Importantly, all of these steps are
automated when using the workﬂows we provide. Our
general assumption in the description below is that users
will employ CloudMap to identify mutations in a mutagenized model system strain, such as C. elegans.

Alignment, variant calling, and annotation

Following upload of WGS sequencing data into Galaxy,
several preprocessing steps may be run on FASTQ ﬁles if
necessary. First, if the same sample was run on different
sequencing lanes, users may concatenate FASTQ ﬁles using
the Concatenate Datasets tool in Galaxy (Figure 3). Next, if
FASTQ quality scores are not in the recommended Sanger
format, users may convert the quality encoding in their FASTQ
ﬁles using the Galaxy FASTQ Groomer tool (Blankenberg et al.
2010). Once the quality score encoding of the FASTQ ﬁle is
resolved, the Galaxy FASTQ Summary Statistics and Boxplot
tools can be used to perform quality control checks on the raw
data (Blankenberg et al. 2010).

Figure 2 Screenshot of Galaxy workﬂow using the ot266 example discussed in Proof-of-principle application of CloudMap. Users may run this
workﬂow as well as others at http://usegalaxy.org/cloudmap. The output of the ot266 workﬂow is also available as a shared history at the URL
mentioned above. Here we see a Galaxy history with the FASTQ raw data ﬁle for ot266 along with various reference ﬁles used as input into the CloudMap
Hawaiian Variant Mapping With WGS Data and Variant Calling workﬂow. The reader is referred to user guides and videos for step-by-step instructions.
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Figure 3 Summary ﬂowchart illustrating all functions used in the CloudMap pipeline. More experienced users may choose among different software
tools to perform desired operations at marked decision points in the ﬂowchart. Detailed step-by-step instructions are available in user guides and videos.
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Figure 4 Sample screenshot of snpEff output following markup of affected transcription factors by CloudMap Check snpEff Candidates tool. Tabular
output of mutated genes and transcripts from snpEff together with lists of candidate loci can be used as input into the CloudMap Check snpEff
Candidates tool. In the example shown here, the output of the analysis of ot266 is displayed with the causal lesion in the vab-3 gene labeled as
a homeodomain transcription factor. The “Quality” column reﬂects the GATK-assigned, PHRED-based QUAL score from the VCF ﬁle input into snpEff
(Danecek et al. 2011).

Users can then choose from the latest open source
aligners to align their samples to their reference genome
(Figure 3). Readers are referred to a useful survey of sequencing alignment algorithms to learn more about their
respective strengths (Li and Homer 2010). Our automated
workﬂow uses BWA (see Proof-of-principle application of
CloudMap). Following alignment, we use several tools to
process the alignment ﬁle to improve insertion/deletion
(indel) calling and remove duplicate reads (reads with identical start and end points) (see Proof-of-principle application of
CloudMap).
Several alignment viewers are available for viewing
alignments, together with any type of additional trackbased data such as gene structure and conservation (via
the UCSC Genome Browser), protein domains, available
alleles, and modENCODE transcriptome data (via WormBase for C. elegans datasets). More experienced users may
also upload custom tracks of their own into any supported
alignment viewer. In the cases where alignment viewers
are integrated into Galaxy (UCSC Genome Browser, IGB,
WormBase, Galaxy Trackster, etc.) the alignment ﬁle [binary alignment/map (BAM) ﬁle] resides on the Galaxy
server and is dynamically streamed to the location hosting
the alignment viewer.
While alignment viewers are useful for assessing read
coverage and sequencing quality, a list of variants is necessary
to determine how sequence variants affect genomic function. Variant callers from GATK (DePristo et al. 2011) and
SAMtools (Li et al. 2009) calculate comprehensive lists of all
the genomic variants (SNPs and indels of varying sizes depending on the aligner used) with respect to a reference genome
in a given sample and output these in the VCF (Danecek
et al. 2011). Users have the choice to use either variant caller.
Readers are referred to a review of SNP calling from next-

generation sequencing data that also discusses respective
features of GATK and SAMtools (Nielsen et al. 2011). Our
automated workﬂow uses GATK (see Proof-of-principle application of CloudMap). Then, the variant effect caller snpEff
(Cingolani et al. 2012) predicts and annotates the effects of
these variants on genes (amino acid changes, splice site
variants, upstream/downstream potential regions, etc.) and
provides PHRED-based quality scores (Ewing and Green
1998) and coverage statistics for each variant. A sample
output is shown in Figure 4. Users can sort these tabular ﬁles
for speciﬁc types of variants, such as those that fall within
a mapping interval (see below) and are likely to have high
impact (for example, premature stops, frameshift mutations,
etc.). The user can then easily navigate in an alignment
viewer, to the region that contains the mutation of interest
for detailed inspection of the reads that were used to call
the variant.
Variant subtraction and ﬁltration

The process of variant subtraction is motivated by the desire
to remove all but the phenotype-causing variant(s) in a given
sample. Therefore, prior to performing analysis on the
variants in a given sample, variants that are present in the
premutagenesis starting strain (“background variants”), and
thus not responsible for the mutant phenotype, should be
subtracted. As previously shown in various WGS studies
(e.g., Flowers et al. 2010), such variant subtraction greatly
reduces the number of variants to consider. This can be
achieved in several ways, as illustrated in Figure 5. If the
premutagenesis, starting strain has been sequenced (our
preferred approach, given the low cost of WGS), users may
use the GATK Select Variants tool to subtract common variants in this starting strain from the variants in their mutant
sample (Figure 5A).
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Figure 5 Variant subtraction and ﬁltration. Only a subset of variants in a sample are legitimate candidates that might be responsible for the mutant
phenotype of interest. In addition to the ability to map potential mutant lesions to a small region (!1 Mb), the CloudMap pipeline allows users to
subtract nonphenotype-inducing variants from consideration. (A) Subtracting variants present in the background strain. If the premutagenesis, starting
strain has been sequenced, users may use the GATK Select Variants tool to subtract starting strain variants (“background variants”) from consideration.
(B) Subtracting variants present in other mutant strains from the same screen. If the premutagenesis strain has not been sequenced, then fewer variants
can be subtracted from the mutant under consideration. If other mutant strains from the same screen have been sequenced, common variants present
in the premutagenesis strain can be deduced from sequence analysis of such mutants. Employing a fairly conservative approach, we can choose to
subtract variants only if they are present in only two or more mutants that have been derived from forward genetic screens on the same starting strain.
(C) Subtracting variants present in at least one mutant strain of the same background. A less conservative variant subtraction strategy than mentioned in
B involves subtracting all variants that are present in the mutant strain of interest and at least one additional strain from the same screen. (D) Subtracting
variants present in at least one strain of any background. A more liberal variant subtraction strategy can be performed by subtracting variants present in
at least one strain of any background. The same caveats for this strategy apply as for the strategy described above in C. As variant information from
more whole genome sequenced strains becomes available, more variants will be available for this subtraction strategy.

Alternatively, if the premutagenesis strain has not been
sequenced, common variants present in the premutagenesis
strain can be deduced from sequence analysis of two or
more mutants that have been derived from forward genetic
screens on the same starting strain. The GATK Combine
Variants and Select Variants tools can be used to query
mutant WGS datasets for variants present in the mutant
strain of interest as well as in all other samples from the
same screen (Figure 5B, i.e., the logical intersection of all
sets of variants, A \ B \ C).
Researchers may employ a less conservative variant
subtraction strategy by subtracting all variants that are
present in the mutant strain of interest and at least one
additional strain from the same screen (Figure 5C). As this
approach involves subtracting more than only background
mutations in the starting strain, it carries with it the increased risk that potentially important phenotype-causing
or modiﬁer variants may be eliminated from consideration
(e.g., if the identical phenotype-inducing variant is present
in one of the subtraction strains, something that is unlikely
within a small set of mutant strains but which should be
taken into account as the number of datasets grows).

The most liberal variant subtraction strategy involves
subtracting from the mutant strain of interest all variants
present in additional strains of any background (from any
screen), even if present in only one of these additional
strains (Figure 5D). The same caveats for this strategy apply
as for the strategy described above in Figure 5C; namely, the
potential exists for phenotype-causing mutations to be unintentionally subtracted from the mutant strain of interest.
In an effort to subtract as many variants as possible, users
may subtract not only homozygous variants from other
strains, but also heterozygous variants. Such a strategy assumes that phenotype-inducing homozygous mutant variants
in the strain under analysis are unlikely to be heterozygous in
strains that will be used for subtraction. It is especially
important to apply this strategy when subtracting variant lists
generated from outcrossed samples using either the Hawaiian Variant Mapping or the Variant Discovery Mapping
approaches (see Hawaiian Variant Mapping with WGS Data
tool and Variant Discovery Mapping tool implements a novel
mapping method), since background variants will be present in a heterozygous state in these pooled samples as
a consequence of the mapping cross.
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Because it is easy to perform variant subtraction and
downstream analysis as well as to document settings for
each analysis performed (via Galaxy histories), we recommend starting with the most liberal variant subtraction
strategy to quickly see whether prime candidate variants are
present in the data. In parallel, users can run more conservative subtraction strategies and analyze those results, as they
deem appropriate.
Our lab maintains a list of background variants found in
various different screens and routinely compares them to
new WGS datasets. We submit premature stops, frame-shift
and splice variants to WormBase, and strains carrying these
variants to the Caenorhabditis Genetics Center (CGC). We
have set our thresholds for variant quality analysis rather
high to err on the side of caution (see Materials and
Methods).

tion testing can be time consuming and labor intensive.
Moreover, complementation tests are impossible to perform
with dominant alleles and are sometimes subject to misleading results (such as allelic complementation or nonallelic noncomplementation). With the decreasing costs of
WGS, it is now possible to simply sequence many mutants
that result from a screen and determine in silico which
mutants carry variants in the same locus (user-deﬁned upstream/downstream boundaries of a gene can also be considered as part of a locus by modifying snpEff output—our
pipline sets the upstream/downstream gene boundary to
0 bp as default). To allow such analysis, we developed the
CloudMap In Silico Complementation Test tool to compare
tabular snpEff outputs [which have been ﬁltered for quality
and had common variants subtracted for shared gene hits
(alleles) — see Materials and Methods] for shared gene hits
(alleles). This tool creates two output ﬁles: (1) a summary
ﬁle of the number of shared gene hits among the sequenced
mutants sorted from most to fewest (an abbreviated example is shown as Supporting Information, Figure S1A) and (2)
a corresponding ﬁle of the snpEff annotated alleles from
each sample also sorted from most to fewest (Figure S1B).
Below we describe the general steps involved in using the tool
(see user guide for detailed examples and the CloudMap in
Silico Complementation Test workﬂow: http://usegalaxy.
org/cloudmap).
As a ﬁrst pass at analysis, to remove background variants
present in the premutagenized strain, we recommend a
liberal subtraction strategy be applied where the most
possible variants are subtracted from each strain prior to in
silico complementation analysis (see Materials and Methods
for liberal subtraction strategy tool settings). The GATK
Combine Variants tool should ﬁrst be used to create a single
VCF ﬁle that contains only variants present in at least two
samples from the same genetic background (Figure 5C).
This VCF ﬁle of liberally deﬁned common variants will next
be subtracted from the VCF for each individual sample using
the GATK Select Variants tool. snpEff will then annotate
each of these subtracted VCF ﬁles and it is these annotated,
tabular snpEff output ﬁles that will be used as input to the In
Silico Complementation Test tool. When this liberal subtraction strategy is used, the tool will only return results where
allelic genetic loci contain nonidentical hits in more than
one sample.
It is possible that two independent alleles of the same
locus carry the exact same genetic variant. In this case, if
a liberal subtraction strategy were applied, the causal variant
would be subtracted at a step before running the In Silico
Complementation Test tool. Therefore, if the phenotypeinducing mutation is not identiﬁed with the liberal subtraction approach, we recommend that a more conservative background variant subtraction be employed to not
exclude identical mutagenesis-induced variants from different datasets (see Materials and Methods for conservative
subtraction strategy tool settings). Users should be aware
that by erring on the side of caution with the conservative

CloudMap Candidate List Checker and useful gene lists

Depending on the type of mutant sequenced or the genetic
screen performed, users may be especially interested in
variants that affect certain classes of genes. For instance,
forward genetic screens for C. elegans mutants in which
cellular fates are not appropriately executed often yield
mutations in transcription factors (e.g., Doitsidou et al.
2008). To quickly check whether classes of genes (such as
transcription factors) have been affected in a mutant, CloudMap provides the Candidate List Checker tool for snpEff
output. This tool accepts a two column, tab-delimited list
of gene names and their respective annotation information
together with the tabular output from snpEff.
We have generated ﬁve such lists that can be used with
the Candidate List Checker; the lists are available at http://
usegalaxy.org/cloudmap. These lists consist of: (1) all predicted transcription factors (Reece-Hoyes et al. 2011); (2)
a list of predicted chromatin factors (Tursun et al. 2011); (3)
a list of all C. elegans genes with human orthologs (Shaye
and Greenwald 2011); (4) a list of genes associated with
neuronal function (Hobert 2012); and (5) a list of genes
commonly involved in transgene silencing; such mutants
are often retrieved from screens in which transgenes are
used (Kim et al. 2005; Wang et al. 2005; Vastenhouw
et al. 2006). Notably, some transgene silencer mutations
may affect one transgene but not another (even within the
same cell), thus falsely encouraging researchers to pursue
what they may think is a variant that affects cell fate.
We encourage users to share similar lists by uploading
them to shared Galaxy libraries (http://wiki.g2.bx.psu.edu/
Admin/Data%20Libraries/Libraries).
In silico complementation testing

If performed on a large scale, forward genetic screens
usually yield multiple alleles of individual loci, which deﬁne
speciﬁc complementation groups. The traditional way to
identify such complementation groups is via complementation tests performed by genetic crosses. If screens have
revealed dozens of mutants, comprehensive complementa-
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subtraction approach, many nonphenotype-causing background variants will remain in the output ﬁles and will
appear as “false positive” identical variants present in multiple samples. Most of these will simply be background
variants present in the starting strain premutagenesis. To
deal with this problem in the context of the conservative
subtraction strategy, users may lower the Combine Variants
parameter to subtract variants shared by ,100% of strains,
but more than two strains (see Materials and Methods).
Candidate allelic mutants identiﬁed by such in silico complementation tests can then be conﬁrmed by classic genetic
complementation and therefore can be reduced to a few
simple crosses of candidate alleles (rather than an entire
mutant collection).

(Figure S2). Furthermore, the regions of high coverage
ﬂanking the putative deletion often have SNPs or insertions
present in many of the reads—reﬂecting the fact that regions
of the genome that were previously physically separated are
now adjacent (short NGS reads do not span large deletions as
BWA by default only recognizes indels of up to 5 bp). We
conﬁrmed that the putative deletion in Figure S2 was real
by amplifying this genomic region by PCR and Sanger sequencing of the amplicon.
CloudMap Hawaiian Variant Mapping With WGS
Data tool

As mutagenized strains contain thousands of variants (SNPs,
indels, etc.), a list of variants and their effects alone is
usually not adequate for identifying the phenotype-causing
mutation. We have previously described a one-step strategy
for whole genome sequencing and mapping (Doitsidou et al.
2010) modeled on a similar strategy in plants (Schneeberger
et al. 2009) that allows for ﬁne mapping of phenotypecausing mutations in a time- and cost-efﬁcient manner. Our
strategy requires crossing a mutant parental strain from a genetic screen (derived from the N2 Bristol strain) to the polymorphic mapping strain, Hawaiian CB4856, and picking
a number of F2 mutant progeny (Figure 6A). The progeny
of these F2’s (F3’s and F4’s) are then pooled and sequenced.
Genomic regions that are linked to the causal mutation (and
thus selected for) will recombine less frequently during meiosis and thus sequencing will reveal a stretch of pure parental sequence in the region of the mutation. In contrast,
nonlinked genomic regions will recombine in a roughly
50/50 ratio of mapping vs. parental sequences (Figure
6A). We can discriminate between stretches of parental vs.
mapping strain sequence in pooled F2 progeny by examining
the presence/absence of mapping strain SNPs relative to the
parental Bristol strain, that are distributed at !1 every 1000
bp (Hillier et al. 2008). The ratio of Hawaiian reads/total
reads at each of the !112,000 Hawaiian SNP positions is
then plotted according to physical position in the genome.
Genomic regions devoid of Hawaiian SNPs represent loci
that are linked to the causal mutation (Doitsidou et al.
2010).
CloudMap’s Hawaiian Variant Mapping With WGS Data
tool offers an improved plotting method for representing
variant mapping data derived from crosses such as described
above. [Note: while the Hawaiian Variant Mapping tool
accepts variants (SNPs and indels) as input, we use only
Hawaiian SNPs for mapping here because this list of SNPs
was already provided in WormBase. Researchers who wish
to use the mapping tools with known indel positions as well
as with SNPs—for instance if they have sequenced their
crossing strain—may do so with no modiﬁcations to the
tool.] Prior to running the plotting tool, we feed an alignment (BAM) ﬁle and a VCF reference ﬁle of provided Hawaiian SNP positions compiled from WormBase (http://
usegalaxy.org/cloudmap) as input into the GATK Uniﬁed
Genotyper tool. The output of this tool is a VCF ﬁle containing

Identifying deletions in WGS datasets

Various mutagens, including EMS, induce small (a few base
pairs) to large (many kilobases) deletions at appreciable
frequency (Janssen et al. 2010). Current aligners have difﬁculty in identifying deletions using short read length sequencing approaches such as those favored by Illumina.
While BWA is capable of identifying indels in short reads,
the size of such indels is limited to 5 bp according to default
settings. We have included in the automated workﬂow
a realignment-around-indels step (using GATK), which
improves the reliability of indel calling. However, it is still
often difﬁcult to distinguish regions of the genome that
have no sequencing coverage from genomic regions that
are genuinely deleted in the sample (Sarin et al. 2010).
CloudMap contains a workﬂow that helps identify deletions based on lack of coverage. Using the BedGraph tool
that is part of the BEDtools package (Quinlan and Hall
2010), users can obtain a ﬁle of genome coverage at every
position in the genome. This ﬁle can be ﬁltered for positions
with zero coverage using the Galaxy Filter tool, and the data
in the resulting Browser Extensible Data (BED) ﬁle can then
be subtracted (using the Galaxy Intersect and Galaxy Subtract tools) from other uncovered regions in samples from
the same screen in much the same way that normal variant
subtraction is performed. We provide a predeﬁned workﬂow
that automates these steps and a user guide that explains the
process in detail. The uncovered regions that are unique to
a strain can then be used as input into snpEff and a resulting
tabular annotated ﬁle can be sorted for those unique uncovered regions that fall in the mapping region and affect protein coding genes.
While the list of annotated uncovered regions is a useful
guide, in terms of data conﬁdence, it does not compare to
having high read depth for a variant and high quality scores
for the bases at the variant position. In other words, uncovered regions are the absence of evidence, not evidence
that a genomic region is truly missing. To ascertain with greater
conﬁdence which uncovered regions are real, researchers
should view these regions in an alignment viewer. We ﬁnd
that true deletions tend to have a “cliff-like” pattern of high
coverage followed by a steep drop in coverage down to zero
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Figure 6 CloudMap Hawaiian Variant Mapping with WGS Data strategy. (A) Schematic presentation of a previously described one-step strategy for
whole genome sequencing and mapping (Doitsidou et al. 2010) modeled on a similar strategy in plants (Schneeberger et al. 2009). (B) The CloudMap
Hawaiian Variant Mapping With WGS tool plots the ratio of mapping strain alleles/total reads at each of the mapping strain SNP positions in the
genome, as exempliﬁed with the ot266 dataset. To better visualize trends in the scatter plots of the SNP ratios, we plot a LOESS regression line (red)
through all the points on each chromosome. Each scatter plot also has a corresponding frequency plot that displays regions of linked chromosomes
where pure parental allele SNP positions are concentrated. The same genomic region that shows linkage in the LOESS scatter plots also shows
a matching peak in the frequency plots of pure parental alleles. These frequency plots are binned by default into 1-Mb (gray) and 0.5-Mb (red) bins
although these bin sizes are adjustable. The ﬁgure also shows 2-Mb (gray) and 1-Mb (red) bin sizes (top frequency plot) and 0.5-Mb and 0.25-Mb bin
sizes (bottom frequency plot). Data in these plots can also be normalized to improve the mapping signal (details in text, Figure 7, and Table S1).
(C) CloudMap Hawaiian Variant Mapping with WGS Data variant subtraction. As described in the text and in Figure 5, subtracting variants present in
other samples can reduce the number of variants that are considered candidates for causing the phenotype of interest.

reference (Bristol) and alternate (Hawaiian) allele calls at
each of the !100,000 Hawaiian SNP positions in the pooled
sample. The reader is referred to the user guide and online
video for direction on this procedure. The Hawaiian Variant
Mapping with WGS Data plotting tool accepts as input this
single VCF ﬁle (the list of base calls at all Hawaiian SNP
positions in the pooled sample). As output, the tool plots
the ratio of Hawaiian strain reads/total read depth at each
SNP position of the mapping strain. Chromosomes that contain regions of linkage to the causal mutation(s) display
regions enriched for SNP positions that have a Hawaiian
reads/total reads ratio equal to 0. The scatter plots of these
ratios plotted against chromosome position for such linked
regions will have a cluster of data points lying exactly on the
x-axis.
The Hawaiian Variant Mapping With WGS Data tool then
plots a local regression (LOESS) regression line through all

the points on a given chromosome thus giving far greater
accuracy to the mapping region (Figure 6B). LOESS regression is a locally weighted polynomial regression that gives
weight to points near the position being estimated as well as
to points further away on the chromosome (Cleveland et al.
1992). We use the LOESS smooth function in R (available as
dloess at http://www.netlib.org/a/) and provide an adjustable span parameter that allows users to modify the weight
given to points other than the point being estimated. Based on
our testing, we have settled on 0.1 as a LOESS span default for
C. elegans. Larger span values result in smoothing of the regression line to reﬂect trends at a more macro level while
smaller values result in regression lines that more closely reﬂect local data ﬂuctuations. While adjusting the LOESS span is
a useful method for achieving a tighter mapping region, the
largest gains in mapping accuracy come when greater numbers of F2 progeny are pooled and sequenced.
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For each scatter plot, the CloudMap Hawaiian Variant
Mapping With WGS Data tool also plots a corresponding
frequency plot that displays regions of linked chromosomes
where pure parental allele variant positions are concentrated (Figure 6B). For a given linked chromosome scatter
plot, the same genomic region that shows a dip in the LOESS
line should show a matching peak in the pure parental allele
frequency plot. Parental allele variant position frequencies
are calculated on a binned basis with bins of 1 Mb and 0.5
Mb by default. Users wishing to decrease their bin sizes to
achieve ﬁner mapping (in the case where many F2 progeny
were sequenced) or increase their bin sizes to accommodate
data from fewer pooled F2 progeny can easily do so (details
in user guides and videos). We ﬁnd that the causal variant
typically resides in the largest 1-Mb frequency bin (unpublished data; 5/5 cases where single gene mutants have been
mapped using CloudMap and rescued by expressing wildtype (WT) copies of the gene, $50 recombinants used).
In cases where two or more mutations reside on a single
chromosome, or a mutation and a transgene on the same
chromosome are selected during picking of F2’s, users should
expect to see a LOESS line that approximates a zero ratio for
a long physical distance and a corresponding broad peak for
the frequency plots (G. Minevich, R. J. Poole, and O. Hobert,
unpublished data). Such plots indicate that two or more
linked genetic elements have been selected for, with little
to no recombination in between.
Both the scatter plots and frequency plots of pure parental alleles can be customized via the CloudMap Hawaiian
Variant Mapping With WGS tool to output publication-ready
mapping ﬁgures. Y-axis limits, and the colors of the dots and
LOESS line, can be adjusted. Users also have the option
to standardize the x-axis of all plots to the size of the largest
chromosome so that plots for each chromosome can be easily compared. Accurate mapping of this nature allows users
to further ﬁlter previously subtracted variant lists for a speciﬁc region, dramatically reducing the number of possible
causal variants (Figure 6C; see Figure 8 further below for an
example).

respective published reference strains, we subtracted SNPs
where the ratio of Hawaiian alleles/total read depth was
,0.05 or .0.95 in at least two mutant strains (Table S1).
For the purposes of Hawaiian SNP normalization alone,
SNPs that have Hawaiian alleles/total read depth ratios of
,0.05 are considered Bristol at that position (allowing for
sequencing error or picking of WT animals) and SNPs with
Hawaiian alleles/total read depth ratios of .0.95 are considered Hawaiian at that position (allowing for sequencing
and picking error as described above). It is important to note
that these ratios of ,0.05 or .0.95 reﬂect the presence/
absence of Hawaiian mapping strain alleles in the progeny
of individually picked F2’s (mostly F3 and F4 generations)
that are pooled and sequenced. The purpose of ﬁltering out
those SNP positions that consistently show ratios of ,0.05
or .0.95 across several samples is simply to normalize the
plots, not to assess potential incompatibility regions.
We were able to remove from consideration 8715 Hawaiian
SNP positions that consistently had a ratio of Hawaiian alleles/
total read depth ,0.05 or .0.95 in at least two mutant strains.
We provide this ﬁltered list of 103,346 Hawaiian SNPs
together with the unﬁltered list of 112,061 Hawaiian SNPs
from the WS220 release of WormBase (http://usegalaxy.
org/cloudmap). It is important to note that researchers who
sequence their own Hawaiian strain may use their personal
derived list of Hawaiian variants instead of the one provided
here.
If the CloudMap Hawaiian Variant Mapping With WGS
Data tool is run using the ﬁltered list of Hawaiian SNPs,
unlinked chromosomes no longer display the same levels of
linkage as measured by the frequency plots of pure parental
allele positions, while linked chromosomes continue to
appear linked (Figure 7A). The effect of subtracting these
8715 Hawaiian SNPs from the plots is to dramatically clean
up the linkage signal while dampening linkage resulting
from incompatibility regions. In principle, any mapping
strain whose SNP positions and variants are known can be
used with this tool. We encourage researchers to share their
curated lists of mapping variants so other members of the
genetics community may use them.
The Hawaiian Variant Mapping With WGS Data tool
further normalizes the frequency plots by adjusting for the
density of Hawaiian SNPs on each chromosome according to
the equation in Figure 7B. We ﬁnd that this equation
sharpens the signal of pure parental allele frequencies on
the linked chromosomes (Figure 7A). Users have the option
of running the Hawaiian Variant Mapping With WGS Data
tool without the normalization option by leaving the
“normalize” checkbox unchecked and using the list of
112,061 unﬁltered Hawaiian SNPs (the tool is set to normalize by default).

Hawaiian SNP normalization

Analysis of the CloudMap SNP Mapping with WGS Data tool
output from several mutant strains reveals previously described patterns of genetic incompatibility between the
Bristol and Hawaiian strains (Seidel et al. 2008). For instance Figure 7 shows that at the !2-Mb physical locations
on chromosomes I and II, there are sharp dips in the LOESS
regression line with corresponding peaks in the frequency
plots of pure parental alleles. These regions, enriched for
parental alleles, are consistent in all mapping plots examined thus far (.10 strains, G. Minevich, R. J. Poole, and
O. Hobert, unpublished data) and in terms of locating the
correct mapping region, contribute to noise in both the scatter
plots and frequency plots of pure parental alleles. To normalize for these incompatibilities and also to correct for divergence of either our Bristol or Hawaiian strains from their

Hawaiian Variant Mapping with WGS Data support
for other organisms

The CloudMap Hawaiian Variant Mapping With WGS Data
tool supports data from any organism that has been crossed
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Figure 7 Hawaiian SNP normalization. (A) All mapping plots examined thus far contain similar regions of pure parental alleles. To normalize for these
and improve the mapping signal, we removed those Hawaiian SNPs from consideration where the ratio of Hawaiian alleles/total read depth was either
,0.05 or .0.95 in at least two mutant strains (Table S1 and details in text). (B) Equation of mapping strain SNP normalization procedure. Users have the
option of applying this normalization when using the CloudMap Hawaiian Variant Mapping With WGS Data tool.
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cloudmap). The analysis of ot266 was performed using
a workﬂow that consists of two main branches: one that
leads to a list of annotated variants and another that results
in mapping plots. The initial data analysis steps are shared
between the two branches: raw FASTQ reads are loaded
into Galaxy from the CloudMap ot266 library and the
FASTQ Summary Statistics and Boxplot tools immediately
begin to calculate quality metrics on the raw FASTQ reads
prior to alignment. While this is happening, those same
FASTQ reads are aligned using BWA. The BWA aligner is
preferred over MAQ, the aligner used by MAQGene, because
it is faster, more accurate, and can also detect indels of up to
5 bp using default settings. Aligned sequence alignment map
(SAM) ﬁles then had unmapped reads removed and were
converted to their binary equivalent BAM ﬁles using SAMtools. We then added read groups to the BAM ﬁle (sample
annotations required for downstream processing) using PICARD (http://picard.sourceforge.net), realigned the BAM ﬁle
around indels using GATK, and removed duplicate reads
using PICARD (this step keeps the best quality read out of
a set of identical reads, thus reducing a potential source of
noise). This BAM alignment ﬁle is used as input into several
downstream functions, but it can also be viewed directly
using one of the available alignment viewers (Figure 3).
Sample coverage is automatically calculated on this BAM
ﬁle using the GATK Depth of Coverage tool as part of the
provided workﬂow. At this point, the two alternative
branches in the analysis diverge but these steps are run in
parallel using the provided workﬂow. Users receive an Email when the separate branches ﬁnish analysis.
The analysis branch that ultimately results in a tabular
list of annotated variants uses one of two analysis paths to
arrive at an intermediate step list of variants in the form of
a VCF ﬁle (Danecek et al. 2011). Our preferred variant caller
(used in the automated workﬂow) is the GATK Uniﬁed Genotyper, which is used to quickly and directly generate a VCF
from a BAM ﬁle. Alternatively a combination of SAMtools
“mpileup” and BCFtools “view” (Li et al. 2009) (which we
provide a Galaxy wrapper for) can also be used to generate
a VCF. Provided user guides detail how either GATK’s Uniﬁed Genotyper or SAMtools mpileup followed by BCFtools
view can be used to generate VCF ﬁles from BAM ﬁles.
As described earlier, the ability to easily subtract variants
between samples is one of the advantages of CloudMap over
the MAQGene pipeline. VCF ﬁles contain all variant information provided by the variant caller and VCF ﬁles can be
merged or subtracted from one another using the GATK
Combine Variants and GATK Select Variants tools as part of
the CloudMap Subtract Variants workﬂow (details in the
provided user guides and videos; see Supporting Information). In Figure 8, we schematically summarize the variant
ﬁltration and subtraction steps we followed to subtract noncausal mutations from the ot266 variant list.
While the above workﬂow processed the list of annotated
variants, we simultaneously ran the mapping branch of the
pipeline (readers are reminded that both branches of the

to a mapping strain for which variant information is available. C. elegans and Arabidopsis are natively supported. For
all other organisms, users must provide a simple tabdelimited conﬁguration ﬁle containing chromosome numbers and respective lengths (example conﬁguration ﬁles
for most major organisms provided at http://usegalaxy.
org/cloudmap). Additional ﬁles required for other organisms are the same as described for C. elegans: a VCF ﬁle
consisting of pooled F2 mutant progeny sequencing data,
and a VCF ﬁle of the mapping strain variants. To demonstrate support for organisms other than C. elegans, we show
that CloudMap can be used to map mutant WGS data from
Arabidopsis.
Our one-step strategy for whole genome sequencing and
mapping (Doitsidou et al. 2010) was originally modeled on
a similar strategy in plants (Schneeberger et al. 2009) so we
decided to test whether the CloudMap Hawaiian Variant
Mapping With WGS Data tool would work on the publically
available data from that publication. We ﬁnd that the LOESS
regression line and frequency plots very closely resemble the
plots from Schneeberger et al. (2009) (Figure 9). Furthermore, our method has the additional advantage of being
available on the cloud and not requiring installation or conﬁguration of any software.
Proof-of-principle application of CloudMap

We used the CloudMap Hawaiian Variant Mapping with
WGS Data tool together with tools within Galaxy to map and
identify the vab-3(ot266) allele that we have previously analyzed with another WGS sequence analysis tool developed
in our lab, MAQGene (Bigelow et al. 2009). This direct comparison with MAQGene using the same reads analyzed in
Doitsidou et al. (2010) allows us to illustrate some of the
advantages inherent in the new pipeline. For this proof of
principle, we focused exclusively on the analysis of SNPs and
indels in the mapping region but readers are reminded that
tools exist in the pipeline for analysis of putative uncovered
regions (see Identifying deletions in WGS datasets).
vab-3(ot266) is a recessive mutation that we identiﬁed in
a screen for loss of dopamine neuron speciﬁcation as evaluated by loss of dat-1::gfp expression (contained on transgene
vtIs1) (Doitsidou et al. 2008, 2010). ot266; vtIs1 animals
were crossed with the Hawaiian CB4856 strain and 50 singled F2 progeny were picked according to the defective dopamine neuron speciﬁcation phenotype. Only F2 progeny
that were heterozygous for the vtIs1 reporter were sequenced to avoid linkage to the vtIs1 transgene. Progeny
of the 50 singled F2’s (F3’s and F4’s) were pooled and sequenced using 100-bp reads on an Illumina GA2 sequencer,
as previously described (Doitsidou et al. 2010).
Data were processed according to the CloudMap Hawaiian Variant Mapping with WGS Data workﬂow. We describe
here each of the individual steps this automated workﬂow
performs, with links to the relevant sections of the user
guide and videos. Raw data ﬁles and automated workﬂows
used for this analysis are available at (http://usegalaxy.org/
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analysis occur in parallel using automated workﬂows).
Using the BAM ﬁle we generated earlier, we selectively
ran the GATK Uniﬁed Genotyper tool on Hawaiian SNP
positions only (using a supplied reference VCF ﬁle of
103,346 ﬁltered Hawaiian SNP positions, http://usegalaxy.
org/cloudmap). The resulting VCF ﬁle of reference (Bristol)
and alternate (Hawaiian) alleles at all Hawaiian SNP positions was then used as input into our CloudMap Hawaiian
Variant Mapping with WGS Data tool. From the resulting
plots (Figures 6B and 7A) we narrowed down the mapping
interval for our causal mutation to a 1-Mb interval on linkage group (LG) X.
We next used the ot266 postsubtraction VCF with 1085
remaining variants that we generated earlier (Figure 8) as
input into snpEff to predict the effect of the homozygous
variants in the ot266 VCF ﬁle and to annotate these variants
(Cingolani et al. 2012). To check what transcription factors
might be affected in the sample, we then ran the CloudMap
Candidate List Checker with our provided list of transcription factors (http://usegalaxy.org/cloudmap). When we ﬁltered for the 10- to 11-Mb mapping region on LG X in the
tabular output ﬁle in Excel, we observed 10 variants in total
(Table S2). Of these 10 variants, 2 were protein coding and
1 was a premature stop in the vab-3 transcription factor
previously identiﬁed as the causal variant (Doitsidou et al.
2010). This variant can then easily be viewed in the UCSC
Genome Browser to examine the individual reads covering
the mutation and also to view nematode conservation (or
any other track-based data) at that position (Figure 10).

be subtracted from the variants in the sequenced mutant
using the GATK Select Variants tool. The EMS Variant Density Mapping tool accepts this list of ﬁltered variants in the
form of a VCF ﬁle and offers the option of further ﬁltering
for the most common EMS-induced mutations i.e., G/C /
A/T).
We analyzed the fp6 mutant from Zuryn et al. (2010)
using the EMS Variant Density Mapping tool and the results
are shown in Figure S3. While Zuryn et al. (2010) subtracted common variants in the fp9 and fp12 strains from
fp6, we only used the fp9 strain for common variant subtraction. Nonetheless, we were able to clearly show linkage
to the causal mutation on approximately the same region of
LG III as in Zuryn et al. (2010).
As we used the more sensitive BWA aligner (which can
pick up indels #5 using default settings) for our CloudMap
approach, we were able to retrieve many more variants than
Zuryn et al. (2010). In theory, these additional variants
should be useful for achieving greater mapping accuracy.
Subtracting common (nonphenotype causing) variants from
more whole genome sequenced strains (using the GATK Select Variants tool) should result in less noise and a tighter
mapping region. Additional backcrosses will, of course, also
result in a smaller mapping region.
Variant Discovery Mapping tool implements a novel
mapping method

As mentioned above, mapping based on the segregation of
linked EMS-induced mutations as described by Zuryn et al.
(2010) has the important advantage of not relying on a polymorphic mapping strain like the Hawaiian strain. A recent
study in plants has extended this conceptual approach, using
not only EMS-induced variants to map a phenotype-causing
mutation, but also using bulk segregant analysis to increase
mapping accuracy (Abe et al. 2012). We have developed
a similar method, which we call Variant Discovery Mapping.
Our method makes use of background variants in addition to
EMS-induced variants (including indels as well as SNPs),
and it also uses the bulk segregant approach. We have integrated the method into CloudMap and undertook a proofof-principle analysis, as described below.
The conceptual strategy of Variant Discovery Mapping is
to perform in silico bulk segregant linkage analysis using
variants that are already present in the mutant strain of
interest, rather than examining those introduced by a cross
to a polymorphic strain. Any individual mutant strain will
contain a certain number of homozygous variants compared to the reference genome. These homozygous variants are of two types: (1) those directly induced during
mutagenesis (one or more of which are responsible for the
mutant phenotype) (Figure 11A, red diamonds) and (2)
those already present in the background of the parental
strain, either because of genetic drift or because of the
parental strain containing, for example, a transgene that
was integrated into the genome by irradiation (Figure 11A,
pale blue diamonds).

EMS Variant Density Mapping tool

Due to the vast number and frequency of Hawaiian SNPs
relative to C. elegans and the speed with which one can pick
individual F2 mutants and sequence their progeny, we recommend the Hawaiian SNP mapping approach for most
mapping applications. However, there remain certain scenarios where alternate mapping approaches are useful. For
instance, introducing tens of thousands of Hawaiian variants
into a mutant strain may not be desirable for individuals
concerned with the possibility that some of these Hawaiian
variants may act as modiﬁers of a given phenotype. Behavioral mutants may be especially vulnerable in this regard.
Furthermore, in the case of suppressor screens or other
screens that have been performed in a mutant background,
it is complicated to recover both the suppressor variant and
the starting mutation when picking the F2 progeny required
for the Hawaiian SNP mapping technique. In these scenarios, it is useful to follow the approach detailed in Zuryn et al.
(2010) that involves plotting frequencies of variant density
in a mutant C. elegans strain that has been backcrossed to its
(premutagenesis) starting strain (Zuryn et al. 2010). We
therefore developed the CloudMap EMS Variant Density
Mapping tool to plot data acquired from the Zuryn et al.
(2010) backcrossing approach.
Common (i.e., nonphenotype causing) variants present in
multiple WGS strains with the same background should ﬁrst
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Figure 8 Proof-of-Principle Variant Subtraction strategy. A step-by-step proofof-principle analysis using the vab-3
(ot266) allele. Strains ot260 and ot263
are mutants retrieved from the same
screen for loss of dopamine neuron
speciﬁcation as ot266. ot266 was
crossed to the highly polymorphic Hawaiian strain so it contains many more
variants than the ot260 and ot263
strains, which were sequenced without
outcrossing. Automated workﬂows for
this analysis, raw datasets, and a shared
history of the analysis are all available at
http://usegalaxy.org/cloudmap.
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Figure 9 Hawaiian Variant Mapping With WGS Data tool support for other organisms. To demonstrate support for organisms other than C. elegans,
we show that CloudMap can be used to map mutant WGS data from Arabidopsis (Schneeberger et al. 2009). Users must provide a simple conﬁguration
ﬁle for organisms other than C. elegans and Arabidopsis. Conﬁguration ﬁles for most organisms and instructions for other organism support are
provided at http://usegalaxy.org/cloudmap.

Following an outcross to a nonparental strain and
selection of a pool of F2 mutant recombinants, these homozygous variants will segregate according to their degree of
linkage to the phenotype-inducing locus. Just as with previously described polymorphic mapping (Figure 6A), the degree of linkage will be directly reﬂected in the allele
frequency among the pool of recombinants and this can be
represented as scatter plots of the ratio of variant reads/
total reads present in the pool of sequenced recombinants
(Figure 11A). We then plot a LOESS regression line through
all the points on a given chromosome to give greater accuracy to the mapping region (Figure 11B) (as discussed in the
CloudMap SNP Mapping With WGS Data tool section).
While the concept of the scatter plots is similar to that of
the polymorphic mapping approach, the LOESS lines on
scatter plots for linked chromosomes now approach 1 instead of 0, indicating retention of the original homozygous
variants in the linked region.
We also draw corresponding frequency plots that display
regions of linked chromosomes where pure parental allele
variant positions are concentrated (positions where the ratio
of variant reads/total reads are equal to 1) (Figure 11B).
These pure parental allele frequency plots are by default
normalized in a manner similar to that for polymorphic
mapping, although this normalization option can be turned
off (see Figure S4 for the normalization equation). In addition, we provide an option for users to draw frequency plots
of positions where the ratio of variant reads/total reads are
$0.9. This option is useful in cases where there are few
variants remaining after subtraction, as it effectively increases
the number of variants and may therefore provide a stronger
mapping signal. Using this 0.9 option should also handle
cases where one or a few of the pooled mutants was

incorrectly picked (i.e., it was not a mutant) or where
sequencing errors have resulted in less than the perfect 1
ratio for pure parental alleles at a given position. We
ﬁnd that using this option in some cases increases the
strength of the linkage signal in the frequency plots.
However, the scatter plots with LOESS regression remain
the more robust and accurate of the two plots and we
recommend adhering to them in any cases where the
scatter plots and frequency plots disagree.
During the outcrossing to a nonparental strain (“crossing
strain”), variants that are present in the crossing strain (relative to the reference genome) will be introduced into the F2
mutant recombinants (Figure 11, A and B, lime green diamonds). This set of crossing strain variants will cause false
linkage or false nonlinkage to the causative mutation and
must be identiﬁed and removed to assess only those mutant
strain variants that were homozygous (relative to the reference genome), before outcrossing. If we consider the two
most extreme examples, any variant that is homozygous in
the crossing strain and also by chance homozygous in the
mutant strain will remain homozygous after outcrossing
(see unlinked chromosome in Figure 11A). In this case,
the allele frequency, as assessed by the variant read/total
read ratio, in the pool of outcrossed F2 mutant recombinants
will be close or equal to 1. This will generate regions of false
linkage on ratio plots of unlinked chromosomes (Figure 11B,
top left scatter plot). In the second case where crossing
strain variants pose a problem, variants that are homozygous in the crossing strain, and positionally close to, but
not present in the linked region of the mutant, will be picked
up by meiotic recombination at a low frequency. This frequency depends on the physical distance of the crossingstrain variant from the phenotype-inducing mutation
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Figure 10 The vab-3(ot266) allele as displayed in the UCSC Genome Browser. Users can view their WGS alignments and any other track-based data in
their choice of genome browser (UCSC, WormBase, IGB, or Galaxy Trackster). Here we show the vab-3 locus and a zoom-in view of the C—.T SNP that
leads to a premature stop mutation.

(Figure 11A). These variants will therefore have low allele
frequencies in the pool of recombinants, despite being close
to the phenotype-inducing mutation and will appear as false
nonlinkage in the scatter plots (Figure 11B, top middle scatter plot). These crossing strain variants must therefore be
identiﬁed and subtracted from the list of variants in the pool
of outcrossed F2 mutant recombinants. Preferably, subtraction of crossing strain variants can be performed by sequencing the crossing strain to identify all the variants it contains.

Alternatively, crossing-strain variants can be identiﬁed by
combining the lists of variants identiﬁed in several other
strains that were all outcrossed to the same crossing strain,
which is the approach we chose here (Figure 11C).
It is also possible, in a similar manner, to exclude background variants (pale blue diamonds) from the analysis if
desired (Figure 11, B and C), although a larger number of
noncrossing strain variants are likely to make the method
more accurate. It is important to note that in the case of
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Figure 11 Variant Discovery Mapping. (A) Schematic representation of two extreme examples of the segregation of crossing strain variants (lime green
diamonds), mutagen-induced variants (red diamonds), and background strain variants (pale blue diamonds) following an outcross of a mutant strain
(white chromosome) to a nonparental (gray chromosome) strain. (B) Schematic representation of variant subtraction strategy for allele frequency plots.
Allele frequency scatter plots display the ratio of variant reads/total reads at heterozygous and homozygous variant positions in the sequenced sample of
pooled F2 mutant progeny. Scatter plots are shown both prior to and after the successive subtraction of crossing-strain and background-strain variants.
Color scheme is the same as in A. CloudMap Variant Discovery Mapping plots of normalized pure parental allele frequency for ot266. Note: y-axis scales
are not consistent from panel to panel due to normalization. (C) Schematic representation of combining variant lists from other mutants to generate
crossing-strain– or background-strain–speciﬁc variant lists for subtraction during Variant Discovery Mapping. Color scheme is the same as in A and B.

a suppressor screen, where the crossing strain is the parental
premutagenesis strain, background variants will remain homozygous throughout and will be removed when subtracting crossing-strain variants. Thus in this particular case, only
mutagen-induced variants can be used in the analysis.
The degree of mapping accuracy is likely to be strongly
affected by the number of recombinants pooled, as well as
both the total number and quality of variants analyzed. Our
analysis and others have suggested that, in the case of C.
elegans, both the accumulation of naturally occurring mutations and the addition of mutagen-induced mutations contribute to a high mutational load of close to 1000 SNPs
across the genome of mutagenized strains (Flibotte et al.
2010; Sarin et al. 2010; Zuryn et al. 2010). This is likely
to be enough to delineate a mapping region small enough to
contain only a few candidate mutant variants.

our new CloudMap pipeline. Utilizing the same dataset
allows a direct comparison between polymorphic mapping
and Variant Discovery Mapping. When the vab-3(ot266)
data are processed using the Hawaiian polymorphic mapping strategy with the CloudMap Hawaiian Variant Mapping
With WGS Data workﬂow, the mapping plots indicate
a linked region on LG X between 10 and 11 Mb (Figure
6B). We ﬁnd that the Variant Discovery Mapping strategy
deﬁnes a very similar mapping region, despite using a total
of only 575 background and EMS-induced SNPs and indels
(Figure 11B, middle right plot). We describe below in more
detail the individual steps required to perform Variant Discovery Mapping, all of which are automated when running
the CloudMap Variant Discovery Mapping workﬂow that
we have incorporated into our CloudMap pipeline (http://
usegalaxy.org/cloudmap).
The ﬁrst step is to determine which variants will be used
for the analysis. One output of the CloudMap Variant
Discovery Mapping workﬂow is a list of all high-quality
heterozygous and homozygous variants present in the outcrossed pool of F2 mutant recombinants as called by the
GATK Uniﬁed Genotyper (DePristo et al. 2011). This genotyper uses a Bayesian genotype likelihood model to estimate
genotypes and allele frequencies, detecting both SNPs and

Proof-of principle example for Variant
Discovery Mapping

To determine the best parameters and to validate this
strategy, we applied it to analyze the recessive vab-3
(ot266) allele that we have previously mapped and cloned
using the polymorphic mapping strategy both with older
WGS analysis tools (Doitsidou et al. 2010) and here with
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ods). The tool additionally plots the normalized frequency
of pure parental allele positions (variant reads/total reads is
equal to 1) across each chromosome. As can be seen in Figure
11B (middle plots for linked chromosome X), both Variant
Discovery Mapping plots deﬁne a mapping region on LG X
between 10 and 11 Mb. Despite containing !200-fold fewer
variants, this is an identical mapping region to that deﬁned by
Hawaiian Variant Mapping and examination of homozygous
variants in this region (using the less stringent list of homozygous variants output as part of the CloudMap Variant Discovery Mapping workﬂow) reveals only two protein coding
variants, one of which is the premature stop in the vab-3 locus.
It is also possible to distinguish background variants from
EMS-induced variants by subtracting those variants present
in other WGS strains from the same parental strain (in this
case ot260 and ot263) (Figure 11B, bottom row of plots) or
to remove indels from the analysis. In the case of vab-3
(ot266), removing background variants reduced the accuracy of the mapping (Figure 11B, bottom row of plots for
linked chromosome X) but removing indels had relatively
little effect (data not shown). We conclude that it is important to retain as many noncrossing strain variants as possible
to achieve the best mapping accuracy.

indels (when used in combination with the BWA aligner).
For Variant Discovery Mapping, we further apply a quality
ﬁlter to this set of heterozygous and homozygous variants so
that a single PHRED-scaled quality score reﬂects the probability of the variant allele (see Materials and Methods)
(Danecek et al. 2011). Because we sequence pooled populations of F2 mutant progeny, the deﬁnition of heterozygous
and homozygous as deﬁned by the GATK Uniﬁed Genotyper
is not the same as it would be for a single strain. The ratio of
variant reads/total reads at a given position approximately
reﬂects the variant allele frequency in the pooled population
and we therefore use the GATK deﬁned quality score as
a simple proxy for variants that are at least “heterozygous”
in the pooled population of genomes to a large degree of
conﬁdence (see Materials and Methods). The goal is to plot
variant read/total read ratios for all variants that are heterozygous or “homozygous” in the pooled population of
recombinants. As GATK is an aggressive variant caller, many
false positive heterozygous variant calls are those with low
allele frequencies. Filtering for high-quality variants removes
most of these false positive variants from the scatter plots.
Rather than decreasing the prior likelihood value when running the genotyper, arbitrarily setting a read ratio cutoff
point (e.g., deﬁning heterozygous variants as having a ratio
of reference reads/variant reads .0.3), or invoking a complicated series of post-calling ﬁlters, all of which are valid
methods to identify high-quality variants, we chose to ﬁlter
using the single PHRED-scaled quality score assigned by
GATK. The CloudMap Variant Discovery Mapping workﬂow
produces output ﬁles ﬁltered at Q100, Q200, and Q300 (see
Materials and Methods). We empirically determined that
ﬁltering for a QScore $ 200 worked the best across several
samples and several organisms. This score represents
a 1 in 10^20 chance of error in variant calling and we
use this set of ﬁltered variants for all downstream steps.
The second step is to subtract crossing strain variants (as
described in the previous section). In the case of vab-3(ot266),
it was crossed to the highly polymorphic Hawaiian strain,
which will introduce a large number of crossing strain variants. To remove these variants, rather than speciﬁcally sequence our Hawaiian strain, we combined the heterozygous
and homozygous variants detected in six other strains that
were also crossed to Hawaiian as illustrated in Figure 11C
in addition to the unﬁltered list of known Hawaiian variants.
We took the liberal approach and subtracted variants present
in at least one of these strains. The effects of this subtraction
can be seen in Figure 11B (middle row of plots).
In the ﬁnal step, we used a custom Python script to plot
the ratio of variant reads/total reads for each variant
position and a LOESS regression line (as discussed in the
CloudMap Hawaiian Variant Mapping With WGS Data tool
section) is used to reveal the trend. With relatively few data
points, we empirically determined that a span of 0.4 works
the best for all tested samples and species, although this
parameter can be adjusted as desired when running the
Variant Discovery Mapping tool (see Materials and Meth-

Validation of the CloudMap Variant Discovery Mapping
method in other organisms

In principle, Variant Discovery Mapping should work in any
organism provided the numbers of homozygous background
and mutagen-induced variants present in the starting strain
are high enough. To test this, we analyzed the slow growth
Arabidopsis mutant described in Schneeberger et al. (2009).
This recessive mutant was isolated in the Columbia background, crossed to the polymorphic Landsberg strain, and
500 F2 mutant recombinants were pooled and whole genome sequenced. We ran this publicly available WGS dataset through the CloudMap Variant Discovery Mapping
workﬂow and compared these plots to standard Hawaiian
Variant Mapping plots (generated using the CloudMap Hawaiian Variant Mapping With WGS Data workﬂow described
above). We identiﬁed crossing-strain variants using the list of
variants generated by analysis of a second mutant dataset
that had also been crossed to the Landsberg polymorphic
strain and subtracted them (Galvao et al. 2012). We ﬁnd that
Variant Discovery Mapping localizes the linked region to the
far right end of chromosome IV between 16 and 18 Mb and is
almost as accurate as polymorphic mapping (Figure S5). This
indicates that our Variant Discovery Mapping pipeline is applicable to other species. The CloudMap Variant Discovery
Mapping tool natively supports Arabidopsis and is easily conﬁgured for other species (see CloudMap user guides and videos at http://usegalaxy.org/cloudmap).

Conclusion
We have established a cloud-based pipeline that greatly
simpliﬁes the analysis of mutant genome sequences. Available
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on the Galaxy platform, CloudMap requires no software
installation when run on the cloud (as opposed to locally or
via Amazon’s EC2 service) and is modular and thus able to
accommodate the latest software tools as they become available. CloudMap uses a series of predeﬁned workﬂows that
allow users to arrive at a mapping region and a list of variants with a few simple clicks. We encourage users to check
for updates of the CloudMap pipeline at http://usegalaxy.
org/cloudmap.
Regarding the preferred mapping strategy, our current
best practice recommendation is to use Hawaiian Variant
Mapping if there are no obvious issues with the polymorphic
Hawaiian strain. In this approach, no additional WGS
information from other strains is required. If a laboratory
has extensive WGS information on other strains (the “crossing strain” in the Variant Discovery Mapping method) or if
the Hawaiian strain causes problems, we recommend using
the Variant Discovery Mapping approach.
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Figure!S1!!!CloudMap#in#silico#Complementation#Test#tool.!A:!Summary#output.!CloudMap#allows#for#large#scale#in#silico#comparison#of#
annotated#WGS#variants#(that#have#been#filtered#for#quality#and#had#common#variants#subtracted)#between#many#samples.#The#
summary#output#from#this#comparison#shows#the#number#of#alleles#of#each#gene#sorted#from#most#to#fewest.!B:!Comprehensive#
output.#For#each#in#silico#Complementation#Test#summary#output#file,#CloudMap#provides#the#corresponding#detailed#list#of#snpEffF
annotated,#allelic#gene#hits#that#is#also#sorted#from#most#to#fewest#alleles.!
Suppl. Figure 1
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Figure!S2!!!Uncovered#region#confirmed#to#be#a#genomic#deletion.!CloudMap#contains#a#workflow#for#annotating#uncovered#regions#
that#may#be#genomic#deletions.#Users#are#encouraged#to#check#if#uncovered#regions#repeatedly#appear#in#other#strains#and#also#to#view#
these#putative#deletions#in#an#alignment#viewer.#We#find#that#true#deletions#tend#to#exhibit#a#cliff#of#high#coverage#followed#by#zero#
coverage#on#both#uncovered#boundary#regions.#Regions#of#high#coverage#flanking#the#putative#deletion#also#often#have#SNPs#or#
insertions#present#in#many#of#the#reads#—#indicating#that#distant#genomic#regions#are#now#adjacent#to#one#another.#The#deletion#
shown#was#confirmed#to#be#a#deletion#via#PCR#and#Sanger#sequencing.#The#IGV#viewer#is#used#to#display#the#alignment#(Robinson#et#al.,#
2011,#Nature#Biotechnology#29,#24–26).#
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Figure!S3!!!EMS#Variant#Density#Mapping#tool:#CloudMap#also#supports#the#approach#detailed#in#Zuryn#et#al.,#that#involves#plotting#
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Our lab has previously developed a combination of single-step SNP mapping and whole genome sequencing (WGS) methods to pinpoint phenotype-causing sequence variants (Doitsidou et al.,
2010). The mapping part of the single-step procedure is essential to separate the phenotype-causing,
mutagen-induced sequence variant from background sequence variants. WGS data can be analyzed
with CloudMap, a free, cloud-based software analysis tool that we recently developed (Minevich et al.,
2012). We have previously provided proof-of-concept studies for the use of CloudMap, and we report
here our experience with using CloudMap on a routine basis.
We have found over the last two years that the SNP/WGS strategy and ensuing CloudMapbased data analysis can reproducibly and accurately pinpoint phenotype-causing mutations to mapping
regions as small as 0.5 Mb and that the method can work with very few recombinants. Fig. 1 shows the
mapping plots from a selection of 16 EMS mutagenized strains
from 8 different EMS-induced screens
Figure 1: CloudMap
for loss of neuronal identity (thanks to
Hawaiian Mapping
many members of the Hobert lab for
from 16 mutants.
providing the mapping data). The tallest Plots
1 Mb (gray) and 0.5 Mb
histograms indicate the regions contain- (red) normalized freing the largest amount of normalized
quency of pure parental
alleles bins are sepapure parental alleles following an outcross to the Hawaiian CB4856 mapping rately calculated. Tallpeaks indicate most
strain. For 14 of the causal variants in 13 est
likely mapping interstrains (ot628 is a confirmed double mu- vals. F2 numbers in
tant) we have either cloned the causal
parenthesis indicate the
number of F2’s picked
variant or have strong evidence for its
after crossing with Haidentity and are in the process of conF2 populations
firming. For 8/14 of the causal variants, waiian.
were expanded, pooled
CloudMap correctly identified the 0.5
and then lysed for DNA
Mb where the causal variant resides. In preparation, as described (Doitsidou et
the 6 cases where the 0.5 Mb bins did
not correctly identify the causal variant, al., 2010).
CloudMap was off by an average of 0.54
Mb.
The accuracy of CloudMap in
identifying mapping intervals depends
on strict adherence to the Hawaiian SNP
mapping protocol and also on the number of F2 recombinants that are pooled
for sequencing. In addition, Mendelian
ratios should be calculated to identify
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whether the causal variant resides at one locus or many and if it is dominant or recessive. We also recommend thawing an ancestral Hawaiian strain once a year to minimize variants introduced by genetic
drift and to maximize mapping accuracy.
In a number of cases where the Hawaiian mapping protocol was strictly followed, CloudMap
was able to identify the correct 0.5 Mb mapping interval with very few recombinants. For example,
both hu80 and hu97 were correctly mapped to a 0.5 Mb mapping interval with as few as 16 and 34 F2
recombinants respectively.
We consistently noted that the previously described incompatibility region between Bristol and
Hawaian strains on the left arm of LG I (Seidel et al., 2008) is largely not visible relative to the peak of
the causal variant due to the normalization procedure we use to compute the frequency of pure parental
alleles. In cases where the causal variant is also on LG I (ot740, the taller peak contains the causal variant), CloudMap was able to separate the incompatibility peak from the causal variant peak.
Transgenes contained in the strain background and required to observe a mutant phenotype can
generate a mapping signal if the transgene is re-homozygosed in the F2 generation. We find that this
mapping signal is virtually eliminated if as few as 50% of the picked F2 recombinants are heterozygous
for the transgene.
CloudMap is available via the Galaxy web platform, requires no installation when run on the
cloud, and can also be run locally or via the Amazon Elastic Compute Cloud (EC2) service (http://
usegalaxy.org/cloudmap and http://hobertlab.org/cloudmap).
References
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FUTURE DIRECTIONS
2.5 CloudMap version 2.0 will offer a number of improvements
While CloudMap has proven to be a useful tool and is in general use in numerous
labs, there are a number of feature improvements that will be included in a future
publication.
CloudMap 2.0 will use a more up to date release of the C. elegans genome (WS245)
that includes hundreds of newly annotated non-coding RNAs as well as up to date gene
annotations.
We also have whole genome sequenced the Hawaiian mapping strain used in our
lab so CloudMap 2.0 will use these SNPs for mapping instead of the published set from
Wormbase that likely are different from our lab strain. The original CloudMap used
approximately 110,000 SNPs for mapping purposes, but when SNPs and small insertions
and deletions relative to the reference strain are included for mapping, these total
approximately 250,000. With double the number of variants available for Hawaiian
mapping, accuracy should greatly improve.
After having analyzed many dozens of Hawaiian mapped samples from our labs
and the labs of others, we now have access to many datasets that can be used to perform
head to head comparisons between alternative mapping strategies. We have been
experimenting with various machine learning regression techniques as well as density
estimation techniques and many of these have proven to be more accurate than the
currently available CloudMap strategies (data not shown). The plan is to build various
models that fit the mapping data accurately based on Hobert lab whole genome
sequenced samples and then to validate these models with data from other labs. This
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cross-validation approach will ensure that the data model selected for mapping does not
overfit our data while performing less well on Hawaiian strains from other labs.
Current testing has revealed that read depth and read quality are major factors in
mapping accuracy and only those variants with higher read depth and quality should be
considered for mapping.
In addition, many users have asked for instructions on running CloudMap locally
and we will likely provide a fully configured version of Galaxy with CloudMap tools on a
virtual machine.
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CHAPTER 3: FORWARD GENETIC SCREENS FOR LOSS OF THE
POSTDEIRID

INTRODUCTION
3.1 A proof of concept forward genetic screen for loss of the postdeirid
lineage
Previous forward genetic screens in the Hobert lab have identified numerous
mutants in which dopaminergic fate is improperly specified (Doitsidou, Flames et al.
2008, Flames and Hobert 2009, Doitsidou, Poole et al. 2010, Doitsidou, Flames et al.
2013). These mutants have been organized into genetic pathways to show that the
terminal identity of dopamine neurons can be controlled separately from general panneuronal features (see section 3.15) (Flames and Hobert 2009, Doitsidou, Flames et al.
2013).
In many of these mutants, a pair of midbody dopamine neurons called PDE are
lost. PDE are part of a unique lineage known as the postdeirid that is born from a
terminally differentiated skin cell (seam cell) and divides to give rise to a dopaminergic
neuron (PDE), a glutamatergic neuron (PVD), two glial cells (socket and sheath), as well
as a sister cell of PVD that undergoes preprogrammed cell death. One objective of my
PhD work was to perform forward genetic screens for loss of PVD fate in hopes of finding
new genes required for formation of this neuron and lineage.
Because many of the previously identified PDE mutants in our lab and other labs
also resulted in loss of PVD, we expected to find genes that had previously been
identified. In addition, we received a collection of 29 PDE mutants (of varying
penetrance) from the Korswagen lab whose identity was unknown. My job was to map
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and clone these mutants in the hope of identifying new factors that affect the postdeirid
lineage.
The following sections provide an introduction to the seam cell and postdeirid
lineages and the genes known to regulate their development.

!

3.2 Seam cells are functionally differentiated skin cells that have stem celllike properties
Upon hatching, L1 stage hermaphrodite worms possess a row of 10 differentiated
epidermal cells along each lateral side, known as seam cells (H0-2, V1-6, and T) Fig. 1
These seam cells are differentiated skin cells by numerous criteria, including their
function Fig. 2 (separation of the internal compartment versus the external world),
polarized morphology Fig. 2 (as seen via electron microscopy), and their expression of
genes known to be specific for epidermal cells Fig. 2 such as ajm-1/dlg-1 (apical junction
proteins essential for tight cell-cell junctions)(Koppen, Simske et al. 2001), che-14 (a
protein with a sterol-sensing domain)(Michaux, Gansmuller et al. 2000), unc-94 (a
tropomodulin that regulates the length of actin filaments and thus affects
locomotion)(Pasti and Labouesse 2014), cut-1 (a component of the cuticle)(Page and
Johnstone 2007), members of the fat-like cadherin superfamily required for epithelial
morphogenesis (cdh-3)(Hill, Broadbent et al. 2001, Loveless and Hardin 2012), as well as
nematode-specific cadherins (cdh-10)(Loveless and Hardin 2012).

!
!
!
!
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Fig. 1 The V cell lineage in B) hermaphrodites and C) males (Sulston and
Horvitz 1977). Postdeirid lineage (V5.pa and subsequent divisions) colored
in purple. (adapted from (Soete 2007))
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Fig. 2 V cells are differentiated skin cells (Altun 2014)

Seam cells possess stem cell like properties in that they can undertake either selfrenewal maintenance or expansion divisions to make assorted types of differentiated cells
Fig. 2 (Sulston and Horvitz 1977). If food is present, L1 worms continue to develop to
the L2 and subsequent larval stages. From this point, the seam cells undergo an
asymmetric self-renewal maintenance division at each of the four larval stages. The
anterior daughter of each division fuses with the hypodermal syncytium hyp7 and the
posterior daughter retains the seam fate while recursively continuing to divide to make yet
another differentiated skin cell and blast cell for several divisions. This self-renewal
maintenance division serves to maintain the original number of seam cells while also
producing differentiated cells. The seam cells H1, V1-V4 and V6 also go through a single
round of self-renewal expansion division during the L2 stage where both daughter cells
take on the seam cell fate. This results in an expansion of the seam cell pool from 10 to 16
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on each side of the worm. Eventually, all seam cells terminally differentiate and fuse at
the L4 stage to produce a single cell that runs the length of the animal that secretes
cuticular ridges known as the alae (Gorrepati, Thompson et al. 2013).

3.3 The postdeirid lineage
The V5 lineage is unique from the other V lineages because it gives rise to sensory
neurons, not just skin cells. Here, the second division resulting from the V5 seam cell
results not in a symmetrical self-renewal maintenance division, but in an anterior
sublineage known as the postdeirid (V5.pa: the anterior daughter of the posterior
daughter of V5) (Fig. 1). The postdeirid lineage consists of a dopaminergic neuron (PDE),
a glutamatergic neuron (PVD), two glial cells (socket and sheath), as well as a sister cell of
PVD that undergoes preprogrammed cell death Fig. 1, 3 (Ellis and Horvitz 1986). In
male worms, the V5, V6, and T cells produce sensory ray neurons (Sulston and Horvitz
1977).

Fig. 3 The cells of the postdeirid visualized with a DIC micrograph
(wormatlas.org) and PDE visualized with a GFP reporter.
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Functionally speaking, the dopaminergic PDE neurons (one on each side of the
worm) have been shown to operate redundantly with the three other pairs of
dopaminergic neurons in the head (dorsal CEPs, ventral CEPs, and ADEs) to slow the
worms in response to the presence of food (Sawin, Ranganathan et al. 2000). This “basal
slowing response” is triggered by a mechanosensory stimulus from bacteria.
PVD is the other neuron type formed in the postdeirid lineage. It is a
multidendritic nociceptor that responds both to harsh touch (as a stretch-sensing
mechanosensor via DEG/ENaC proteins) and extremes of cold (via TRPA-1 channels) or
heat (Husson, Costa et al. 2012) (Fig. 4).

Fig. 4 PVD is a multidendritic nociceptor neuron responsive to harsh touch
and temperature extremes (Oren-Suissa, Hall et al. 2010)

Taken together, the diversity of cell types produced in the postdeirid makes the
V5 lineage an excellent system for the study of neuronal cell fate specification. Over the
past 20 years, at least 10 different classes of genes have been shown to control seam cell
and postdeirid development.

61

3.4 GATA-type transcription factors play both an early and late role in seam
cell development
A hierarchy of transcription factors expressed early in embryogenesis specify seam
cell fate (Fig. 5) (Chisholm and Hsiao 2012). The GATA-type transcription factor elt-1
sits at the top of this hierarchy and acts as a master regulator of all embryonic epidermal
fate including that of seam cells (Koh and Rothman 2001). In elt-1 mutants, the seam cells
fail to form properly and depending on their lineage history, cells that were destined to
become epidermis in wild-type embryos become either neurons or muscle cells (Page,
Zhang et al. 1997).
Subtypes of epidermal cells are specified by the expression of various
transcriptional regulators (Fig. 5) (Chisholm and Hsiao 2012). In the seam cell subtype,
elt-1 continues to be expressed post-embryonically and is required for seam cell
differentiation (Smith, McGarr et al. 2005). The engrailed-like homeobox gene ceh-16
specifies the seam cell subtype by turning on two partly redundant GATA-type
transcription factors, elt-5/elt-6 (Koh and Rothman 2001, Cassata, Shemer et al. 2005). In seam
cells, elt-5 and elt-6 repress the GATA-type factor elt-3 that acts to specify non-seam
epidermal fate (Koh and Rothman 2001). elt-5/elt-6 also act to prevent inappropriate
fusion with the hypodermal syncytium via repression of eff-1 – a gene that codes for a
transmembrane protein both necessary and sufficient for the fusion of both epidermal and
other cell types (Koh and Rothman 2001).
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Fig . 5 Seam cells are a subtype of epidermal cells that are specified by
expression of distinct transcriptional regulators (Chisholm and Hsiao 2012)
(lateral seam lineage in blue)

3.5 The engrailed-like homeobox gene ceh-16 controls the self-renewal
maintenance vs self-renewal expansion decision in seam cells
In addition to functioning upstream of elt-5/elt-6 in the initial specification of
embryonic seam cells (Cassata, Shemer et al. 2005, Chisholm and Hsiao 2012), ceh-16
also controls the L2 self-renewal expansion division in seam cells through activation of elt5/elt-6 (Huang, Tian et al. 2009) (Fig. 6). In ceh-16 mutants, V1-V4 & V6 seam cells that
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would typically undergo a self-renewal expansion division where both daughters
symmetrically adopt the seam cell fate instead divide asymmetrically with only the
posterior daughter retaining the seam fate (Fig. 6). Conversely, overexpression of ceh-16
causes seam cells to undergo extra self-renewal expansion divisions (Huang, Tian et al.
2009).

Fig. 6 ceh-16 is required for the symmetric self-renewal expansion division
during L2 and also for an additional round of asymmetric division in V1-V4,
and V6 seam cells (Huang, Tian et al. 2009)

ceh-16 is also essential for the asymmetric division of V5.p that leads to formation
of the postdeirid lineage in V5.pa (Fig. 7) (Huang, Tian et al. 2009). In ceh-16 mutants,
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the daughters of V5.p divide symmetrically yielding two daughter cells with seam cell fate
and thus no postdeirid is specified.

Fig. 7 ceh-16 is required for the asymmetric division of V5.p that leads to
formation of the postdeirid in V5.pa

ceh-16 likely interacts with the non-canonical Wnt/β-catenin pathway (also known
as the Wnt/MAPK pathway) because RNAi of pathway members lit-1, wrm-1, apr-1, and
pop-1, suppresses the ceh-16 V5.p division defect leading to loss of the postdeirid (Huang,
Tian et al. 2009). The role of the Wnt pathway in seam and postdeirid specification is
discussed later in this chapter.
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3.6 The heterodimeric transcription factors rnt-1/Runx and bro-1/CBFβ are
also essential for the L2 self-renewal expansion division in seam cells
As with ceh-16, the heterodimeric transcription factors rnt-1/Runx and bro-1/CBFβ
are both necessary and sufficient for the L2 self-renewal expansion division performed by
V and T seam cells (Kagoshima, Sawa et al. 2005, Nimmo, Antebi et al. 2005,
Kagoshima, Nimmo et al. 2007, Kagoshima, Shigesada et al. 2007, Xia, Zhang et al.
2007). The RUNX/CBFβ protein complex acts as either a transcriptional activator or
repressor depending on the presence of co-regulatory factors (Durst and Hiebert 2004,
Nimmo and Woollard 2008) with RNT-1 binding DNA, and BRO-1 binding to RNT-1
to enhance its DNA-binding activity (Pepling and Gergen 1995, Golling, Li et al. 1996,
Yan, Liu et al. 2004).
The ceh-16 and rnt-1/bro-1 pathways likely act in parallel because double mutants
of ceh-16(-) and either rnt-1(-) or bro-1(-) further decrease the number of seam cells
produced (Huang, Tian et al. 2009). The RNT-1/BRO-1 complex regulates the
progression of cell cycle from G1 to S phase in seam cells (Nimmo, Antebi et al. 2005,
Xia, Zhang et al. 2007) and both rnt-1(-) and bro-1(-) mutants can be rescued for their
seam cell proliferation defect by inhibiting negative regulators of the cell cycle (lin-35, fzr1, and cki-1) (Xia, Zhang et al. 2007), whereas the same is not true for ceh-16(-) (Xia,
Zhang et al. 2007). This may suggest that ceh-16’s role in promoting self-renewal
expansion is due to deciding the identity of daughter seam cells rather than to an effect on
the regulation of the cell cycle as for rnt-1/bro-1 (Joshi, Riddle et al. 2010). The RNT1/BRO-1 complex does not interact with CEH-16 in vitro, further supporting a separate
role in the self-renewal expansion division (Huang, Tian et al. 2009).
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bro-1 functions redundantly with dpy-22, a member of the transcriptional mediator
complex, in seam cell fate specification although it is not clear which particular seam cell
divisions are affected (Xia, Zhang et al. 2007). Seam cell number is reduced in dpy22(RNAi) and further reduced in bro-1(-); dpy-22(RNAi). Both bro-1(-); dpy-22(-) and rnt-1(); dpy-22(-) double mutants are synthetic lethal. The role of dpy-22 and other members of
the mediator complex will be discussed later in this thesis.
As is the case with ceh-16, bro-1 also effects the asymmetric division of V5.p that
leads to formation of the postdeirid in V5.pa as assayed by loss of expression of dat-1::gfp
in the PDE neuron (Xia, Zhang et al. 2007).
!

3.7 The C. elegans Groucho homolog UNC-37 directly interacts with the
RNT-1/BRO-1 complex and is also responsible for the L2 self-renewal
expansion division in seam cells
Loss of function of the C. elegans Groucho homolog unc-37 causes a similar defect
in the L2 self-renewal expansion division in seam cells as in ceh-16(-) and rnt(-) or bro-1(-)
animals (Xia, Zhang et al. 2007). unc-37 has also been characterized as a transcriptional
co-repressor in C. elegans VA class motor neurons where it is responsible for specifying
motor neuron identity and synaptic choice (Pflugrad, Meir et al. 1997).
While loss of function of unc-37(-) does not affect the asymmetric division of V5.p
leading to postdeirid formation (assayed with dat-1::gfp expression in PDE), the double
mutant of bro-1(-); unc-37(-) enhances the defects of PDE loss seen in bro-1(-). Possible
explanations for this synthetic effect are that UNC-37 and the RNT-1/BRO-1 complex
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act redundantly in regulating common gene targets or that they regulate different sets of
genes that have an additive effect on postdeirid formation (Xia, Zhang et al. 2007).
UNC-37 directly interacts with the RNT-1/BRO-1 complex (Xia, Zhang et al.
2007) and it has also been shown to directly interact with CEH-16 (Huang, Tian et al.
2009). Given that CEH-16 and RNT-1/BRO-1 have not been found to directly interact
in vitro (Huang, Tian et al. 2009), this suggests that UNC-37 may separately interact with
both proteins to regulate different sets of target genes.
Just as either rnt-1(-); dpy-22(-) or bro-1(-); sop-1(-) double mutants are synthetic
lethal, unc-37(-);dpy-22 (-) double mutants are also synthetic lethal. The role of dpy-22 and
other components of the Mediator complex in specifying the postdeirid in the V5.p
lineage will be discussed later in this thesis.

3.8 Cell contact between specific V cells represses ectopic canonical Wnt
signaling in the V5 lineage
While the postdeirid neurons are formed during the L2 stage, divisions earlier in
the V5 lineage play a crucial role in postdeirid formation. The lateral seam cells are
connected via apical junctions during the L1 stage (Koppen, Simske et al. 2001) but when
they divide they must separate from their neighbors and subsequently reconnect following
division in order for the postdeirid to develop. (Fig. 8)
!
!
!
!
!
!
!
!
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Fig. 8 V cells separate and subsequently reconnect during seam cell
divisions (Austin and Kenyon 1994)
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This requirement for cell contact is indicative of extrinsic signaling between
certain V cells and descendants. Laser ablation of V6, the posterior neighbor of V5
prevents formation of the postdeirid, as does ablation of combinations of anterior V cells
(V3/V4 together or V2/V3/V4 together) (Austin and Kenyon 1994) (Fig. 9). Killing of
only V4, the anterior V cell to V5, does not prevent postdeirid formation because the
other anterior V cells can make contact with V5 and send compensatory signals (Austin
and Kenyon 1994) (Fig. 9)

Fig. 9 Postdeirid formation can be prevented by ablation of specific V5neighboring seam cells (Austin and Kenyon 1994)

Laser ablations after the first division of the V cells can also prevent postdeirid
formation. When V2.p, V3.p, V4.p or V6.p are ablated, the postdeirid isn’t formed
(Austin and Kenyon 1994). Instead, the V5.p cell changes fate during L2 and undergoes a
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self-renewal expansion division like the V1-V4 seam cells. However, there is a time
stipulation. As long as V5.p has contact with both of its V4.p and V5.p neighbors within
8 hours of dividing, it will form the postdeirid. If cell ablations of V2.p, V3.p, and V4.p
occur after 8hrs, V5.p will develop normally into a postdeirid. This suggests that 8 hours
after hatching, signaling required from neighboring cells has occurred and V5.p has
committed to formation of the postdeirid (Austin and Kenyon 1994).
!

The change of V5.p fate to resemble the seam divisions of V1-V4 when neighbor
cell contact is missing 8 hours after hatching is due to an ectopic activation of the
canonical Wnt signaling pathway in V5.p. This idea is supported by three main
observations. First, mutations in the Wnt ligand egl-20, Frizzled family receptor lin-17, βcatenin bar-1 and a target of Wnt signaling, mab-5, all are capable of suppressing loss of
the postdeirid that would occur following V cell laser ablation (Austin and Kenyon 1994,
Salser and Kenyon 1996, Hunter, Harris et al. 1999). Second, pry-1 (the C. elegans Axin
homolog) mutants that are required to negatively regulate β-catenin in the absence of
Wnt signaling, also result in loss of the postdeirid (Hunter, Harris et al. 1999, Maloof,
Whangbo et al. 1999, Korswagen, Coudreuse et al. 2002). Third, the Wnt target gene
mab-5 (Hox family) is ectopically expressed in V5.p following V cell ablation and heat
shock induced mab-5 expression early in V5.p can prevent postdeirid formation while
causing a transformation to symmetric seam cell division (Austin and Kenyon 1994,
Salser and Kenyon 1996). This leads to the conclusion that canonical Wnt signaling (Fig.
9) is typically inhibited by cell-to-cell contacts in V5.p and this signaling inhibition is
required for later postdeirid formation by V5.pa. The mechanism by which cell-to-cell
contact inhibits Wnt signaling In V5.p is not yet known.
71

Fig. 10 An overview of the canonical Wnt signaling pathway. This pathway is
typically inhibited by cell-cell contacts in V5.p and ectopically activated by
neighboring V cell ablations with the mab-5 Hox gene as a downstream
target (Sawa and Korswagen 2013)!
!
!

!
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3.9 The non-canonical Wnt/MAPK signaling pathway in C. elegans is
responsible for asymmetric cell divisions in the V5 lineage

The C. elegans non-canonical (Wnt/MAPK) signaling pathway uses wrm-1/βcatenin, the transcription factor pop-1/Tcf, and the kinase lit-1/Nlk to control most
asymmetric divisions and it is distinct from non-canonical Wnt signaling in other species
(Eisenmann 2005, Huang, Tian et al. 2009, Joshi, Riddle et al. 2010). Whereas in the
canonical Wnt pathway the pop-1/Tcf transcription factor is activated by an external Wnt
signal (LIN-44), in the non-canonical (Wnt/MAPK) pathway, POP-1 serves as a
transcriptional repressor and Wnt signaling causes its removal from the nucleus of the
posterior daughter cell (via phosphorylation of POP-1), but not the anterior daughter cell
(Joshi, Riddle et al. 2010, Sawa and Korswagen 2013). The asymmetric localization of
POP-1 is translated into transcriptional changes via POP-1’s interactions with the SYS-1
β-catenin. SYS-1 is also expressed at higher levels in the posterior daughter cell and most
POP-1 binds SYS-1 and is thus converted to a transcriptional activator state. In the
anterior state, most POP-1 is not bound by SYS-1 and is therefore in a transcriptional
repressor state.
Mutations in this Wnt pathway can lead to either two anterior or posterior cell
fates depending on which asymmetry is induced. For example, the fates of the AIY
cholinergic neuron and its sister cell, the motor neuron SMDD, are differentiated by this
Wnt asymmetry pathway (Bertrand and Hobert 2009). When temperature sensitive mom4(ne1539); lit-1(t1512) Wnt signaling mutants are placed at the restrictive temperature
prior to the division of the AIY/SMDD mother cell, two posterior fate SMDD neurons
are formed (Bertrand and Hobert 2009).
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The non-canonical (Wnt/MAPK) asymmetry pathway also differs from the
canonical Wnt pathway because its regulation requires asymmetric localization of
signaling components in the cell receiving the Wnt signal, rather than on the stabilization
of β-catenin in the cell receiving the Wnt signal (Fig. 11)

Fig. 11 Prior to seam cell division, the components of the non-canonical
(Wnt/MAPK) asymmetry pathway are localized to different cellular
compartments. An external Wnt signal is provided to the posterior side of
the cell by LIN-44/Wnt. In the V5 lineage, this cell corresponds to V5.p.
(Sawa and Korswagen 2013)

Fig. 12 In the daughter cells after the asymmetric cell division, the posterior
daughter has less POP-1/TCF relative to SYS-1/β-catenin therefore
downstream target genes are transcribed. The anterior daughter has high
levels of POP-1/TCF thus causing a repression of target genes. In the V5
lineage, these cells correspond to V5.pa and V5.pp respectively.
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One set of Wnt target genes in the seam lineage are the GATA-type transcription
factors elt-5/6 discussed earlier (Fig. 5) (Koh and Rothman 2001, Gorrepati, Thompson
et al. 2013). As mentioned, elt-5/elt-6 repress the GATA-type factor elt-3 that in turn acts
to specify non-seam epidermal fate. elt-5/elt-6 have an additional role in preventing
inappropriate fusion with the hypodermal syncytium via repression of eff-1 – a gene that
codes for a transmembrane protein both necessary and sufficient for the fusion of both
epidermal and other cell types (Podbilewicz 2006).
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Fig. 13 Non-canonical (Wnt/MAPK) asymmetry pathway regulation of elt5/6 in the specification of larval seam cells (Sawa and Korswagen 2013). In
the V5 lineage, the cell receiving the Wnt signal is V5.p. egl-18 is an alternate
name for elt-5.

According to this model, we should expect both a lack of elt-5/6 expression and
presence of elt-3 expression in V5.a thus creating permissive conditions for the fusion of
V5.a to the hyp7 syncytium. In addition, this model only partially explains the fate of the
V5.p progeny following induction of the Wnt signal. While it naturally follows that V5.pp
should adopt seam fate as the posterior cell, there is no explanation for why V5.pa adopts
a neuroblast fate and goes on to form the postdeirid lineage.
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As mentioned earlier, ceh-16 also interacts with the non-canonical Wnt/MAPK
asymmetry pathway because mutations in the non-canonical pathway components lit-1,
wrm-1, apr-1, and pop-1, suppresses the ceh-16 V5.p division defect leading to loss of the
postdeirid (Huang, Tian et al. 2009). According to this model, ceh-16 acts at the level of
the V5 skin cell to turn on elt-5/6 which in turn drive seam cell fate in V5, V5.p and
further down in the posterior part of the V5 lineage (Gorrepati, Thompson et al. 2013).
Mutations in egl-20, a Wnt pathway ligand not specific to canonical or noncanonical Wnt signaling, causes polarity reversals in the daughter of L1 V cells (Vn.a and
Vn.p) with V5.a often becoming a seam cell instead of a neuroblast and V5.p fusing with
the hyp7 syncytium instead of vice versa (Whangbo, Harris et al. 2000). However, it is not
known whether the postdeirid lineage is still formed in these mutants.
In summary, the canonical Wnt pathway only affects postdeirid formation when
V5 neighboring seam cells are ablated, whereas the non-canonical Wnt/MAPK pathway
plays a role in the asymmetric V5 division that leads to postdeirid formation.

3.10 No evidence for a Notch signaling role in the formation of the
postdeirid
In metazoans, the Notch signaling pathway mediates cell-cell interactions that
control cell fate during development. The Drosophila melanogaster macrochaete lineage
forms external sensory organs that are in several ways analogous to the cells formed from
the postdeirid lineage (Bertrand, Castro et al. 2002, Furman and Bukharina 2008). Both
lineages are composed of at least one neuron together with socket and sheath support
cells and a cell that undergoes apoptosis (Fig. 14). In addition, the macrochaete lineage
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forms from a neutralized ectoderm that divides by a pattern of asymmetric division to
form the sensory organ. (Fig. 15).

Fig. 14 Similarities between the Drosophila machrochaete and C. elegans
postdeirid lineages (Sulston and Horvitz 1977, Furman and Bukharina 2008)
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Fig. 15 Notch-mediated lateral inhibition drives proneural expression in one
Drosophila ectoderm cell among many and leads to the formation of the
macrochaete lineage (Bertrand, Castro et al. 2002).

In the machrochaete lineage, the neutralized ectoderm uses Notch-mediated
lateral inhibition to select a single cell expressing higher levels of achaete-scute bHLH
proneural genes to undergo the asymmetric divisions leading to the sensory organ. While
one cell that is randomly expressing higher levels of the bHLH proteins becomes the
neuroblast, lateral inhibition shuts down the proneural program in neighboring cells
which thus maintain their ectoderm identity (Fig. 15). As part of this feedback loop, the
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neural progenitor receives less inhibitory Notch signals from its ectoderm neighbors thus
facilitating its progression to a neuroblast fate.
However, it appears that Notch does not play a role in the formation of the C.
elegans postdeirid lineage. In C. elegans, the two transmembrane receptors lin-12 and glp-1
are homologous to the Drosophila Notch receptor and play a role in cell-cell interactions
determining cell fate both during embryonic and larval development. The
transmembrane receptor lag-2 encodes one of ten proteins of the Delta/Serrate/Lag-2
(DSL) family that act as signaling ligands for the LIN-12 and GLP-1 receptors (Kopan
and Ilagan 2009) and lag-2(q240ts) temperature sensitive allele animals grown at 25°C
display many of the fate change phenotypes of lin-12 glp-1 double mutants. By growing
the lag-2(q240ts) worms at permissive temperatures during embryonic development and
then shifting to non-permissive temperatures during post-embryonic development, it has
been argued that Notch signaling does not play a role in signaling between seam cells
during the formation of the postdeirid (Austin and Kenyon 1994).
However, because lag-2 is one of only 10 Notch ligands, it is possible that some
other Notch ligand plays a role in this process. Unfortunately it is difficult to test the
hypothesis of whether Notch signaling plays a role in postdeirid formation because lin-12
glp-1 double mutants are lethal during the L1 stage right when the V5 seam cell is about
to divide for the first time. Therefore a role for Notch cannot be assayed at the later V5.p
level when the mutant phenotype might be an expected neuralization of the V5.p seam
cell into a V5.pa neuroblast-like fate. Given these caveats, further evidence that Notch
does not play a role in V5 development is given by the fact that expression of mec-3, a lim
homeodomain containing transcription factor required for specifying certain
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mechanosensory fates such as PVD in the V5 lineage, is normal in the lin-12 glp-1 double
mutant (Way, Run et al. 1992).

3.11 The basic helix-loop-helix (bHLH) transcription factor lin-32 (Atonal)
plays a proneural role in postdeirid development
The basic helix loop helix transcription factor lin-32 is required for the
specification of the postdeirid lineage as well as male sensory rays, Q cell derived neurons
(PQR, PVM, and SDQ), and AVM, PVM, and PLM neurons (Chalfie and Au 1989,
Mitani, Du et al. 1993, Zhao and Emmons 1995). All of the cells affected by lin-32 are
either neurons or support cells of peripheral sensory organs (Zhao and Emmons 1995).
This is consistent with the role of its Drosophila homolog Atonal in the specification of
sensory chordotonal and photoreceptor organs (Jarman, Sun et al. 1995). In lin-32
mutants, the postdeirid, Q or ray neuroblasts are transformed into either hypodermal
syncytial or seam cells (Chalfie and Au 1989, Zhao and Emmons 1995). (Fig. 16).
Specifically, V5.pa becomes a seam cell like its sister cell V5.pp in lin-32 mutants (Kenyon
1983).
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Fig. 16 lin-32 mutants are transformed from neuronal fates into hypodermal
lineages (Zhao and Emmons 1995)
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While lin-32 is broadly expressed embryonically and in neuroblast lineages, it is
not expressed in terminally differentiated cells. lin-32 regulates the expression of both the
homeodomain transcription factor unc-86 (contains a POU domain) and the
homeodomain transcription factor mec-3 (contains a lim domain), both of which in turn
are required for mechanosensory lineages such as the PVD branch of the postdeirid
(discussed later in this chapter) (Way and Chalfie 1989, Mitani, Du et al. 1993,
Baumeister, Liu et al. 1996). It is not known whether lin-32 directly binds unc-86 and mec3 regulatory regions. (Fig. 17)
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Fig. 17 lin-32 regulates the homeodomain transcription factors unc-86 and
mec-3 which are required for mechanosensory fate in several lineages
including the postdeirid (Way and Chalfie 1989)

In addition to being necessary for neuroblast specification, lin-32 can under
certain conditions be sufficient to specify neuroblast and downstream neuronal fate.
When driven by a heat shock promoter, lin-32 can transform seam cells (including those
in the anterior) from an epidermal fate to a male tail, neuronal ray papillae fate (Zhao
and Emmons 1995).
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In the male sensory ray lineages, LIN-32 heterodimerizes with the bHLH
transcription factor HLH-2 which is ubiquitously expressed embryonically until the ~200
cell stage at which point expression is gradually restricted to neuronal cells (Krause, Park
et al. 1997). Together with this Drosophila daughterless homolog, lin-32 binds Ebox
regulatory regions and transcribes target genes (Portman and Emmons 2000). hlh-2 is also
known to act as a heterodimer with bHLH transcription factors other than lin-32 in
specifying neuronal fate (e.g. hlh-3 and hlh-14) (Frank, Baum et al. 2003, Thellmann,
Hatzold et al. 2003).
While it isn’t known what factors directly activate lin-32, homologs in Drosophila
(Atonal) and Mouse (Atoh1) have been extensively studied and numerous activating
factors are known (Fig. 18). Atonal, the Drosophila lin-32 homolog, is regulated by two
separate enhancers (Jarman and Groves 2013). Generally speaking, the 3’ enhancer
initiates proneural cluster expression, while a 5’ enhancer controls upregulation of Atonal
in the sensory organ precursors. The 5’ region also contains sequence required for Atonal
autoregulation in different body regions such as the leg, eye and chordotonal organs. The
targets of Atoh1 have also been extensively studied: over 600 direct gene targets of Atoh1
in mouse cerebellum are known and a 10 nucleotide binding motif has also been
determined (Klisch, Xi et al. 2011).
While direct activators of lin-32 are not known, in the male ray lineages, pal-1,
mab-3, mab-5, and egl-5 are known to be required for the proneural function of lin-32
(Ross, Kalis et al. 2005). In addition, two factors that directly repress lin-32 in lineages other
than V5 are known: the Drosophila Hairy/Enhancer of Split orthologs lin-22 and ref-1.
Their role with respect to lin-32 and postdeirid formation is discussed in the next several
sections.
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Fig. 18 Numerous experimentally verified transcription factor binding sites
in the mouse Atoh1 locus (Jarman and Groves 2013)
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3.12 All V seam cells posses an intrinsic ability to also make postdeirid
lineages as revealed by lin-22(-) mutants
The V5 seam cell is not unique in its ability to generate the postdeirid lineage. All
of the V cells are capable of making the postdeirid but they are normally prevented from
this fate by the transcriptional repressor and Hairy/Enhancer of Split ortholog, lin-22. In
lin-22(-) mutants, the V1-V4 seam cells generate ectopic postdeirids (Horvitz, Sternberg et
al. 1983, Fixsen, Sternberg et al. 1985, Wrischnik and Kenyon 1997). lin-22 represses lin32 and loss of function lin-32 mutants can completely suppress the ectopic postdeirids
formed in lin-22(-) backgrounds (Wrischnik Development, 1997). In all metazoans, a
highly conserved lin-22 binding site is present in bHLH proneural genes including lin-32,
but it isn’t known if lin-32 is directly repressed by lin-22 via this 10-bp motif (Rebeiz,
Stone et al. 2005). Just as with postdeirid formation in V5, the ectopic postdeirids formed
in V1-V4 can be also inhibited by laser ablation of surrounding V cells (Waring,
Wrischnik et al. 1992), suggesting that cell-cell contacts after the first V cell division are
required for postdeirid formation. If the analogy of V5 postdeirid development is
consistent in these ectopic V1-V4 postdeirids, these cell-cell contacts are likely required
for the non-canonical (Wnt/MAPK) signaling pathway to signal to Vn.p cells (described
earlier in section 3.8.
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3.12 The ectopic postdeirid lineages in lin-22 mutants reveal roles for Hox
genes (lin-39 and mab-5) and the Drosophila Caudal homolog pal-1 in seam
cell specification
Hox proteins are the main molecules that control spatial development and they
are extremely conserved across species. The ectopic V1-V4 postdeirids formed in lin-22
mutants require not just lin-32, but also the Hox gene lin-39 (Wrischnik and Kenyon
1997). Loss of function of lin-39 cannot completely inhibit ectopic V1-V4 postdeirid
formation however, thus suggesting that lin-39 may act redundantly with another factor
to enable the postdeirid fate in V1-V4. lin-22 has been shown to inhibit the Hox genes lin39 (in the central body), egl-5 (in the tail), and mab-5 (in an anterior portion of the male
V5 lineage that is unrelated to the postdeirid) (Fig. 19) (Wrischnik and Kenyon 1997).
Both mab-5 and lin-39 are not required for postdeirid formation in the V5 lineage in a
wild type genetic background (Kenyon 1986, Wang, Muller-Immergluck et al. 1993,
Wrischnik and Kenyon 1997). As mentioned in section 3.8, ectopic, early mab-5
expression in V5.p caused by ablation of neighboring Vn.p cells or heat shock promoter
driven expression, causes loss of the postdeirid.
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Fig. 19 MAB-5 expression in WT and lin-22(-) backgrounds as seen with
antibody staining. Male lineages are shown, but MAB-5 expression is
identical for lin-22(-) hermaphrodites and males through the L2 stage when
the postdeirid is generated (Wrischnik and Kenyon 1997).

The V6 lineage can also make a postdeirid in lin-22 mutants but this fate is
prevented by the homeodomain transcription factor and Drosophila Caudal ortholog,
pal-1 (Waring and Kenyon 1991, Waring, Wrischnik et al. 1992). In pal-1 lin-22 double
mutants, the V6 lineage makes a postdeirid (Waring, Wrischnik et al. 1992). pal-1 inhibits
postdeirid fate in V6 by activating mab-5 in V6.p (Waring, Wrischnik et al. 1992, Salser
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and Kenyon 1996, Hunter, Harris et al. 1999). Consistent with the fact that pal-1 turns on
the postdeirid inhibitor mab-5 in V6 (a lineage that normally doesn’t make a postdeirid),
pal-1 is not required for V5 postdeirid production (Waring and Kenyon 1990).
In summary, mab-5 represses ectopic postdeirid fate in V6, while lin-39 is required
for ectopic postdeirid fate in V1-V4. Both mab-5 and lin-39 are repressed by lin-22
although in different lineages. (Fig. 20)

Fig. 20 Genes required for ectopic postdeirid formation. The requirement
for cell contact inhibition of ectopic Wnt signaling is shown with double
sided arrows. In males (not shown), lin-22 represses mab-5 in the V5 lineage
(in a V5 branch parallel to the postdeirid). Modified from (Soete 2007)

!
!
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3.13 ref-1 encodes a Hairy/Enhancer of Split homolog that represses lin-32
in certain lineages and has a similar phenotype to lin-22
ref-1 and lin-22 encode homologs of the Drosophila Hairy/Enhancer of Split
genes. ref-1 contains two bHLH domains and a FRPWE domain that is analogous to the
WRPW domain found in members of the Hairy family (Paroush, Finley et al. 1994,
Fisher, Ohsako et al. 1996, Alper and Kenyon 2001). The WRPW domain is used by
Hairy to recruit the co-repressor protein Groucho (Paroush, Finley et al. 1994, Fisher,
Ohsako et al. 1996, Alper and Kenyon 2001). The C. elegans Groucho homolog unc-37 is
ubiquitously expressed and acts as a co-repressor for motor neuron lineages (Pflugrad,
Meir et al. 1997). As mentioned in section 3.7, UNC-37 directly interacts with the RNT1/BRO-1 complex and is also responsible for the L2 self-renewal expansion division in
seam cells.
Besides structural similarities, ref-1 and lin-22 also share phenotypic similarities.
Just as lin-22 mutants cause ectopic postdeirids in V1-V4, ref-1 mutants generate ectopic
postdeirids in the V6 seam cell lineage (Fig. 21) (Alper and Kenyon 2001). Both genes
also cause Pn.p cell fusion defects, although once again defects in ref-1(-) are in the
posterior of the worm and lin-22-mediated defects are more anterior. Futher supporting
the idea that ref-1 and lin-22 have similar functions, yet act in different body regions, the
ref-1 lin-22 double mutant shows an additive phenotype (Ross, Kalis et al. 2005).
ref-1 inhibits the proneural activity of lin-32 in male ray neuroblasts derived from
V5-V6, and T seam cells (Ross, Kalis et al. 2005). If ref-1 behaves like its homologs in
other species, it likely regulates lin-32 directly (Ohsako, Hyer et al. 1994, Van Doren,
Bailey et al. 1994, Chen, Thiagalingam et al. 1997, Ross, Kalis et al. 2005). In those same
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male rays, the DM domain protein mab-3 acts in parallel to the Hox genes mab-5 and egl-5
to stimulate the expression of lin-32 by preventing the expression of ref-1. (Fig. 21). (Ross,
Kalis et al. 2005).

Fig. 21 Regulation of lin-32 in the male ray lineage

In the early embryo, most examples of Notch-mediated transcriptional repression
occur through direct activation of ref-1 (Neves and Priess 2005). However, it is not known
whether ref-1 is a direct target of Notch in the male rays.
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3.14 Heterochronic genes control developmental timing decisions required
for seam cell specification and postdeirid formation
C. elegans heterochronic genes are some of the most well characterized genes that
control developmental timing in animals (Ambros and Horvitz 1984). Mutations in these
genes cause certain developmental events to occur either earlier or later than other
unaffected development events in the same organism (Ambros and Horvitz 1984).
Examples of temporally altered events include seam cell divisions (Ambros and Horvitz
1984), vulva formation (Euling and Ambros 1996), dauer formation (Liu and Ambros
1989), and neuronal rewiring (Hallam and Jin 1998). Heterochronic genes code for a
number of different gene products including those with RNA-binding domains (lin-28,
dcr-1, alg-1/2, lin-41), zinc finger transcription factors (lin-29), and many microRNA
family members (lin-4, let-7) (Rougvie 2001). An important aspect of the heterochronic
pathway is the negative regulation of heterochronic genes by microRNAs at distinct larval
stages (Rougvie 2001, Moss 2007).
Several heterochronic genes have been shown to be required for formation of the
postdeirid lineage primarily via regulation of key seam cell developmental timing events
in L1 and L2 larval stages when the postdeirid develops (Fig. 22).
lin-14 contains a novel nuclear protein domain with a proposed role in
transcription (Ruvkun and Giusto 1989). lin-14 gain of function alleles or overexpression
of lin-14 results in seam cell reiterations of the L1 larval stage and therefore no formation
of the postdeirid which usually occurs during the L2 larval stage (Fig. 22) (Ambros and
Horvitz 1984). lin-14 is negatively regulated by the microRNA lin-4 (Lee, Feinbaum et al.
1993) and as would be expected by this relationship, lin-4 loss of function mutants show
the same phenotype as lin-14 gain of function mutants (Chalfie, Horvitz et al. 1981).
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lin-28 codes for a cytoplasmic protein with a cold shock domain containing RNAbinding motifs and CCHC zinc finger domains (Rougvie 2001). A highly conserved gene,
lin-28 has been shown to promote reprogramming of differentiated human somatic cells
into iPS cells (Yu, Vodyanik et al. 2007). In lin-28 mutants, the L2 larval stage when
postdeirid formation normally occurs is skipped (Fig. 22) (Ambros and Horvitz 1984).

Fig. 22 Regulation of the V1-V4, V6 seam cell lineages by heterochronic
genes (Rougvie 2001)
!
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3.15 Terminal differentiation of PDE and of all eight dopamine neurons is
controlled by a combination of transcription factors
Up until this point, all of the genes discussed as being required for postdeirid fate
affected generation of the entire postdeirid lineage. However, work from the Hobert lab
has shown that the terminal identity of the PDE neurons (and of all 8 dopamine neurons)
can be controlled separately from general pan-neuronal features. More specifically, the
expression of 5 dopamine pathway synthesis genes required for the terminal identity of
the dopamine neurons (CAT-2/TH, CAT-4/GTPCH, BAS-1/AAAD, CAT-1/VMAT
and, DAT-1/DAT) is controlled by a combination of the transcription factors ast-1 (Ets
domain), ceh-43 (homeodomain/Dlx ortholog), and ceh-20/ceh-40 (homeodomain/Pbx
ortholog) (Fig. 23) (Doitsidou, Flames et al. 2013). Mutants alleles of ast-1 and ceh-43
cause terminal dopamine features of PDE (and all dopamine neurons) to be lost, while the
expression of pan-neuronal genes shared by all neuron types (like common pre- and postsynaptic genes) are unaffected (Flames and Hobert 2009, Doitsidou, Flames et al. 2013).
The same is true for the ceh-20 ceh-40 double mutant.
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Fig. 23 A) Expression of five enzymes and transporters required for the
terminal identity of the dopamine neurons is controlled by a combination of
the transcription factors ast-1 (Ets domain), ceh-43 (homeodomain/Dlx
ortholog), and ceh-20/ceh-40 (homeodomain/Pbx ortholog). B) A transgenic
worm expressing the dat-1::gfp dopamine reuptake transporter is shown. C)
Transcription factor binding sites of these genes in the dat-1 promoter.
(Doitsidou, Flames et al. 2013)
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What upstream genes regulate these transcription factors required for terminal
differentiation of PDE? ast-1 expression is regulated in the AVG neuron by the LIM
homeodomain transcription factor lin-11 (Schmid, Schwarz et al. 2006), but lin-11 has not
been reported to be expressed in either seam cells or in the postdeirid lineage (Hobert,
D'Alberti et al. 1998). Upstream regulators of ceh-20 are not known, but ceh-20 is needed
as a cofactor for LIN-39 and MAB-5 dependent postembryonic mesoderm patterning
(Liu and Fire 2000) and is expressed in the V cells and descendants (Yang, Sym et al.
2005). ceh-20 mutants also display ectopic divisions of the Vn.a cells (anterior daughters of
V cells) whereas Vn.a cells typically fuse with the hypodermal syncytium without dividing
(Yang, Sym et al. 2005). The same paper that reports this phenotype also reports the
same ectopic Vn.a cell division phenotype for Meis-class homeodomain unc-62, although
lineage defects in further down in the V5 lineage were not examined. Regulators of ceh-40
and ceh-43 are unknown.

3.16 Terminal differentiation of PVD is controlled by the POU-type
homeodomain transcription factor unc-86 and the LIM-type homeodomain
transcription factor mec-3
unc-86 encodes a conserved POU-type homeodomain transcription factor that is
expressed in 57 of the 302 C. elegans neurons during development and these neurons are
not known to share any common feature (Fig. 24) (White, Southgate et al. 1986, Finney
and Ruvkun 1990). Generation of the mechanosensory neurons PVD, FLP, PLM, AVM,
PVM, and ALM are disrupted in unc-86 mutants due to cell lineage defects (Chalfie and
Sulston 1981, Finney and Ruvkun 1990). However, these lineage defects are not only
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specific to mechanosensory neurons as they are also responsible for disrupting the
generation of other sensory neurons, motor neurons and interneurons (Ruvkun 1997).
!

Fig. 24 The subset of C. elegans lineages where unc-86 is expressed. Bold
lines indicate unc-86 expression in 57 neurons. (Ruvkun 1997). Figure
adapted from (Finney and Ruvkun 1990)

When unc-86 is expressed in neuroblasts, the generation of mother/daughter
asymmetry is altered. The posterior neuroblast daughter takes on the fate of its mother
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cell while the anterior daughter cell is unaltered in unc-86 mutants (Fig. 25) (Chalfie,
Horvitz et al. 1981). In the V5 lineage, the V5.paa neuroblast typically generates an
anterior daughter cell that becomes a dopaminergic PDE neuron and a posterior
daughter cell that gives rise to the glutamatergic PVD neuron as an anterior daughter and
a posterior daughter that undergoes apoptosis. In unc-86 mutants, the anterior PDE
daughter of the V5.paa neuroblast is unaffected, but the posterior daughter reiterates its
maternal division thus giving rise to multiple PDEs at the expense of the PVD/dead cell
portion of the lineage (Sulston and Horvitz 1977, Finney and Ruvkun 1990). The number
of reiterations in the V5 lineage is variable, ranging from 1 to 5 PDE produced on each
side of the worm with a mean of ~3 PDE (Finney 1990).
!

Fig. 25 The V5.paa, Q and T.pp lineages all show posterior parental
reiterations in unc-86 mutants. The posterior neuroblast daughter takes on
the fate of its mother cell while the anterior daughter is unaffected. In the
case of the V5 lineage, A in this diagram corresponds to PDE, B corresponds
to PVD, and N represents the neuroblast mother of this lineage. (Chalfie,
Horvitz et al. 1981)
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In the V5 lineage, unc-86 is expressed in the V5.paap portion of the lineage that
also undergoes reiteration in unc-86 mutants (Fig. 26). This is a feature common to the
six cell lineages that undergo reiterations in unc-86 mutants and suggests that unc-86 may
help distinguish otherwise lineally related neurons and neuroblasts (Finney and Ruvkun
1990, Ruvkun 1997).

Fig. 26 unc-86 expression in the V5 lineage. (Finney and Ruvkun 1990)

The LIM homeodomain transcription factor mec-3 is required for the proper
differentiation of PVD and other mechanosensory neurons (Way and Chalfie 1989).
Much as with ast-1, ceh-43 and ceh-20/ceh-40 in dopamine neurons, mec-3 mutants do not
affect the PVD lineage or general pan-neuronal properties of PVD (Hobert 2010). In mec3 mutants, PVD neurons do not display their complex, highly-branched dendritic
processes and are also functionally defective for responding to harsh touch (Way and
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Chalfie 1989, Tsalik, Niacaris et al. 2003, Smith, O'Brien et al. 2013). While unc-86 is
expressed in 57 neurons, it heterodimerizes solely in touch sensory neurons (such as PVD)
with mec-3 where it activates terminal differentiation genes required for mechanosensation
as well as other terminal features (Xue, Finney et al. 1992, Xue, Tu et al. 1993, Duggan,
Ma et al. 1998). Along with its co-factors AHR-1 and ZAG-1, MEC-3 also acts to
distinguish between light touch neurons and the PVD harsh touch nociceptive neuron
fate (Smith, O'Brien et al. 2013). Low levels of MEC-3 specify PVD fate and high levels
specify the light touch neuronal fate.
Both mec-3 and unc-86 autoregulate their own gene expression and unc-86 is
required for mec-3 gene expression (Chalfie and Sulston 1981, Chalfie and Au 1989, Way
and Chalfie 1989, Xue, Finney et al. 1992). Higher up still in the genetic hierarchy, the
expression of both genes is dependent on lin-32 at least in the V5 lineage (Mitani, Du et
al. 1993, Baumeister, Liu et al. 1996). It is not known whether lin-32 directly binds unc-86
and mec-3 regulatory regions.

RESULTS
3.17 Materials and methods

Mapping cross, DNA preparation, and whole genome sequencing analysis
We crossed mutant animals with Hawaiian CB4856 males and singled F1 cross
progeny. In the F2 progeny, we picked between 20 and 50 progeny with either the
missing PVD or PDE phenotype (depending on the strain) and singled them onto
individual plates. We allowed the F2 recombinants to self fertilize until they filled 6 cm
plates. We pooled the progeny of all the F2 animals, using approximately similar
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numbers of animals from each plate. The pooled worms were lysed and genomic DNA
was prepared according to the standard protocol used for sample preparation for WGS
(http://hobertlab.org/wp-content/uploads/2013/02/Worm_Genomic_DNA_Prep.pdf).
DNA libraries were prepared according to Illumina’s protocol. The pooled DNA from
each experiment was then whole genome sequenced on an Illumina HISEQ sequencing
platform, using single-end 100bp reads. The CloudMap software pipeline was used for
downstream data analysis (Minevich, Park et al. 2012).
Strains
The following strains were used: Hawaiian strain CB4856, vtIs1[dat-1::gfp] vsIs33[dop3::rfp] V, vsIs33[dop-3::rfp] V otIs138[ser2prom3::gfp] X
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3.18 CloudMap mapping plots reveal clear mapping signals for the
postdeirid mutants
CloudMap data analysis of pooled mutant F2 progeny produced a series of
mapping plots shown in Fig. 27
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Fig. 27 CloudMap mapping plots for mutants missing postdeirid fate
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3.19 Postdeirid mutants and their genetic identity
Following the CloudMap workflows, we identified candidate causal variants in the
whole genome sequencing data. Variants from all other non-allelic whole genome
sequenced samples were subtracted from each mutant under analysis revealing highly
likely causal variants. The original mutants were then subject to complementation or
rescue (hu82) by injecting fosmids containing wild type DNA into the mutant. In some
cases where crosses with mutant strains were difficult due to additional phenotypes,
alternate alleles of the candidate causal variants were crossed into the original screening
strain to test if they could phenocopy the missing neuron phenotype. Eventually
complementation or rescue will be performed with all of the candidate mutations. Table
1 shows the current status of this work. Subsequent sections detail how what role these
mutants may play in postdeirid formation.

Table. 1 Postdeirid mutants and their genetic identity
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3.20 The postdeirid screen identifies lin-32 alleles: hu72, hu75, ot263, and
ot572
As mentioned in section 3.11, the bHLH transcription factor lin-32/Atonal is
essential for postdeirid development. We found two identical missense mutations (lin32(hu72)/lin-32(hu75)) and a third very strong missense mutation (100% penetrant) in the
lin-32 DNA binding domain that is identical to a previously described allele, lin-32(u282)
(Portman and Emmons 2000).
Potentially more interesting, is lin-32(ot263) — a point mutation a few hundred
base pairs upstream of the lin-32 start codon. This allele was identified by Maria
Doitsidou in her screens for dopamine fate mutants (Doitsidou, Flames et al. 2008). lin32(ot263) is a point mutation in a region that is highly conserved between 5 nematode
species and potentially provides a binding site for a trans-acting factor that regulates lin32. I am currently in the process of introducing this point mutation into a fosmid reporter
to see if it abolishes expression of lin-32 in the V5 lineage (Fig. 28).

Fig. 28 lin-32 alleles identified from screens for defective postdeirid fate
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3.21 A regulatory allele of the heterodimer binding partner of lin-32: hlh-2
As discussed in section 3.11, lin-32 heterodimerizes with its bHLH partner hlh-2 to
transcribe target genes (Portman and Emmons 2000). The hu82 allele had previously been
mapped to between 1.75 -1.87 map units on chromosome I by the Korswagen lab, but
they did not believe this was an hlh-2 allele because they were unable to rescue it with
DNA fragments containing the hlh-2 coding sequence (personal communication). We
whole genome sequenced this allele (without Hawaiian mapping) and found a ~1000bp
deletion of hlh-2 regulatory region approximately 7000 bp upstream before the hlh-2 start
codon. We rescued the hu82 missing postdeirid phenotype by injecting fosmid DNA
spanning both the coding and regulatory region of hlh-2 and hlh-2(hu82) also failed to
complement the hlh-2(bx108) allele. This hu82 regulatory allele likely provides a binding
site for a transacting factor that regulates hlh-2. We are currently in the process of
introducing this regulatory deletion into a fosmid reporter to see if it abolishes expression
of hlh-2 in the V5 lineage (Fig. 29).

Fig. 29 hlh-2(hu82) regulatory allele
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3.22 mu16 is a regulatory allele of ref-1, a known repressor of lin-32
We received the mu16 allele from the Kenyon lab who had previously described it
as having a postdeirid missing phenotype (personal communication). The Kenyon lab
mapped this allele to a small region of chromosome II and had hypothesized that it was a
gain of function allele because mu16/mu16 had a stronger phenotype than
mu16/chromosome II deficiency. In both respects they were correct as our whole
genome sequencing revealed a point mutation approximately 8kb upstream of the
Hairy/Enchancer of Split homolog ref-1 (Fig. 30).
As mentioned in section 3.13, ref-1 inhibits the proneural activity of lin-32 in male
ray neuroblasts derived from V5-V6, and T seam cells (Ross, Kalis et al. 2005). In the
same male ray lineage, the DM domain protein mab-3 acts in parallel to the Hox genes
mab-5 and egl-5 to stimulate the expression of lin-32 by directly repressing the expression
of ref-1 (Ross, Kalis et al. 2005). The ref-1(mu16) allele thus likely codes for a mab-3 binding
site in the ref-1 promoter and via this gain of function allele, lin-32 is ectopically repressed
thus leading to loss of the postdeirid.

Fig. 30 ref-1(mu16) regulatory allele
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3.23 ot641 contains a premature stop in the heterochronic gene lin-14
As discussed in section 3.14, lin-14 is a heterochronic gene responsible for the L1
larval fate. Hawaiian mapping and CloudMap analysis of ot641 revealed a premature
stop in the lin-14 coding sequence (Fig. 31) which likely has the effect of disrupting the
L1 seam cell divisions and thus leading to loss of the postdeirid.

Fig. 31 lin-14(ot641) premature stop

3.24 hu90 and hu113 are identical alleles of the hox gene responsible for
midbody specification: lin-39
Hawaiian mapping and CloudMap analysis revealed a mapping signal on
chromosome III for the hu90 and hu113 alleles and both alleles share an identical
missense mutation in the hox gene lin-39. As described in section 3.12, hox genes are
responsible for controlling spatial development and the hox genes mab-5 and lin-39 have
been implicated in postdeirid development. RNAi to lin-39 also results in loss of the
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postdeirid in the V5 lineage (David Miller III personal communication). I am currently in
the process of performing a complementation test with these two alleles and an allele of
lin-39.

Fig. 32 lin-39(hu90) and lin-39(hu113) missense alleles

3.25 Three components of the cdk-8 transcriptional repressor module of the
mediator complex
The postdeirid screen identified alleles of the multi-protein mediator complex that
is required for gene transcription by RNA polymerase II. The mediator complex has
multiple subunits responsible for conveying information from transcription factors and
other signals to the RNA polymerase machinery to regulate transcription. We found
alleles of three separate components of a particular module of this complex — the CDK8 module (Fig. 33, 34, 35, 36).
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Fig. 33 The cdk-8 module of the mediator complex with C. elegans alleles
from the postdeirid screen labeled in red. (Yin and Wang 2014)

Fig. 34 cic-1(hu80) and cic-1(hu135) missense mutations. cic-1 is the Cyclin C
component of the Mediator complex.
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Fig. 35 dpy-22(hu97) premature stop mutation. dpy-22 is a homolog of
MED12/12L component of the Mediator complex.

Fig. 36 cdk-8(hu96) premature stop mutation. cdk-8 codes for a cyclindependent serine/threonine protein kinase

The CDK-8 module of the mediator complex has primarily been implicated as a
transcriptional repressor (Yin and Wang 2014). It is known to phosphorylate the Cterminal domain of RNA Pol II to prevent recruitment to the promoter. It also
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phosphorylates cyclin H to negatively regulate activity of TFIIH on the RNA Pol II preinitiation complex (Fig. 37) (Yin and Wang 2014).

Fig. 37 The CDK-8 module of the mediator complex is primarily implicated
as a transcriptional repressor (Yin and Wang 2014).

One of the postdeirid-defective alleles, dpy-22(hu97), has previously been shown to
affect generation of dopamine neruons in the male ray lineage (Zhang and Emmons
2000). In this context, dpy-22 was shown to act as an inhibitor of BAR-1 dependent
canonical Wnt signaling. As mentioned in section 3.8, canonical Wnt signaling is
ectopically activated when seam cells surrounding V5 are ablated. This suggests that the
cdk-8 module of the mediator complex may be phenocopying the effect of seam cell
ablations to V5 neighbors by ectopically activating the canonical Wnt pathway. As
mentioned in section 3.6, seam cell number is reduced in dpy-22(RNAi) (Xia, Zhang et al.
2007).
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The mediator alleles from the postdeirid screen are sick and difficult to mate so we
have crossed strong loss of function alleles of cic-1, cdk-8 and dpy-22 into the reporter used
for the postdeirid screen to phenocopy loss of the postdeirid. We still intend to try
complementation testing.

3.26 hu115 encodes an allele of the heterochronic gene lin-28
As described in section 3.14, the heterochronic gene lin-28 is responsible for
promoting the L2 larval stage when the postdeirid neuroblast is formed. hu115 was
mapped to the center of chromosome I by the Korswagen lab in a region containing lin28. We performed a complemention test with hu115 and the lin-28(n719) allele previously
described as being required for postdeirid fate (Ambros and Horvitz 1984) and found that
they failed to complement. We then Sanger sequenced most of the lin-28 coding sequence
and did not find any variants. hu115 may be a regulatory allele of lin-28 or it may be a
variant in a region of lin-28 that we failed to sequence. The portion of the lin-28 locus that
we did not sequence failed to amplify via PCR so it is possible that this allele is a deletion,
but we would need to perform PCR with primers to different locations of the locus in
order to be confident of this.

3.27 hu83 encodes an allele of a Rap guanine nucleotide exchange factor
known to affect seam cell fate: pxf-1
The Korswagen lab had previously mapped hu83 to a fairly large region of
chromosome IV between -0.9 – 17.6. We whole genome sequenced this allele without
Hawaiian mapping and saw a premature stop mutation in the RapGef pxf-1which has
previously been described as essential for seam cell integrity (Fig. 38) (Pellis-van Berkel,
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Verheijen et al. 2005). As seam cell integrity is essential for repressing canonical Wnt
signaling and thus promoting postdeirid formation (section 3.8), pxf-1 mutants likely cause
ectopic mab-5 activation that disrupts postdeirid fate.

Fig. 38 pxf-1(hu83) premature stop mutation
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Fig. 39 A & B) pxf-1 mutants have defects in seam cell organization as seen
with the apical junction reporter dlg-1::gfp, and E & F)missing seam cells in
the anterior and posterior as seen with the seam cell reporter scm-1::gfp
(Pellis-van Berkel, Verheijen et al. 2005)
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3.28 ot575, ot642, ot643 and ot627 contain a 400k deletion of the left arm of
chromosome X that is responsible for loss of postdeirid fate.
Three separate rounds of screening identified four alleles of an identical 400k
deletion of the left arm of chromosome X (Fig. 40). The fact that these were separate
rounds of screens indicates that these mutants did not result from the same initial parent.
Each of these worms were isolated with the otIs138[ser2prom3::gfp] transgene that is
also located on chromosome X so it is possible that during recombination this transgene
somehow contributes to chromosome instability on a very infrequent basis that may
nonetheless be picked up via a high throughput screen such as ours. To our knowledge no
such mechanism has been previously described, so this is purely a hypothesis.
This 400k deletion region contains the polycomb-like gene sor-3 which has
previously been shown to regulate the formation of both dopaminergic and serotonergic
genes in the male ray lineage (Yang, Sun et al. 2007). sor-3 codes for a protein
containing an MBT repeat domain that contains histone binding activity and exists in the
PcG proteins SCM and Sfmbt in other organisms. sor-3(RNAi) leads to expression of
ectopic dopaminergic and serotonergic male ray neuron fates (Yang, Sun et al. 2007).
Furthermore, in sor-3 mutants, the Hox genes egl-5 and lin-39 are ectopically expressed
outside their usual domain. egl-5 is typically expressed in the V6 seam cell and lin-39 is
typically expressed in V1-V4 seam cells (Chisholm and Hsiao 2012).
The sor-3(bp185) allele phenocopies missing postdeirid fate when crossed into the
PDE and PVD reporters used for the screen. sor-3(bp185) also failed to complement ot642
and ot575 (ot642 and ot643 failed to complement one another).
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Other members of the polycomb group chomatin proteins such as mes-2/E(Z),
mes-3, and mes-6/ESC act as upstream negative regulators of mab-5 and lin-32 gene
expression and are required for specification of the dopaminergic male rays (Ross and
Zarkower 2003). Ectopic expression of mab-5 and lin-32 is the likely cause of the missing
ray fate in these mes mutants. It is likely that these mes genes also show missing postdeirid
phenotypes as well because they are broadly expressed (Ross and Zarkower 2003) and we
should likely expect them to negatively regulate mab-5 and lin-32 expression in the V5
lineage as they do in the V6 lineage that leads to dopaminergic male rays.
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Fig. 40 ot575, ot642, and ot627 contain a 400k deletion of the left arm of
chromosome X. Shown is a whole genome sequencing alignment of the
region in question with lin-14(ot641) as a reference. The deleted 400k region
contains the polycomb gene sor-3.
ChrX 296,000-442,666

ot575

ot642

ot641

sor-3
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DISCUSSION
Given that the postdeirid lineage has been very well studied for close to 40 years
(1740 Google Scholar results for “+’seam cells’ +elegans” and 862 results for “+PVD
+elegans”), perhaps it is not surprising that almost all of the mutants identified in this
work have previously been implicated in either postdeirid fate, or have been shown to
affect very closely related lineages that also form neurons from seam cells (the male ray
lineage).
Nevertheless, the mutants isolated from these screens have proved that CloudMap
can successfully identify causal variants from whole genome sequencing data and several
of the mutants affect regulatory regions so it is possible that they will shed light on cisregulatory motifs used to regulate genes responsible for postdeirid fate. In addition,
epistasis experiments testing regulation of fosmid reporters of each gene in the various
mutant backgrounds should help order the genes into gene regulatory networks. Such
networks can offer novel insights into how these neurons are formed, thus fulfilling the
objectives of the bottom-up approach to neuroscience.
Chapter 4 describes a C2H2 zinc finger transcription factor, ztf-6, and a Msx-type
homeobox gene, vab-15, that are required for the formation of the postdeirid lineage.
Maria Doitsidou identified that these genes play a role in postdeirid formation while I
further characterized their role in the lineage.

!
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CHAPTER 4: A NOVEL ZINC FINGER TRANSCRIPTION FACTOR, ZTF-6,
DIFFERENTIALLY AFFECTS DOPAMINE NEURON-PRODUCING
NEURONAL LINEAGES IN C. ELEGANS

INTRODUCTION
In addition to the forward genetic screens that I performed, I also further
characterized the roles of two transcription factors required for the formation of the
postdeirid lineage: ztf-6 and vab-15. ztf-6 was identified in a forward genetic screen for loss
of postdeirid fate by Maria Doitsidou and vab-15 was identified as a candidate gene (also
by Maria Doitsidou) based on its expression in seam cells.
The following section contains a draft of a manuscript we intend to submit for
publication. However, several additional experiments will be completed prior to
submission. Currently fosmid reporters were used to characterize gene expression except
where otherwise mentioned (Fig, 3B, 3C). Prior to submission, fosmid reporter expression
will be examined for all figures. Currently Fig. 4 indicates that L2 stages were not
observed in the respective mutant backgrounds (n>20). Prior to submission, worms will
be precisely staged so that we can say exactly when the V5 lineage fails to develop. In
addition, wild type images of reporter expression for Fig 5B, 5C will be included.
I identified the precise mutations in ot271 and ot273 via Sanger sequencing,
defined the expression patterns of ztf-6, vab-15, lin-32, and hlh-2 and ordered these genes
into a pathway, scored the loss of cell fate markers in the respective mutant backgrounds,
and identified the ectopic lin-32 expression and papillae formation under starvation
conditions.
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ABSTRACT
Invertebrate and vertebrate nervous systems generate different types of
dopaminergic neurons in distinct parts of the nervous system. We have taken a
genetic approach to understand how the four, functionally related, but lineally
unrelated classes of dopaminergic neurons of the nematode C.elegans, located
in distinct parts of the C.elegans nervous system are specified. We describe here
a novel, previously uncharacterized Zn finger transcription factor, ztf-6, identified
in a screen for mutants in which the dopamine transporter dat-1 fails to be
expressed in its correct pattern. ZTF-6 acts differentially in distinct dopamine
neuron-producing neuronal lineages. In one lineage, the postdeirid lineage,
which produces the dopaminergic PDE neurons, ztf-6 acts as a proneural gene
by controlling the expression of the proneural basic helix-loop-helix transcription
factor lin-32 and its cofactor hlh-2, as well as the Msx-type homeobox gene vab135

15 which we define here as another regulator of the postdeirid lineage. In two
other neuronal cell lineages that produce dopamine neurons, ZTF-6 has no
proneural role but acts to restrict the number of dopamine neurons, while in
another lineage it has no observable effect on dopamine neuron specification.
Taken together, we deorphanize the function of one of the many Zn transcription
factors in the worm genome, provide insights into dopaminergic neuron
specification and demonstrate that similar, functionally related neuron types are
built by highly distinct, lineage-based mechanisms.
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INTRODUCTION
The nervous system of the hermaphroditic C. elegans contains eight
dopaminergic neurons which fall into four classes of bilaterally symmetric pairs of
neurons (CEPD, CEPV, ADE, PDE)(Fig.1A)(Sulston et al., 1975). All four neuron
classes are ciliated mechanosensory neurons which form part of specific sensilla,
the posterior deirid (“postdeirid”) sensillum (PDE), the anterior deirid sensillum
(ADE) and cephalic sensilla (CEPs)(White et al., 1986). The four classes of
dopaminergic neurons operate redundantly in detecting mechanosensory stimuli
to modulate locomotory behavior (Sawin et al., 2000). Genetic screens for
mutants that fail to produce terminally differentiated dopaminergic neurons have
revealed that all four pairs of neurons are instructed by the same set of terminal
selector-type transcription factor to adopt dopaminergic neuron identity, the ETS
domain transcription factor ast-1, the Distalless ortholog ceh-43 and one of
several C. elegans Pbx genes (Doitsidou et al., 2008; Doitsidou et al., 2013;
Flames and Hobert, 2009; Siehr et al., 2011). In the absence of any of these
factors, the neurons are generated, but fail to initiate and maintain the terminal,
dopaminergic differentiation program.
In spite of these striking similarities among dopaminergic neurons, the four
different classes are born in different times during development, are situated in
different parts of the nervous system and derive from distinct neuronal lineages,
as illustrated in Fig.1A (White et al., 1986). It is therefore to be expected that
distinct factors operate in these distinct lineages to eventually specify terminal
dopaminergic neuron identity. The nature of factors that act in a linage-specific
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manner upstream of the terminal differentiation programs that are shared by all
dopaminergic neurons is only beginning to be explored (Doitsidou et al., 2008;
Lints and Emmons, 1999; Siehr et al., 2011). One approach to address this
question has been to undertake genetic screen for mutants in which
dopaminergic neuron-specific identity markers fail to be properly expressed
(Doitsidou et al., 2008). Undertaking such screens, we have identified not only
terminal selectors for dopaminergic neuron identity (Doitsidou et al., 2013;
Flames and Hobert, 2009), but have also identified early patterning genes whose
function remains poorly understood. For example, we have shown that vab3/Pax6 restricts the number of dopaminergic neuron production and the atonal
homolog lin-32 controls the production of some but not all dopaminergic neurons
(Doitsidou et al., 2008).
In this paper, we describe the identification and molecular characterization
of ztf-6, a C2H2 zinc finger transcription factor-encoding gene that acts in a
subset of the dopaminergic neuron lineages to promote and restrict the
production of dopaminergic neurons. Focusing on one of these lineages, we find
that ZTF-6 operates through proneural bHLH transcription factors and the Msxtype homeobox gene vab-15 to promote the production of the PDE neurons in
the postdeirid lineage.
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MATERIAL AND METHODS
Mutant strains
OH4274: ztf-6(ot271); vtIs1
OH4276: ztf-6(ot273); vtIs1
OH4277: ztf-6(ot274); vtIs1
OH4303: ztf-6(ot280); vtIs1
OH8865: ztf-6(ot271); vtIs1; vsIs33
OH8866: ztf-6(ot280); vtIs1; vsIs33
OH8861: ztf-6(ot280); otIs199
OH8870: ztf-6(ot271); otIs199

Transgenic reporter strains
Fate markers: vtIs1 [dat-1::gfp; rol-6], vsIs33 [dop-3::gfp], otIs199 [cat-2::gfp;
rgef-1::dsRed2]; otIs355 [rab-3::rfp], otIs14 [zig-3::gfp; rol-6], oyIs14 [sra-6::gfp;
lin-15] ;vsEx518[kcc::GFP::kcc-3(3'UTR)+lin-15(+)]
lin-32: arEx1906 [lin-32fosmid::gfp; pha-1(+); ttx-3::mCherry] kindly provided by

the Greenwald lab, based on a fosmid reporter gene constructed by the
Transgenome project (Sarov et al., 2012).
hlh-2: otEx[not yet named] [hlh-2 fosmid::yfp; myo-3::mCherry], fosmid kindly

provided by the Greenwald lab.
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unc-86: otIs337[unc-86fosmid::SL2::NLS::YFP::H2B; ttx-3::mCherry]
vab-15: otEx6218 [vab-15 fosmid::gfp; myo-2::mCherry]. This array was kindly

provided by Laura Pereira. It rescues the vab-15(u781) Vab phenotype
and was generated using fosmid recombineering (Tursun et al., 2009).
ztf-6: otEx[not yet named] [ztf-6::gfp, ttx-3::mCherry] . The ztf-6::gfp reporter was
generated by in vivo recombineering (Boulin et al., 2006). First a genomic region
from the first intron to the last exon of the ztf-6 locus was amplified and fused to
gfp using standard PCR fusion technology (Hobert, 2002). The resulting fusion
protein (which due to the lack of the first exon we would expect to be not
expressed and not functional) was co-injected with an amplicon that spanned 4.7
kb sequence upstream of the first exon, the first exon and the first intron. This
amplicon overlap by 50 bp with the PCR-fused amplicon to allow for in vivo
recombineering in the injected animals (Boulin et al., 2006).

Isolation of ztf-6 mutants
Transgenic worms carrying a chromosomally integrated dat-1::gfp reporter
(vtIs1) were mutagenized using Ethyl Methanesulfonate (EMS) and standard
protocols (Brenner, 1974; Doitsidou et al., 2008). The screen was performed
clonally, as previously described (Sarin et al., 2007). F2 and F3 worms were
screened using a fluorescent dissecting microscope for abnormal dat-1::gfp
expression. Four mutants were isolated with similar phenotypes, ot271, ot273,
ot274 and ot280, which all failed to complement each other.
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Mapping and cloning ztf-6
The ot280 allele was mapped using high-throughput SNP mapping (Davis
et al., 2005) to chromosome I (+5.06 to +9.23 CM). ot280 was whole genome
sequenced using an Illumina platform followed by data analysis initially using
MAQGene (Bigelow et al., 2009) and then re-analyzed with CloudMap (Minevich
et al., 2012). Data were filtered as previously described (Sarin et al., 2010). Of
the 21 variants in the region, 4 were protein-changing mutations. Candidate
mutations were confirmed by Sanger sequencing. One affected the transcription
factor ztf-6. The ztf-6 mutation was shown by transformational rescue to be
responsible for the ot280 phenotype.

141

RESULTS AND DISCUSSION
ztf-6 mutants display altered patterns of dat-1 expression in a lineagespecific manner
All dopaminergic neurons can be labeled in transgenic worms with a
reporter construct that monitors expression of the dopamine reuptake transporter
dat-1 (Nass et al., 2002). Using this reporter, we screened for EMS-induced
mutants in which dat-1::gfp expression is either lost or ectopically expressed (see
Experimental Procedures)(Doitsidou et al., 2008). These screens identified the
previously described ETS domain transcription factor ast-1 and the
Distalless/Dlx-like ceh-43 gene as being required for terminal differentiation of all
dopaminergic neurons (Doitsidou et al., 2013; Flames and Hobert, 2009). Unlike
these previously identified genes that define the identity of all dopaminergic
neurons, we find that one as yet non-described complementation group, defined
by four independently isolated alleles, has strikingly distinct effects on different
dopamine neuron producing lineages (Fig.1B, 1C, Table 1). Initially, we called
the locus defined by this complementation group dopy-1 but because its
molecular features (described below), we renamed the locus ztf-6. Expression of
dat-1::gfp in the PDE neurons, which form part of the postdeirid structure, is lost
in most of the ztf-6 mutant animals (Fig.1C, Table 1). In a subset of the
infrequent cases where dat-1::gfp expression in the PDE neurons is not turned
on, we also observe ectopic dat-1::gfp expression in the postdeirid lineage
(Fig.1C, Table 1).
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Fig. 1 ztf-6(ot271) mutant animals show defects in lineages that produce
dopaminergic neurons. A: Dopaminergic neurons of the C.elegans
hermaphrodite. B: Expression of the dopamine transporter dat-1::gfp (vtIs1) in
wildtype background. C: Expression of the dopamine transporter dat-1::gfp
(vtIs1) in ztf-6 mutant background. D: ztf-6 gene locus and reporter gene used in
this study. E: ZTF-6 protein structure
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Loss of dat-1::gfp expression in the PDE neurons of the postdeirid lineage
of ztf-6 mutants is paralleled by a loss of another dopaminergic marker (tyrosine
hydroxylase cat-2::gfp; data not shown). Loss of PDE identity is likely a reflection
of gross misspecification or entire loss of the postdeirid lineage, since the
expression marker for all other cells in the postdeirid lineage are lost in ztf-6
mutants (Table 2). These affected markers include a marker for the
glutamatergic PVD neurons (dop-3)(Chase et al., 2004), a panneuronal marker
and a marker for the glial cells generated by the lineage (kcc-3)(Bellemer et al.,
2011)(Table2). The loss of postdeirid formation in ztf-6 mutants in strikingly
similar to the loss of postdeirid development in animals lacking the proneural
bHLH factor lin-32, the C.elegans homolog of the fly Atonal and the vertebrate
Math genes (Doitsidou et al., 2008; Zhao and Emmons, 1995).
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Table 1: Dopaminergic neuron defects in ztf-6 and vab-15 mutant animals.
Genotype
wild type
ztf-6(ot271)

0%

85%

0%

0%

12%

8%

77%

39

ztf-6(ot273)

0%

80%

0%

0%

46%

10%

63%

41

ztf-6(ot274)

0%

85%

0%

0%

39%

10%

69%

51

ztf-6(ot280)

0%

85%

0%

0%

12%

7%

66%

68

0%(n=9)

77.5%(n
=20)

0%(n=9)

0%(n=9)

0%(n=9)

0%(n=9)

0%(n=9)

20

vab-15(tm260)
1

dat-1::gfp (vtIs1) expression
loss in loss in loss in loss in extra
extra
extra
n
ADEs PDEs CEPD CEPV ADEs1 PDEs1 CEPVs1
0%
0%
0%
0%
0%
0%
0%
100

Cells located in close vicinity to the original neuron. See Fig.1.

Table 2: Postdeirid lineage in ztf-6 and vab-15 mutants
Genotype(

wild$type$

%(animals(expressing(reporter(transgene(
PDE$marker$
PVD$marker$dop$3$
panneuronal$
dat$1&(vtIs1)$
(vsIs33)&
marker$rab$3$
in$PDE$+$PVD$
(otIs355)&
100%$
100%$(n>100)$
100%$
$
(n>100)$
13%$$(n=71)$ 13%$(n=71)$
10%$$(n=44)$
73%$(n=44)$
not$examined$
not$examined$

ztf$6(ot280)&
ztf$6(ot280);&
Ex[ztf$6::gfp]&
vab$15(tm260)& 22.5%$
62.5%$(n=20)$
(n=20)1$
vab$15(u781)&
30%$(n=63)$
35%$(n=63)$
1
Repeated from Table 1 for comparison.

30%$(n=20)$

glial$marker$
kcc$3&
(vsEx518)$
100%$ (n=27)$
17%$(n=64)$
not$examined$
15%$(n=20)$

not$examined$ not$examined$

The anterior deirid neuron ADE shows normal dat-1:gfp expression.
However, dat-1 expression is also observed in one to two neurons that are
localized in very close apposition to the ADE (Fig.1C, Table 1). This phenotype
again displays striking similarities to lin-32 mutant animals. In previously
described screens for loss of dat-1::gfp expression, we had retrieved several lin145

32 loss of function alleles that display an apparent overproduction of ADE
neurons (Doitsidou et al., 2008).
While the function of ztf-6 and lin-32 appear to be tightly coupled in the
anterior and posterior deirid, the dopaminergic cephalic neuron classes CEPD
and CEPV are differentially affected by ztf-6 and lin-32. As we previously
reported, there is a complete loss of dat-1::gfp expression in the CEPD neurons
of lin-32 mutants, suggesting a proneural function of lin-32 in this lineage
(Doitsidou et al., 2008). In contrast, dat-1::gfp expression in CEPD neurons is
unaffected in ztf-6 mutants (Fig.1C, Table 1). The opposite applies to the CEPV
neurons which are not affected by lin-32 (Doitsidou et al., 2008), but are affected
by ztf-6 such that there appear to be ectopic CEPV neurons generated in ztf-6
mutants (Fig.1C, Table 1).
To test whether the ectopic CEPV neurons are generated as a result of
the survival of the normally dying sister of CEPV neurons, we first examined
whether the prevention of cell death, observed in ced-4 mutant animals, leads to
the undead cell indeed adopting a dopaminergic identity, as assessed by dat1::gfp expression. As deduced by the observation of two additional dat-1::gfp
positive cells in close apposition to CEPV, we indeed find this to be the case
(Table S1). We then generated a ztf-6; ced-4 double mutant strain and find an
additive phenotype in these double mutant animals, suggesting that the ectopic
CEPV neuron are not the result of the CEPV sisters surviving (Table S1). We
also find that the fate of other neurons in the CEPV lineages, specifically the AIM
cousin and ASH grand-cousin cells (Fig.1A) are generated normally (as
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assessed with an AIM-expressed zig-3::gfp reporter and an ASH-expressed sra6::gfp; data not shown). Given the proximity of the ectopic dat-1::gfp(+) cell to the
normal CEPV, we therefore consider it most likely that in ot280 mutants one
round of extra replication of the CEPV neurons occurs. We were not able to
directly observe such additional division with lineaging techniques due to the
vigorous movement of embryos in late embryonic stages.

Table S1: Ectopic CEPV neurons are not the result of defects in cell death
Average(number(of(ectopic(dat$1::gfp8positive(neurons(adjacent(to(CEPVs(per(
animal((In$all$cases$n>30)(
Wild$type$
ztf$6(ot280)&
ced$4(n1162)&
ztf$6(ot280);&ced$
4(n1162)$
0$$
1.08$$
1.92$$
2.69$$
Table S2: Whole genome sequence data
SNP$Mapping$interval$
#$Variants$in$the$region$
#$Protein$changing$variants$in$the$region$
#$Missense$mutations$
#$Protein$changing$‘EMS’$mutations$(G>A$or$C>T$
#$Protein$changing$mutations$affecting$transcription$
factors$

LGI:$+5.06...+9.23$
21$
4$
4$
1$
1$

ztf-6 encodes a C2H2 zinc finger transcription factor
We mapped the ot280 mutation to a small interval on linkage group I using
conventional SNP mapping approaches. We then sequenced the genome of
ot280 mutant animals using Illumina technology. Among the sequence variants
present in this genetic interval, four affect amino acids in protein coding genes
and only one affects a transcription factor (Table S2), the previously
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uncharacterized ztf-6 gene. We Sanger-sequenced the ztf-6 locus in all four
available alleles and found mutations in each allele (Fig.1D,E). The PDE
phenotype of ot280 mutants can be rescued by a piece of genomic DNA that only
contains the ztf-6 locus (Table 2).
ztf-6 codes for one of around 200 C2H2 zinc finger proteins in the
C.elegans genome (Knight and Shimeld, 2001). The ZTF-6 protein contains three
Zn finger domains at its C-terminus and a conserved acidic domain possibly
involved in transcriptional activation. The ot271 and ot273 alleles contain short
insertions at the beginning of the locus that result in a frame shift and premature
stop before the three zinc finger domains of ztf-6, suggesting that these alleles
are null alleles (Fig.1D). The ot274 mutant contains a nonsense substitution
before the third Zn finger. Of the three Zn fingers, the first two are canonical
C2H2 fingers, the last is a C2HC finger. The last, somewhat more unusual Zn
finger, is essential for protein function since one allele, ot280, disrupts the last
cysteine of this finger (Fig.1E).
Based on sequence similarity, there are no clear paralogs in the
C.elegans genome. There are clear orthologs of ztf-6 in other Caenorhabditis
species that display sequence similarity throughout the entire proteins (and close
to 100% sequence identity among the three Zn fingers). There are also no ztf-6
paralogs in other nematode species, except in Caenorhabditis brenneri, which
contains, two ztf-6 homologs, also containing the same characteristic last C2HC
Zn finger.
No ZTF-6 relatives are present in the currently available genome
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sequences of other non-Rhabditis nematodes, such as Brugia malayi or
Pristionchus pacificus, nor in arthropods or chordates. This observation is in line
with the general notion that – unlike other transcription factor families, like the
homeobox family - C2H2 Zn finger transcription factors have undergone
extensive species-specific expansion across the animal kingdom (Knight and
Shimeld, 2001). Our identification of a neuronal role for an orphan, nonconserved C2H2 Zn finger transcription factor contributes to the functional
deorphanization of the many, non-conserved C2H2 Zn finger transcription factors
in the C.elegans genome. Nematode-specific C2H2 Zn finger transcription
factors have also been uncovered by other screens for neuronal cell fate
decisions (Baum et al., 1999; Chang et al., 2003; Johnston et al., 2006; Johnston
and Hobert, 2005; Zhang et al., 2011), suggesting that specific-specific C2H2 Zn
finger expansion may relate to specific-specific nervous system features.

Expression pattern of ztf-6
We generated a reporter construct that contains the ztf-6 locus with all
exons and introns and 4.7 kb of sequences upstream of the start codon. This
construct is able to rescue the ztf-6(ot280) mutant phenotype (Table 2).
Expression is first observed in very late embryogenesis (3-fold stage). In the first
larval stage, the ztf-6::gfp expressing cells can be identified as head hypodermal
cells, head muscle cells, neurons and ectodermal blast cells along the body (all P
and all V cells) and in the tail (Fig.2A). In the L2 stage additional neuron in P cell
derived ventral cord motor neurons. By the adult stage, ztf-6::gfp has
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disappeared in all cells (not shown).
Because of the striking postdeirid loss phenotype, we focused our ztf-6
expression analysis on the postdeirid lineage, which is derived from the V5 seam
cell. We observe ztf-6 expression in the V5 cell of freshly hatched L1 animals.
Upon division of the V5 cell into a posterior and anterior daughter, we observe
expression in both the anterior and posterior daughter of V5 cell (Fig.2B). The
descendent of the posterior V5.p daughter, V5.pa (the founder of the postdeirid
lineage) and V5.pp also continue to express ztf-6::gfp. Within the V5.pa lineage,
ztf-6::gfp is expressed in V5.paa and V5.pap, the two blast cells that generate the
PDE and PVD neurons and PDE socket and sheath cells respectively (Fig.2B).
No expression is detected in the terminally differentiated PVD, PVD, PDEso, and
PDEsh cells.
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Fig 2: Expression pattern of ztf-6
A: Whole worm ztf-6::gfp expression in L1, L2
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B: ztf-6 ::gfp expression in the postdeirid lineage
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ztf-6 controls expression of the proneural genes lin-32/atonal and its
cofactor hlh-2/ daughterless in the postdeirid lineage
The loss of expression of neuronal and glial markers in the postdeirid
lineage of ztf-6 mutants suggests a proneural function of the gene. The Atonal
homolog lin-32 has previously been shown to be a proneural factor in the
postdeirid lineage (Zhao and Emmons, 1995). lin-32 is known to act together with
the daughterless homolog hlh-2 (Portman and Emmons, 2000). Expression of
neither of these genes had been previously examined in the postdeirid lineage.
Using fosmid-based reporter transgenes, we analyzed the expression of lin-32
and hlh-2. We find that hlh-2 is expressed in the V5 seam cell, continues to be
expressed in the two descendent V5.a and V5.p and continues in the two
daughters of V5.p, one of which, V5.pa generates the postdeirid (Fig.3A).
Expression is observed for two more cell cycles (Fig.3A). lin-32 is expressed
only in a subset of the hlh-2 expressing cells: It is not expressed in V5, is
expressed in V5.a, but not V5.p and then is transiently expressed in V5.pa and
its anterior daughter, the neuroblasts that generate the PDE and PVD neurons;
no expression is observed later in the lineage (Fig.3B).
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Fig 3: Expression pattern of hlh-2, lin-32 and vab-15 in the postdeirid
lineage
A: hlh-2::yfp expression in the postdeirid lineage
B: lin-32::gfp expression in the postdeirid lineage
C: vab-15::gfp expression in the postdeirid lineage

In first larval stage ztf-6 mutants, hlh-2 expression in V5 and its two
daughter, V5.a and V5.p is often absent (Fig.4A). At the late L1/early L2 stage,
when the V5.pa cell is generated and divides, we have not observed any hlh2::gfp expressing cells. In contrast, lin-32 expression in V5.a in the L1 stage is
unaffected in ztf-6 mutants. But, like the hlh-2 reporter, we have not been able to
find ztf-6 mutant animals in which we observed the normally transient expression
of lin-32 in V5.pa and its two daughters in late L1/early L2 stages (Fig.4B).
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Fig 4: ztf-6 regulates lin-32, hlh-2, and vab-15 in the postdeirid lineage
A: ztf-6 regulates lin-32, B:hlh-2, C: vab-15.

Lastly, we also observed that in ztf-6 mutants, lin-32 fosmid reporter
expression is sometimes derepressed in many cells throughout the animal. In
these animals, small (lin-32::gfp-positive) papillae with a ring/dot-like appearance
can be observed (Fig.4D). Upon the cloning of lin-32, Zhao and Emmons had
noted such papillae upon ectopic misexpression of lin-32, suggesting that these
may constitute nascent, ray-like structures (Zhao and Emmons, 1995). These
papillae express the terminal marker dat-1::gfp, but only under starvation
conditions (unpubl. data), a phenomenon we have not further investigated. We
conclude that ztf-6 can either activate or repress lin-32 expression, depending on
cellular context.
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Fig 4D: Ectopic lin-32 expression and papillae in ztf-6 mutants (papillae)

The Msx-type homeobox gene vab-15 is a target of ztf-6 and also required
for the differentiation of the postdeirid lineage
To identify additional transcription factors that operate in the postdeirid
lineage, we considered transcription factors previously shown to be expressed in
seam cells. One such transcription factor is the Msx-type homeobox protein VAB15, previously shown to be required for touch neuron differentiation and noted for
its expression in seam cells (Du and Chalfie, 2001). A close examination of a
fosmid-based vab-15 reporter showed that within the postdeirid lineage vab-15 is
expressed in a similar pattern as lin-32 (Fig.3B). Expression is observed in V5.a
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and transiently in V5.pa and its anterior descendants (Fig.3C). This similarity of
lin-32 and vab-15 expression suggests that, like lin-32, the vab-15 gene may also
be a target of ztf-6. In epistasis analysis we indeed find that vab-15 fosmid
reporter expression is abrogated in the V5 lineage in ztf-6 mutants (Fig.4C).
To examine whether vab-15 also displays defects similar to those
observed in lin-32 and ztf-6 mutants, we crossed postdeirid lineage reporters into
a vab-15 mutant background, using two different alleles, a splice donor mutation
(u781) and a deletion allele (tm260). We find that in vab-15 mutants, the neurons
normally produced by the postdeirid lineage do not develop properly, like in lin-32
mutant animals. There are expression defects of the panneuronal marker rab-3,
of a PVD and PDE marker (dop-3), the PDE marker dat-1::gfp and the glial
marker kcc-3 (Fig.5; Table 2). Expression of unc-86, a transcriptional regulator
of PVD identity, and also a target of lin-32 in the postdeirid lineage (Baumeister
et al., 1996) is also lost in V5 lineage (Fig.5).
Expression of dat-1::gfp in other dopaminergic lineages, specifically the
anterior deirid neuron ADE, is not affected in vab-15 mutants (Table 1). This
finding is notable because it provides a potential answer to the question why ztf-6
and lin-32 have a neurogenic role in the postdeirid, but a different role in the
anterior deirid, where the genes act to restrict the number of dopaminergic
neurons generated. In the postdeirid, ztf-6 and lin-32 are capable of inducing
expression of the neurogenic vab-15 gene, but no such regulatory linkage
appears to exist in the anterior deirid, which is unaffected in vab-15 mutants
(Table 1). In the anterior deirid, ztf-6 and lin-32 rather appear to control the
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expression of a lineage determinant that restricts dopaminergic neuron
production. This factor may be unc-86, a POU homeobox gene whose loss
results in a lineage transformation in the anterior deirid, leading to the same
overproduction of ADE that we observed in ztf-6 and lin-32 mutants (Doitsidou et
al., 2008; Finney, 1987)(this paper). Intriguingly, unc-86 has a similar homeotic
role in the postdeirid, where it is a target of lin-32 (Baumeister et al., 1996). We
therefore hypothesize that ztf-6, lin-32 and unc-86 act in a linear pathway in both
the anterior and posterior deirid and that the recruitment of vab-15 as a target of
ztf-6 and lin-32 in the postdeirid, but not anterior deirid, confers a neurogenic role
to ztf-6 and lin-32 specifically in the postdeirid.
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Figure 5: vab-15 affects the development of the postdeirid.
A: PDE markers (dat-1::gfp) are affected in vab-15 mutants. B: PVD markers
(dop-3::rfp) are affected in vab-15 mutants. C: Pan-neuronal markers (rab-3::rfp)
are affected in vab-15 mutants. D: Glial markers (kcc-3::gfp) are affected in vab15 mutants. E: The homeotic transcription factor unc-86 (unc-86::yfp) is affected
in vab-15 mutants. Left side only shown to indicate selective loss of PDE/PVD in
rab-3::rfp while SDQL/PVD unaffected.

159

CONCLUSIONS
Intensive efforts have been invested to identify regulators of dopamine
neuron identity across the animal kingdom (Smidt and Burbach, 2007). Through
genetic screens for mutants in which a dopaminergic cell fate marker is
aberrantly expressed we identified a novel, previously uncharacterized zinc finger
transcription factor, ztf-6, as being required to specify dopaminergic neurons in
the C.elegans nervous system. ztf-6 has divergent effects on the distinct lineages
that produce dopaminergic neurons in the postdeirid sensillum (PDE), in the
anterior deirid sensillum (ADE) and cephalic sensilla (CEPs). ztf-6 acts together
the with lin-32/Atonal gene and its cofactor hlh-2 as a proneural gene in the
postdeirid lineage, while it acts to limit the number of anterior deirid neurons,
again likely in conjunction with lin-32/Atonal. unc-86 may be a common effector
of ztf-6 and lin-32 in both the anterior and posterior deirid, while the proneural
vab-15/Msh gene may be a postdeirid-specific effector of ztf-6 and lin-32.
Proneural roles have also been reported for the fly ortholog of vab-15 (Isshiki et
al., 1997) but remain to be investigated in vertebrates.
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APPENDIX INTRODUCTION
During my time in the Hobert lab, I worked on several projects that were
unrelated to both CloudMap and the postdeirid screen. These projects are detailed in the
following sections.
!
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APPENDIX A: PHYTOCHROME C Is an Essential Light Receptor for
Photoperiodic Flowering in the Temperate Grass, Brachypodium
distachyon
I adapted the CloudMap pipeline so that it could analyze whole genome
sequencing data from the temperate grass Brachypodium distachyon and performed
analysis on several mutants from the Amasino lab. Together with the Galaxy team and
Daniel Woods, I have made this Brachypodium version of the CloudMap available to the
public so the Brachypodium community can use it to analyze data from genetic screens. I
contributed supplemental figure S2.b for this paper.
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INVESTIGATION

PHYTOCHROME C Is an Essential Light Receptor for
Photoperiodic Flowering in the Temperate Grass,
Brachypodium distachyon
Daniel P. Woods,*,†,‡ Thomas S. Ream,†,‡,1 Gregory Minevich,§ Oliver Hobert,§ and Richard M. Amasino*,†,‡,2
*Laboratory of Genetics, ‡United States Department of Energy Great Lakes Bioenergy Research Center, and †Department of
Biochemistry, University of Wisconsin, Madison, Wisconsin 53706, and §Department of Biochemistry and Molecular Biophysics,
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ABSTRACT We show that in the temperate grass, Brachypodium distachyon, PHYTOCHROME C (PHYC), is necessary for photoperiodic
ﬂowering. In loss-of-function phyC mutants, ﬂowering is extremely delayed in inductive photoperiods. PHYC was identiﬁed as the
causative locus by utilizing a mapping by sequencing pipeline (Cloudmap) optimized for identiﬁcation of induced mutations in
Brachypodium. In phyC mutants the expression of Brachypodium homologs of key ﬂowering time genes in the photoperiod pathway
such as GIGANTEA (GI), PHOTOPERIOD 1 (PPD1/PRR37), CONSTANS (CO), and ﬂorigen/FT are greatly attenuated. PHYC also controls
the day-length dependence of leaf size as the effect of day length on leaf size is abolished in phyC mutants. The control of genes
upstream of ﬂorigen production by PHYC was likely to have been a key feature of the evolution of a long-day ﬂowering response in
temperate pooid grasses.

F

LOWERING during a particular season is often critical for
reproductive success, and thus when to initiate ﬂowering
is a critical developmental decision in the life cycle of many
plant species (e.g., Amasino 2010). In many plants, initiation
of ﬂowering is driven by perception of changes in day
length, a phenomenon known as photoperiodism (Garner
and Allard 1920). Plants adapted to temperate climates often perceive the lengthening days of spring as a signal to
initiate reproduction (e.g., Andres and Coupland 2012); such
plants are known as long-day plants.
Light signals such as light quality and length of day are
perceived by several types of photoreceptors including phytochromes and cryptochromes (e.g., Lin 2000). Phytochromes
detect the levels and ratio of red (R) and far-red (FR) light
in the environment (e.g., Quail 2002). Upon absorption of
red light, phytochromes photoconvert to an active form that
Copyright © 2014 by the Genetics Society of America
doi: 10.1534/genetics.114.166785
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initiates a signal transduction cascade leading to a range
of developmental responses such photomorphogenesis (e.g.,
Quail 2002).
Flowering plants typically contain three types of phytochromes referred to as PHYTOCHROME A (PHYA), PHYTOCHROME B (PHYB), and PHYTOCHROME C (PHYC)
(Mathews 2010). Certain groups of plants, such as diploid
grasses, have only one copy of PHYA, PHYB, and PHYC,
although lineage-speciﬁc duplications and losses of phytochrome genes have occurred in many groups of ﬂowering
plants (Mathews 2010). Phytochrome mutants in the model
plant systems Arabidopsis (Arabidopsis thaliana, Brassicaceae) and rice (Oryza sativa, Poaceae) have contributed to
the elucidation of the functional roles of the various phytochromes. PHYA is required for seedling establishment as
phyA mutants do not display de-etiolation responses and
have elongated hypocotyls (Dehesh et al. 1993; Nagatani
et al. 1993). However, loss of PHYA in both Arabidopsis
and rice has no effect on ﬂowering in inductive photoperiods
and only a modest effect in noninductive conditions (Johnson
et al. 1994; Monte 2003; Takano et al. 2005). The most
striking phyA ﬂowering phenotype is in garden pea (Pisum
sativum, Fabaceae); loss-of-function phyA mutants exhibit a
20-day delay in ﬂowering and a similar growth habit in long
days (LDs) and short days (SDs), indicating that, in pea,
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PHYA is the major photoreceptor for the photoperiodic ﬂowering response (Weller et al. 1997).
PHYB is involved in the shade-avoidance response, as phyB
mutants exhibit many of the hallmarks of the shade-avoidance
response even when not grown in shade. Thus, the role of
PHYB in the red-light activated form is to suppress the
shade-avoidance response (Franklin and Whitelam 2005;
Franklin and Quail 2009; Li et al. 2012). Accordingly, phyB
mutants ﬂower more rapidly than wild-type (WT) plants in a
range of species in which the shade-avoidance response triggers ﬂowering such as Arabidopsis, pea, rice, and sorghum
(Halliday et al. 1994; Childs et al. 1997; Weller et al. 2001;
Monte 2003; Takano et al. 2005).
Studies of PHYC have revealed minor roles in early seedling development and shade-avoidance responses in both
Arabidopsis and rice (Franklin et al. 2003; Takano et al.
2005). In Arabidopsis, loss of PHYC function does not have
any effect on ﬂowering under inductive LDs; however, under
noninductive SDs, there is a slight acceleration of ﬂowering
(Monte 2003). In rice, loss of PHYC results in a slight acceleration of ﬂowering under inductive SDs (Takano et al.
2005). Thus, in both rice (a short-day plant) and Arabidopsis
(a long-day plant) genetic and physiological studies indicate
that PHYC is a weak ﬂoral repressor in SDs. However, in
Arabidopsis, PHYC is not functional in the absence of other
phytochromes and thus any roles for PHYC require other
phytochromes as well (Hu et al. 2013).
The modest effects of single phytochrome mutants on
ﬂowering in inductive photoperiods in Arabidopsis and rice
are not due to redundancy because higher-order phytochrome
mutants do not ﬂower in a signiﬁcantly different manner than
single phytochrome mutants (Monte 2003; Takano et al. 2005;
Osugi et al. 2011).
Exposure to LDs promotes ﬂowering in Arabidopsis and
most temperate grasses including Brachypodium (Ream
et al. 2012). Genes encoding components of the photoperiod
pathway, deﬁned primarily from studies in Arabidopsis and
rice, are typically present in all plant genomes examined,
including Brachypodium (Higgins et al. 2010). Variation in
the LD promotion of ﬂowering of temperate grasses such as
wheat and barley appears to be due to allelic variation at
Photoperiod-H1 (PPD1) and FT (Turner et al. 2005; Yan et al.
2006; Beales et al. 2007; Greenup et al. 2009). Light and the
circadian clock regulates the timing of PPD1 expression;
PPD1 in turn is required for the expression of the gene
encoding the mobile ﬂoral signal FT in leaves, and FT travels
from leaves to the meristem to activate ﬂoral homeotic
genes (e.g., Song et al. 2010). Recently, differences in FT
expression levels have been shown to correlate with ﬂowering time in Brachypodium accessions (Ream et al. 2014).
In Arabidopsis, rice, and sorghum, the role of PRR7/PRR37
(PPD1 homologs) in FT expression is mediated through the
circadian timing of expression of CONSTANS (CO, named Hd1
in rice), and also potentially by directly affecting FT activity
(Yano et al. 2000; Song et al. 2010; Murphy et al. 2011;
Campoli et al. 2012; Faure et al. 2012; Yang et al. 2014).

Mutations or natural allelic variation in CO homologs that
affect ﬂowering have not been reported in temperate grasses;
however, CO may have a role in grass ﬂowering control because overexpression of CO in barley leads to up-regulation of
FT and more rapid ﬂowering (Campoli et al. 2012), and CO
from wheat is able to rescue an hd1 mutant in rice, suggesting
wheat CO is functionally conserved (Nemoto et al. 2003;
Campoli et al. 2012).
Photoperiod-pathway gene expression is controlled, in part,
by light signals that entrain the circadian clock. In Arabidopsis,
the circadian clock is composed of several interconnected feedback loops including a core oscillator, a morning loop, and an
evening loop; these clock components appear to be broadly
conserved across ﬂowering plants (e.g., Song et al. 2010;
McClung 2011). The core oscillator of the plant circadian clock
involves an antagonistic relationship between the MYB-related
transcription factors CIRCADIAN CLOCK ASSOCIATED1 (CCA1)
and LATE ELONGATED HYPOCOTYL (LHY) and the pseudoresponse regulator (PRR) TIMING OF CAB1 (TOC1); CCA1 and
LHY have expression peaks in the morning and repress the
early evening-expressed TOC1 (Alabadi et al. 2002). The genes
LHY/CCA1 in turn promote the expression of two TOC1 relatives PRR7 and PRR9, which feed back and repress LHY/CCA1,
forming what is referred to as the “morning-feedback loop”
(McClung 2011). In addition to LHY/CCA1, the morning loop
also involves evening-expressed genes EARLY FLOWERING3
(ELF3), EARLY FLOWERING4 (ELF4), and LUX ARRHYTHMO
also known as PHYTOCLOCK1 (LUX/PCL1), which, in contrast
with LHY/CCA1, are involved in the repression of PRR7 and
PRR9 (Hazen et al. 2005; Onai and Ishiura 2005; McClung
2011). An additional input pathway involves GI, which is involved in the regulation of TOC1; TOC1 in turn represses GI
expression during the evening (Locke et al. 2006; Martin-Tryon
et al. 2007; Ito et al. 2008). Through interaction with the
Flavin-binding, Kelch repeat, F-box protein (FKF1), GI positively regulates the expression of ﬂowering-time genes CO
and FT (Fowler et al. 1999; Park et al. 1999; Sawa et al.
2007). Thus, GI has separate roles in both the circadian clock
and photoperiodic ﬂowering pathways (Kim et al. 2007;
Martin-Tryon et al. 2007; Sawa et al. 2007). Lastly, GI from
Brachypodium has a similar expression proﬁle as Arabidopsis
GI, interacts with the same proteins via a yeast two-hybrid
assay, and is able to rescue the Arabidopsis gi mutant, indicating
that it likely plays a similar functional role promoting ﬂowering
in Brachypodium (Hong et al. 2009).
Here we show the light receptor PHYC plays a major role
in ﬂoral initiation in the temperate grass model Brachypodium
distachyon as phyC mutants are extremely delayed in ﬂowering.
To streamline the identiﬁcation of mutations in Brachypodium,
we have adapted the bioinformatics-mapping pipeline, Cloudmap (Minevich et al. 2012; available on GALAXY), for use in
identifying Brachypodium mutants. We show that PHYC is required for the transcriptional activation of several photoperiodpathway genes, including PPD1, CO, and FT, and that loss of
PHYC alters the expression of certain circadian input and output
genes, revealing a difference in how light is perceived for the
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photoinduction of ﬂowering between the well-studied plants
Arabidopsis and rice compared to the temperate grass Brachypodium. Lastly we demonstrate that the photoperiod pathway is
not required for the up-regulation of vernalization genes in the
cold, and thus the phyC mutant provides a useful genetic background to explore the vernalization pathway without the compounding effects of the photoperiod pathway.

Materials and Methods
Mutant screen

The inbred strain Bd21-3 was mutagenized using ethyl
methanesulfonate (EMS) as adapted from Caldwell et al.
2004 (Sigma M0880-5G, 9.7 M). A range of EMS concentrations were initially evaluated ranging from 0.2, 0.3, 0.4,
0.5, 0.6, 0.7, and 0.8% EMS on !100 seeds in 12 ml water
to achieve an acceptable balance of mutant load with germination and fecundity rates. We observed equal germination rates across the EMS concentrations and water-only
control tested. However, at .0.6% EMS, the seedling vigor
and fecundity plummeted, whereas at ,0.2% EMS, we did
not observe many albinos in M2 plants. Based on these
results we mutagenized !4000 seeds at 0.6% EMS and
!12,000 seeds at 0.4% EMS. After EMS treatment, plants
were vernalized at 5! for 4 weeks on moist paper towels.
Vernalization for a minimum of 3 weeks is required for rapid
ﬂowering of Bd21-3 when grown under 16 hr of light (Ream
et al. 2012). After vernalization, mutagenized seedlings
were grown under 16 hr of light in a greenhouse with supplemented high pressure sodium lighting. Plants ﬂowered
uniformly and M2 seeds were harvested after plants had
senescenced. M2 seeds were kept at !20! for a minimum
of 1 month to break dormancy (Barrero et al. 2012). To
screen for delayed ﬂowering mutants under 16 hr of light,
we ﬁrst vernalized imbibed M2 seeds at 5! in soil for 4
weeks before outgrowth at !21! in the greenhouse condition as described above. phyC-1 was backcrossed three times
with Bd21-3 to reduce background mutations (was able to
backcross by using heterozygous plants) and when possible
this seed was used in all subsequent experiments.
Identiﬁcation of the phyC-1 candidate gene using
mapping by sequencing Cloudmap software and
segregation analysis

Segregating mutants in an F2 mapping population were
pooled and DNA extracted using a modiﬁed CTAB protocol
(Lodhi et al. 1994) with the addition of RNAse and Proteinase
K steps. DNA was sequenced at the University of Wisconsin
Madison Biotechnology sequencing facility using an Illumina
HiSequation 2500. The sequencing facility generated the
sequencing library following established Illumina protocols.
Reads were mapped against the Bd21-3 sequence available
at brachypodium.org (Gordon et al. 2014). We optimized
the Cloudmap bioinformatics pipeline (Minevich et al.
2012) for mapping EMS-induced mutations in Brachypodium
(Bd21-3) publicly available on Galaxy (Blankenberg et al.

2010; Giardine et al. 2010; Goecks et al. 2010). Mapping and
variant calling (Supporting Information, Figure S2) were performed using the CloudMap pipeline with the Hawaiian Variant Mapping workﬂow as previously described (Minevich
et al. 2012). As part of the pipeline, Burrows-Wheeler Aligner
was used for mapping the 100-bp Illumina reads (Li and
Durbin 2010), PICARD was used for removing duplicate reads
(http://picard.sourceforge.net), Genome Analysis ToolKit was
used for variant calling and variant subtraction (Depristo et al.
2011), and SnpEff was used for variant annotation (Cingolani
et al. 2012).
Plant growth and ﬂowering time measurements

Growth and scoring of plants were done as described in
Ream et al. 2014. Growth chamber temperatures averaged
21! during the light period and 18! during the dark period.
qRT-PCR

RNA extraction and expression analysis was done as detailed in Ream et al. 2014. Primer pairs used to amplify each
gene are listed in Table S2.
Generation of transgenic phyC-1 lines

A genomic PHYC fragment including 1 kb upstream from the
start site was ampliﬁed from Bd21-3 DNA using the primer
pairs listed in Table S2. DNA of the correct size was gel
extracted (Qiagen) and cloned into pENTR-D-TOPO (Life
Technologies) using the manufacturer’s protocol. Clones
were veriﬁed by sequencing. pENTR clones containing the
PHYC genomic fragment were recombined into pIPKB001
(Himmelbach et al. 2007) using Life Technologies LR Clonase II following the manufacturer’s protocol. Clones were
veriﬁed by sequencing in pIPKB001 and then transformed into
chemically competent Agrobacterium tumefaciens strain Agl-1.
Plant callus transformation of heterozygous phyc-1 was performed as described (Vogel and Hill 2008) by the Great Lakes
Bioenergy Research Center Brachypodium Transformation Facility. Independent transgenic lines were genotyped for the
transgene using gene-speciﬁc forward and pIPKB001 reverse
primer (Table S2). The UBI:FT construct described in Ream
et al. (2014) was transformed into heterozygous phyC-1 plants
following the above protocols and the putative transgenic
plants were genotyped as described in Ream et al. (2014).

Results
Isolation of extremely delayed ﬂowering mutants
in Brachypodium

To explore the molecular mechanisms controlling the initiation of ﬂowering in temperate grasses, we screened for
Brachypodium mutants that were delayed in ﬂowering. We identiﬁed three independent mutants with an extreme delayedﬂowering phenotype. These mutants remained vegetative for
.1 year in 20-hr day lengths (LDs), a highly inductive condition
for Brachypodium ﬂowering (Ream et al. 2014), and ﬂowered
only sporadically after a year of growth (Figure 1, A and B).
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Upon ﬂowering, the spikelets had a normal morphology and
produced viable seed (data not shown).
We explored a range of different environmental treatments in an attempt to cause more rapid ﬂowering in the
mutants; treatments included long cold exposure (vernalization), shifts from short 8-hr day lengths (SDs) to LDs,
growth at higher temperatures, and growth in 24-hr day
lengths. However, none of the treatments promoted ﬂowering in the mutants (data not shown). Thus, it appeared the
mutant lines had lesions in an essential ﬂowering pathway.
In addition to the extreme delay of ﬂowering, another,
albeit more subtle, phenotype of this group of mutants was
that in LDs, the mutants have shorter leaves and thus the
plants are more compact than WT (Figure 2). In WT, leaf
length is day-length dependent; leaves are shorter in noninductive SDs than in inductive LDs. In the mutants, however, there is little difference in leaf length between LDs and
SDs, and the leaf length of the mutant is similar to that of
WT in SDs. This is consistent with the mutants possessing
a defect in day-length sensing. There is no difference in the
rate of leaf initiation between mutant and WT in SD or LD
photoperiods (data not shown).
Extremely delayed ﬂowering mutants map to
PHYTOCHROME C

In all three mutants, plants heterozygous for the mutation
were measurably delayed in ﬂowering (Figure 1C). The
clear heterozygous phenotype permitted use of heterozygotes for genetic studies. To create mapping populations,
the heterozygous plants (which are in the Bd21-3 accession)
were crossed to the polymorphic accession Bd3-1. Bd3-1 was
chosen because it has ﬂowering behavior identical to Bd213, and, most importantly, no ﬂowering-time variation occurs
in an F2 population derived from these two accessions, indicating that no modiﬁer loci of ﬂowering behavior are present (Figure S2A).
Using indel markers designed from the newly sequenced
genomes of Bd21-3 and Bd3-1 (Gordon et al. 2014), the
mutation in one line was initially mapped to a 400-kb interval
on the top arm of chromosome 1 (Figure S1). Further ﬁne mapping using whole-genome sequence data from bulked DNA from
116 mutant plants from a segregating population was done
using the Cloudmap pipeline (Minevich et al. 2012; Figure S2,
A and B; also see Materials and Methods) optimized for Brachypodium using the recent genome sequence of Bd21-3 and Bd3-1
(Figure S2B; Gordon et al. 2014). The Cloudmap results overlap
with our initial indel mapping data, and the only lesion present
in all 116 mutants is a missense mutation (N-782-K) in the
second PAS-fold domain of the light receptor PHYTOCHROME
C; we refer to this allele as phyC-1 (Figure 1D; Figure S2C). The
delayed-ﬂowering phenotype was rescued by introducing a genomic sequence of PHYC, including a 1-kb upstream sequence
from the start site into the mutant, demonstrating that the phyC
lesion is the causative mutation (Figure S2E).
The two other extremely delayed-ﬂowering mutants also
had lesions in PHYC (Figure 1D). We refer to these two

Figure 1 Phenotype of phyC mutants. (A) Wild-type Bd21-3 (WT) and
phyC-1 grown in a 20-hr photoperiod. Both plants germinated on the
same day and a picture was taken of representative plants after 200 days.
WT ﬂowered on average after !30 days and with 6–7 leaves, whereas
phyC-1 did not ﬂower after a year of growth, producing .50 leaves on
the parent shoot. Bar, 5 cm. (B) WT and the three mutant alleles of phyc
grown in a 16-hr photoperiod after 6 weeks of vernalization. WT ﬂowered on average after 20 days of growth and at 4–5 leaves, whereas none
of the phyC mutants ﬂowered after a year of growth (12 plants per line,
repeated with similar results). Picture taken after 50 days. Bar, 5 cm. (C)
WT (+/+), heterozygous (+/2), and homozygous (2/2) plants grown in
a 20-hr photoperiod for 90 days. WT ﬂowered on average with 6–7
leaves, heterozygotes ﬂowered between 6–15 leaves, and phyC mutants
did not ﬂower after a year of growth. Bar, 5 cm. (D) Gene structure of
PHYC showing the location, nucleotide changes, and corresponding
amino acid changes of the EMS-induced mutations of the three mutant
alleles, phyC-1, phyC-2, and phyC-3. Domain structure of phytochrome
includes PAS2 and PAS [Per (period circadian protein) Arn (Ah receptor
nuclear translocater protein) and Sim (single-minded protein) domain];
GAF, cGMP-stimulaed phosphodiesterase, Anabena adenylate cyclases,
and Escherichia coli FhlA domain; PHY, phytochrome domain; HA, His
kinase A (phosphoacceptor) domain; HD, histidine kinase, DNA gyrase B
and HSP90-like ATPase domain.

additional alleles as phyC-2, which contains a missense mutation (T-789-I) also within the second PAS-fold domain,
and phyC-3, which contains a nonsense mutation (W-520stop) within the PHY domain (Figure 1D). Further conﬁrmation that the causative lesions are in PHYC is that the
phyC mutations cosegregate perfectly with the delayedﬂowering phenotype in segregating M3 populations. Speciﬁcally, all 35 delayed-ﬂowering mutants in segregating
M3 phyC-2 families and all 20 delayed-ﬂowering mutants
in segregating M3 phyC-3 families were homozygous for
their respective EMS lesion, whereas all phenotypically
wild-type plants either did not carry the EMS lesion or
were heterozygous for the wild-type and mutant alleles
(Figure S2D). The similar phenotypes of all three phyC
alleles suggest that each lesion likely results in loss of PHYC
function.
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Figure 2 Leaf length of WT and phyC-1 grown in long and short days.
Leaf length (in centimeters) of Bd21-3 (WT) and phyC-1 grown in long
days (20 hr light/4 hr dark, A and C) and short days (8 hr light/16 hr dark,
B and D). Picture taken at 4.5- to 5-leaf stage for both long-day and shortday grown plants. Values represent the average of six plants. The phyC-1
used in this study had been backcrossed to Bd21-3 three times to reduce
background mutations. Bar, 5 cm.

PHYTOCHROME C is essential for the expression of
photoperiod-pathway genes

To understand how PHYC affects ﬂowering at a molecular
level, we measured the mRNA levels of Brachypodium orthologs of the photoperiod-pathway genes FT, CO, and PPD1/
PRR37 (as identiﬁed by Higgins et al. 2010) and FT2 (which
is the closest FT paralog). Brachypodium accessions have an
obligate requirement for LD (Ream et al. 2014), and LD
conditions were chosen for this analysis because growth in
LDs provides the greatest difference in ﬂowering time between phyC and WT. In WT, the expression levels of FT, FT2,
CO, and PPD1/PRR37 all peak around the middle of the
photoperiod (zeitgeber, zt12–15), consistent with oscillation
patterns in other cereals (Figure 3; Song et al. 2010). In the
phyC-1 background, however, expression of these genes is
barely detectable throughout a 24-hr circadian cycle (Figure 3).
These results demonstrate that PHYC is required for the expression of CO, PPD1/PRR37, FT, and the FT paralog FT2.
To determine if increased FT expression alone can compensate for the ﬂowering delay in phyC-1, we overexpressed FT in
the phyC-1 background using a UBI:FT construct (described in
Ream et al. 2014). Transformation of plants heterozygous for the
phyC-1 allele enabled us to control for the effects of particular
transgene positions because self-pollination of the transformed
phyC-1 heterozygote produced both phyC-1 mutants and PHYC
WT plants with the same transgene. All plants carrying the UBI:
FT (ﬁve independently transformed lines) ﬂowered rapidly
within 20 days with no difference observed in ﬂowering between
homozygous phyC-1 plants and WT (data not shown). This demonstrates that FT, as expected, is downstream of PHYC in the
ﬂowering pathway, and that FT expression alone is sufﬁcient to
rescue the delayed ﬂowering phenotype of a phyC lesion.

Figure 3 Expression patterns of photoperiod-pathway genes. Gene expression patterns of (A) FT, (B) FT2, (C) CO, and (D) PPD1 in Bd21-3 (solid
lines) and phyC-1 (shaded lines). Plants were grown in LDs (20-hr days)
until the fourth-leaf stage was reached (Zadoks = 14) at which point the
newly expanded fourth leaf was harvested at zt0, zt6, zt9, zt12, zt15, and
zt20. The average of three biological replicates are shown 6 standard
deviation (three leaves per replicate). This experiment has been repeated
with similar results. Expression is normalized to UBC18 as done in Ream
et al. (2014).

PHYC affects the expression of circadian
clock components

To determine whether or not PHYC affects expression of
circadian clock components, we analyzed the expression of
Brachypodium orthologs, identiﬁed in Higgins et al. (2010),
of core oscillators CCA1 and TOC1, the evening-loop genes
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GI, LUX, ELF3, and ZTL, and clock-output genes FKF and
CHLOROPHYLL A-B BINDING PROTEIN (CAB2) in a diurnal
light cycle (20 hr light and 4 hr dark) and in free-run (LL)
conditions (in plants that had been entrained to 12-hr light
and 12-hr dark cycles) (Figure 4). In our conditions, all of
the genes in WT behaved as expected based on a previous
report in Brachypodium (Filichkin et al. 2011).
In the phyC mutant, the mRNA levels of core oscillators
CCA1 and TOC1 oscillate relatively “normally” in LL (i.e.,
similar to WT) although peak expression is somewhat lower
than in WT (Figure 4, A and B). In the LD conditions, the
differences in CCA1 and TOC1 expression between phyC and
WT are more pronounced (Figure 4, A and B).
For the evening-loop genes GI and LUX, loss of PHYC
results in dampened expression (Figure 4, C and D). In
phyC, LUX oscillates; however, LUX amplitude is dampened
in both the LL and LD conditions. The effect of loss of PHYC
is even more severe for GI; in phyC, GI mRNA is barely detectable, and in LDs does not oscillate like WT. Like GI, the
GI-interacting protein FKF had peak expression levels
around the middle of the light period in WT; however,
in phyc peak expression of FKF was lower than WT and
the peak of expression was shifted toward dusk (Figure
4E). In contrast with LUX and GI, we observed no expression
differences in the circadian clock components ELF3 or ZTL
between WT and phyC in both the LL and LD conditions
(data not shown).
We also examined the expression of CHOROPHYLL A/B
BINDING PROTEIN (CAB2) a clock-output gene involved in
photosynthesis. In the phyC background in both LL and LD,
CAB2 mRNA levels were higher than WT (for instance note
the nearly 50-fold higher level at zt20 in LDs) (Figure 4F).
Thus, PHYC is a negative regulator of CAB2.
The circadian clock clearly plays a critical role in the
regulation of ﬂowering in plants (e.g., Imaizumi 2010).
However, to what extent the observed alterations of the
mRNA levels of clock components contribute to the delayed
ﬂowering phyC phenotype remains to be determined.
PHYC is not required for up-regulation of VRN1 and
VRN2L in the cold

To determine whether or not the lesion in PHYC and the
resulting disruption of the photoperiod pathway affects expression of the vernalization genes VERNALIZATION 1
(VRN1) and VERNALIZATION 2-like (VRN2L) [VRN2L is the
closest homolog of wheat VRN2 (Yan et al. 2004) in Brachypodium (Ream et al. 2012)], expression levels of VRN1 and
VRN2L and, as a control, FT were measured before, during,
and 11 days after cold treatment. Consistent with previous
ﬁndings (Ream et al. 2014), in WT the expression of VRN1
and VRN2L levels is detectable without cold in LDs, both
genes are up-regulated during the cold, and VRN1 levels
are maintained postcold, whereas VRN2L levels drop back
down to precold levels, 11 days postcold treatment (Figure
5). In the phyC-1 background, VRN1 and VRN2L are barely
detectable prior to cold exposure (Figure 5, A and C). VRN2L

mRNA levels can ﬂuctuate over a 24-hr cycle in barley (Trevaskis
et al. 2006), and thus the lower VRN2L levels in phyC could
result from a shift of peak expression. However, the lower
VRN2L expression in phyC is maintained throughout a 24-hr
cycle (Figure S3). Despite lower expression in phyC prior to cold
exposure, during cold treatment both genes are up-regulated in
phyC similar to that in WT (Figure 5, A and C). Postcold, VRN2L
mRNA levels return to precold levels in both WT and phyC
(Figure 5, B and D). However, the postcold elevation of VRN1
expression is not maintained in phyC (Figure 5, B and D),
presumably because FT expression, which is lacking in phyC
(Figure 5, E and F), is required for the postcold enhancement
of VRN1 expression (Distelfeld and Dubcovsky 2010; Ream
et al. 2014; Woods et al. 2014).

Discussion
PHYC plays a major role in photoperiodic ﬂowering
in pooids

The grass family (Poaceae) originated !70 million years ago
as forest understory in tropical conditions, and most tropical
grasses require SD conditions or are day neutral with respect
to ﬂowering (Kellogg 2001). However, Pooideae, one of the
most species-rich grass subfamilies, radiated and diversiﬁed
into temperate ecosystems at higher latitudes, and part of
the adaptation to higher latitudes was the evolution of a LD
requirement for ﬂowering (Stromberg 2005; Sandve et al.
2008). Brachypodium is a temperate grass within the subfamily Poodieae, sister to the crown pooids, which comprise
economically important cereals such as wheat (Triticum aestivum), barley (Hordeum vulgare), oats (Avena sativa), and
rye (Secale cereale). Brachypodium and all crown pooids
studied to date require LDs to ﬂower. Our studies in Brachypodium demonstrate an essential role for PHYC in photoperiodic ﬂowering (Figure 1 and Figure 3). While our article
on the role of PHYC in Brachypodium was undergoing revision, it was reported that phyC mutations also result in
delayed ﬂowering in wheat, supporting PHYC’s role regulating
photoperiodic ﬂowering broadly within Pooideae (Chen et al.
2014). Thus, the acquisition by PHYC of a major role in ﬂowering is likely to have been part of the evolutionary pathway to
a LD requirement for ﬂowering in the Poodieae. The importance of PHYC to LD ﬂowering may be grass or monocot speciﬁc, as phyC mutations do not have a pronounced effect on
ﬂowering in the LD plant model Arabidopsis (Monte 2003).
In our screens to date all three extremely delayed ﬂowering mutants result from lesions in PHYC. Phytochromes A–C
are present as single copy genes in Brachypodium. Thus, if
another phytochrome was an essential partner with PHYC in
photoperiod sensing, one would expect to ﬁnd extremely
delayed ﬂowering mutants in the partner as well.
The phyC mutant alleles characterized in this study result
in a severely delayed ﬂowering phenotype similar to the
maintained vegetative phase (mvp) mutant in diploid wheat
(Triticum monococcum) (Shitsukawa et al. 2007). The mvp
mutation is an ion-beam induced deletion of several linked
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Figure 4 Expression patterns of circadian clock and clock-output genes.
Gene expression patterns of circadian
clock genes (A) CCA1, (B) TOC1, (C)
LUX, (D) GI, and clock-output genes
(E) FKF, (F) CAB2 in Bd21-3 (WT, solid
lines) and phyC-1 (shaded lines). Plants
were grown in LDs (20-hr days with
average day temperature of 21! and
night temperature of 18!, left column)
until the fourth-leaf stage was reached
at which point the newly expanded leaf
was harvested at several time points
throughout a 24-hr circadian cycle. Additionally plants were entrained under
12-hr days under constant temperatures of 21! until the third-leaf stage
was reached at which point the plants
were grown in continuous light (LL,
right column) and the newly emerged
third leaf was sampled every 4 hr for 48
hr. Shaded boxes represent subjective
night. Values represent the average of
three biological replicates 6 standard
deviation (three leaves per replicate).
The experiment was repeated with
technical replicates and similar results
were obtained. Expression is normalized to UBC18 as done in Ream et al.
(2014).
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Figure 5 VRN1, VRN2L, and FT gene expression in
leaves of vernalized plants during and after cold treatment. Seedlings were grown to the third-leaf stage in
LDs (20-hr photoperiod) before transfer to 5! for 3
weeks also in LDs. After cold treatment, plants were
grown in LDs. The third leaf was harvested at the end
of vernalization (V) when the plants were at the
fourth-leaf stage (A, C, and E). Nonvernalized (NV)
controls were harvested at a similar developmental
stage as the V samples (A, C, and E). After vernalization, plants were grown for 11 days (V+11) and the
third leaf was harvested when the plants were at the
sixth-leaf stage along with the third leaf from nonvernalized controls at the same developmental stage
(NV+11). Gene expression is shown relative to 21-3 NV
samples (A–F). The phyC-1 used in this study had been
backcrossed three times. Bars represent the average
of four biological replicates 6 standard deviation
(three leaves per replicate). The experiment was
repeated with similar results. qRT-PCR primers were
optimized in Ream et al. (2014).

genes including the wheat orthologs of the ﬂoral homeotic
gene APETALA/FRUITFUL [called VERNALIZATION1 (VRN1)
in grasses] and PHYC (Distelfeld and Dubcovsky 2010). In
tetraploid wheat (cultivar Kronos), loss of PHYC activity
results in a lack of FT expression and a substantial delay of
ﬂowering, but the delay of ﬂowering is not as strong as that
exhibited by the mvp mutant (Chen et al. 2014). As noted by
Chen et al. (2014), the difference between the mvp phenotype in diploid wheat and the loss of PHYC phenotype in
tetraploid wheat may be due to the additional genes deleted
in the mvp mutant. That three independent Brachypodium
phyC mutants all have a severe delayed ﬂowering phenotype
indicates that in a close relative of the crown pooids, loss of
PHYC alone can create an mvp-like phenotype.
PHYC allelic variation has been associated with ﬂowering time
variation in Arabidopsis, barley, and pearl millet (Pennisetum
glaucum) (Balasubramanian et al. 2006; Nishida et al. 2013;
Pankin et al. 2014; Saidou et al. 2014). For example, pearl
millet grown in Niger over the course of three decades has
been selected for a shorter life cycle and more rapid ﬂowering
to maintain yield in regions where the growing season is becoming shorter due to changes in precipitation patterns
(Vigouroux et al. 2011). This shift to earlier ﬂowering is

associated with a speciﬁc allele at the PHYC locus, which has
increased in frequency over the past three decades (Vigouroux
et al. 2011). It will be interesting to determine whether or not
PHYC contributes to the wide range of variation for ﬂowering
time that has been documented in accessions of Brachypodium
(Ream et al. 2014). Whole-genome sequence data from many
accessions is currently being generated and will enable
a future study of association between possible allelic variation
at PHYC with ﬂowering (http://genome.jgi.doe.gov/genomeprojects/).
Flowering “circuitry” in grasses

Our work shows that in Brachypodium PHYC is required for
proper expression of PPD1/PRR37, CO, two FT homologs,
and GI (Figure 3 and Figure 4) which are all genes for which
the modulation of expression is critical for the initiation of
ﬂowering in a range of plants (e.g., Song et al. 2010). We
also ﬁnd that loss of PHYC results in perturbations in the
expression patterns of other circadian clock components and
clock output genes (Figure 4).
That there is the same effect on expression of PPD1/
PRR37, CO, and FT in the phyC mutant is not surprising
because it has been shown, for example, in rice and sorghum
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that PRR37 regulates CO expression, and CO regulates FT
expression (Koo et al. 2013; Yang et al. 2014). Our work shows
that, unlike the case in rice and sorghum, in Brachypodium,
PHYC is a major photoreceptor at the top of this cascade. It has
recently been shown that in wheat and barley, which are
closely related to Brachypodium, PHYC is also at the top of this
cascade (Chen et al. 2014 and Pankin et al. 2014).
Lack of FT expression in phyC mutants (Figure 3) is likely
to account for the severe delay in ﬂowering. Although there
are several FT homologs in Brachypodium, a recent study
indicates that one of them, which is phylogenetically most
closely related to Arabidopsis FT, is the primary promoter of
ﬂowering, as knockdown of its expression results in a severe
delay of ﬂowering (Lv et al. 2014). We have shown that this
FT homolog is not expressed in phyC mutants and that overexpression of this FT is able to rescue the delayed ﬂowering
phenotype of phyC. The closely related FT gene, FT2, can
also promote ﬂowering in Brachypodium (Wu et al. 2013)
and is also undetectable in the phyc background; thus, loss
of FT2 expression might also contribute to the delayed ﬂowering phenotype of the phyC mutant.
As noted above, PHYC-mediated activation of PPD1/
PRR37 is the most “upstream” component so far identiﬁed
in the cascade that leads to FT induction and ﬂowering in
Brachypodium. The different photoperiodic ﬂowering behavior of SD-ﬂowering grasses such as rice and sorghum and
LD-ﬂowering temperate grasses such as wheat, barley, and
Brachypodium is likely due to opposite roles of PPD1/PRR37
in the regulation of FT/Hd3a in LDs. In wheat and barley,
PPD1 promotes ﬂowering in LDs as ppd1 mutants are
delayed in ﬂowering and exhibit nearly undetectable FT expression (Turner et al. 2005; Shaw et al. 2013). However, in
rice and sorghum, the PPD1 ortholog (referred to as PRR37)
represses ﬂowering in LDs as prr37 plants are rapid ﬂowering in LDs and exhibit higher FT expression (Murphy et al.
2011; Koo et al. 2013; Yang et al. 2014). Because loss of
PHYC promotes ﬂowering in noninductive photoperiods in
rice (Takano et al. 2005), PHYC may also be required for the
expression of PRR37 in rice. Some of the difference in ﬂowering between Brachypodium and rice phyC mutants may
also be due to the presence of Early heading date 1 (Ehd1),
which promotes ﬂowering in rice by activating FT via a separate pathway from CO (Doi et al. 2004); however, this gene
has been lost in Brachypodium (Higgins et al. 2010).
phyC mutants enable other ﬂowering pathways to be
studied in Brachypodium independent of
photoperiod effects

Many temperate grasses require prolonged exposure to cold
prior to exposure to inductive LDs in order to ﬂower; the
process by which cold exposure enables ﬂowering is known
as vernalization. The vernalization response in barley and
wheat is mediated by a feedback loop formed by VRN1,
VRN2, and FT (Distelfeld and Dubcovsky 2010). VRN2 expression inhibits ﬂowering because VRN2 inhibits FT induction (Yan et al. 2004). During the cold VRN1 is up-regulated,

and VRN1 represses VRN2 expression to allow LD induction
of FT (Yan et al. 2003). FT enhances VRN1 expression, “locking in” VRN2 repression and the promotion of ﬂowering
(Yan et al. 2006; Shimada et al. 2009). The proposed feedback model resulting from studies in wheat and barley
appears to be largely conserved in Brachypodium (Lv et al.
2014; Ream et al. 2014) except that the role of VRN2L is less
clear as it is up-regulated in the cold (Ream et al. 2014).
In Brachypodium, there is an obligate requirement for
inductive photoperiods in order to ﬂower, and this obligate
requirement is not affected by vernalization. Thus, Brachypodium plants will not ﬂower in noninductive SDs, even if
ﬁrst extensively vernalized (Ream et al. 2014). Day length
can however affect the expression of VRN2L and FT; thus,
in some environmental conditions and/or genetic backgrounds, day length can affect the vernalization requirement
(Ream et al. 2012, 2014; Colton-Gagnon et al. 2014). That
the photoperiodic ﬂowering pathway is not operative in
phyC mutants enabled us to study the role of the photoperiod pathway in the regulation of VRN1 and VRN2L during
and after cold exposure by comparing WT and the phyC
mutant in identical conditions. VRN1 and VRN2L are upregulated during the cold to the same level as WT in phyC,
indicating that transcriptional activation of VRN1 and VRN2L
is photoperiod pathway independent (Figure 5). The inability of phyC mutants to maintain elevated VRN1 expression
and induce FT postcold is consistent with previous ﬁndings
from Brachypodium as well as other temperate grasses indicating that FT enhances VRN1 expression postcold (Sasani
et al. 2009; Shimada et al. 2009; Ream et al. 2014; Woods
et al. 2014). Additionally, the up-regulation of VRN2L during
cold is photoperiod independent; however, the photoperiod
pathway is required for VRN2L expression pre and postcold
as VRN2L was barely detectable before and after cold (Figure 5, C and D). In general, because loss of PHYC abolishes
photoperiod sensing, the phyC mutant background could be
useful to explore other developmental or biochemical pathways independent of any complicating effect of growing
plants in different photoperiods.

Acknowledgments
We thank Christopher Schwartz, Mark Doyle, and John
Sedbrook for providing initial mutagenized seeds for screening Brachypodium mutants and isolating phyC-1. We thank
undergraduate students Mary Kojima, Gerald Weiss, Jane Lee,
Ka Yeun Jeong, Leah Varner, and Ryland Bednarek for assistance in screen. Additionally we thank Jill Mahoy and Heidi
Kaeppler for providing transgenic material in Brachypodium
and John Vogel and Sean Gordon for providing access to previously unpublished sequence data from Bd21-3 and Bd3-1
accelerating marker development. This work was funded in
part by the National Science Foundation (grant no. IOS–
1258126), the Great Lakes Bioenergy Research Center
(Department of Energy Biological and Environmental Research Ofﬁce of Science grant no. DE– FCO2–07ER64494),

177
PHYTOCHROME C and Flowering in Brachypodium

405

a National Institutes of Health-sponsored predoctoral training
fellowship to the University of Wisconsin Genetics Training
Program to Daniel Woods, and the Gordon and Betty Moore
Foundation and the Life Sciences Research Foundation for
their postdoctoral fellowship support to Thomas Ream.

Literature Cited
Alabadí, D., M. J. Yanovsky, P. Más, S. L. Harmer, and S. A. Kay,
2002 Critical role for CCA1 and LHY in maintaining circadian
rhythmicity in Arabidopsis. Curr. Biol. 12: 757–761.
Amasino, R., 2010 Seasonal and developmental timing of ﬂowering. Plant J. 61: 1001–1013.
Andrés, F., and G. Coupland, 2012 The genetic basis of ﬂowering
responses to seasonal cues. Nat. Rev. Genet. 13: 627–639.
Balasubramanian, S., S. Sureshkumar, M. Agrawal, T. P. Michael, C.
Wessinger et al., 2006 The PHYTOCHROME C photoreceptor
gene mediates natural variation in ﬂowering and growth responses of Arabidopsis thaliana. Nat. Genet. 38: 711–715.
Barrero, J. M., J. V. Jacobsen, M. J. Talbot, R. G. White, S. M. Swain
et al., 2012 Grain dormancy and light quality effects on germination in the model grass Brachypodium distachyon. New Phytol. 193: 376–386.
Beales, J., A. Turner, S. Grifﬁths, J. W. Snape, and D. A. Laurie,
2007 A Pseudo-Response Regulator is misexpressed in the
photoperiod insensitive Ppd-D1 a mutant of wheat (Triticum
aestivum L.). Theor. Appl. Genet. 115: 721–733.
Blankenberg, D., G. Von Kuster, N. Coraor, G. Ananda, and R.
Lazarus et al. 2010 “Galaxy: a web-based genome analysis tool
for experimentalists”. Curr. Prot. Mol. Biol. 19: Unit 19.10.1–21.
Caldwell, D. G., N. McCallum, P. Shaw, G. J. Muehlbauer, D. F.
Marshall et al., 2004 A structured mutant population for forward and reverse genetics in Barley (Hordeum vulgare L.). Plant
J. 40: 143–150.
Campoli, C., B. Drosse, I. Searle, and G. Coupland, M. von Korff,
2012 Functional characterisation of HvCO1, the barley (Hordeum
vulgare) ﬂowering time ortholog of CONSTANS. Plant J. 69:
868–880.
Chen, A., C. Li, W. Hu, M. Y. Lau, H. Lin et al., 2014 PHYTOCHROME
C plays a major role in the acceleration of wheat ﬂowering
under long-day photoperiod. Proc. Natl. Acad. Sci. USA 111:
10037–10044.
Childs, K. L., F. R. Miller, M. M. Cordonnier-Pratt, L. H. Pratt, P. W.
Morgan et al., 1997 The sorghum photoperiod sensitivity gene,
Ma3, encodes a phytochrome B. Plant Physiol. 113: 611–619.
Cingolani, P., A. Platts, L. L. Wang, M. Coon,, and T. Nguyen et al.
2012 A program for annotating and predicting the effects of
single nucleotide polymorphisms, SnpEff: SNPs in the genome
of Drosophila melanogaster strain w1118; iso-2; iso-3. Fly 6:
80–92.
Colton-Gagnon, K., M. A. Ali-Benali, B. F. Mayer, R. Dionne, A.
Bertrand et al., 2014 Comparative analysis of the cold acclimation and freezing tolerance capacities of seven diploid Brachypodium distachyon accessions. Ann. Bot. (Lond.) 113:
681–693.
Dehesh, K., C. Franci, B. M. Parks, K. A. Seeley, T. W. Short et al.,
1993 Arabidopsis Hy8 Locus Encodes Phytochrome-A. Plant
Cell 5: 1081–1088.
DePristo, M. A., E. Banks, R. Poplin, K. V. Garimella, J. R. Maguire
et al., 2011 A framework for variation discovery and genotyping using next-generation DNA sequencing data. Nat. Genet. 43:
491–498.
Distelfeld, A., and J. Dubcovsky, 2010 Characterization of the
maintained vegetative phase deletions from diploid wheat and

their effect on VRN2 and FT transcript levels. Mol. Genet. Genomics 283: 223–232.
Doi, K., T. Izawa, T. Fuse, U. Yamanouchi, T. Kubo et al.,
2004 Ehd1, a B-type response regulator in rice, confers
short-day promotion of ﬂowering and controls FT-like gene expression independently of Hd1. Genes Dev. 18: 926–936.
Faure, S., A. S. Turner, D. Gruszka, V. Christodoulou, and S. J.
Davis et al., 2012 Mutation at the circadian clock gene EARLY
MATURITY 8 adapts domesticated barley (Hordeum vulgare)
to short growing seasons. Proc. Natl. Acad. Sci. USA 109:
8328–8333.
Filichkin, S. A., G. Breton, H. D. Priest, P. Dharmawardhana, P.
Jaiswal et al., 2011 Global proﬁling of rice and poplar transcriptomes highlights key conserved circadian-controlled pathways and cis-regulatory modules. PLoS ONE 6: e16907.
Fowler, S., K. Lee, H. Onouchi, A. Samach, K. Richardson et al.,
1999 GIGANTEA: a circadian clock-controlled gene that regulates photoperiodic ﬂowering in Arabidopsis and encodes a protein with several possible membrane-spanning domains. EMBO
J. 18: 4679–4688.
Franklin, K. A., S. J. Davis, W. M. Stoddart, R. D. Vierstra, and G. C.
Whitelam, 2003 Mutant analyses deﬁne multiple roles for phytochrome C in Arabidopsis photomorphogenesis. Plant Cell 15:
1981–1989.
Franklin, K. A., and G. C. Whitelam, 2005 Phytochromes and
shade-avoidance responses in plants. Ann. Bot. (Lond.) 96:
169–175.
Franklin, K. A., and P. H. Quail, 2009 Phytochrome functions in
Arabidopsis development. J. Exp. Bot. 61: 11–24.
Garner, W. W., and H. A. Allard, 1920 Effect of the relative length
of day and night and other factors of the environment on growth
and reproduction in plants. J. Agric. Res. 18: 553–606.
Giardine, B., C. Riemer, R. C. Hardison, R. Burhans, L. Elnitski et al.,
2010 Galaxy: a platform for interactive large-scale genome
analysis. Genome Res. 15(10): 1451–1455.
Goecks, J., A. Nekrutenko, and J. Taylor, The Galaxy Team.,
2010 Galaxy: a comprehensive approach for supporting accessible,
reproducible, and transparent computational research in the life
sciences. Genome Biol.11: R86.
Gordon, S. P., H. Priest, D. L. Marais Des, W. Schackwitz, M. Figueroa
et al., 2014 Genome diversity in Brachypodium distachyon:
deep sequencing of highly diverse inbred lines. Plant J. 79:
361–374.
Greenup, A., W. J. Peacock, E. S. Dennis, and B. Trevaskis,
2009 The molecular biology of seasonal ﬂowering-responses
in Arabidopsis and the cereals. Ann. Bot. (Lond.) 103: 1165–1172.
Halliday, K., M. Koornneef, and G. Whitelam, 1994 Phytochrome
B and at Least One Other Phytochrome Mediate the Accelerated
Flowering Response of Arabidopsis thaliana L. to Low Red/FarRed Ratio. Annu. Rev. Plant Physiol. 104: 1311–1315.
Hazen, S. P., T. F. Schultz, J. L. Pruneda-Paz, J. O. Borevitz, J. R.
Ecker et al., 2005 LUX ARRHYTHMO encodes a Myb domain
protein essential for circadian rhythms. Proc. Natl. Acad. Sci.
USA 102: 10387–10392.
Higgins, J. A., P. C. Bailey, and D. A. Laurie, 2010 Comparative
genomics of ﬂowering time pathways using Brachypodium distachyon as a model for the temperate grasses. PLoS ONE 5: e10065.
Himmelbach, A., U. Zierold, G. Hensel, J. Riechen, D. Douchkov
et al., 2007 A set of modular binary vectors for transformation
of cereals. Plant Physiol. 145: 1192–1200.
Hong, S.-Y., S. Lee, P. J. Seo, M.-S. Yang, and C.-M. Park,
2009 Identiﬁcation and molecular characterization of a Brachypodium distachyon GIGANTEA gene: functional conservation
in monocot and dicot plants. Plant Mol. Biol. 72: 485–497.
Hu, W., K. A. Franklin, R. A. Sharrock, M. A. Jones, S. L. Harmer
et al., 2013 Unanticipated regulatory roles for Arabidopsis

178
406

D. P. Woods et al.

phytochromes revealed by null mutant analysis. Proc. Natl.
Acad. Sci. USA 110: 1542–1547.
Imaizumi, T., 2010 Arabidopsis circadian clock and photoperiodism:
time to think about location. Curr. Opin. Plant Biol. 13: 83–89.
Ito, S., H. Kawamura, Y. Niwa, N. Nakamichi, T. Yamashino et al.,
2008 A genetic study of the Arabidopsis circadian clock with
reference to the TIMING OF CAB EXPRESSION 1 (TOC1) gene.
Plant Cell Physiol. 50: 290–303.
Johnson, E., M. Bradley, N. P. Harberd, and G. C. Whitelam,
1994 Photoresponses of light-grown phyA mutants of Arabidopsis (phytochrome A is required for the perception of daylength extensions). Plant Physiol. 105: 141–149.
Kellogg, E. A., 2001 Evolutionary history of the grasses. Plant
Physiol. 125: 1198–1205.
Kim, W. Y., S. Fujiwara, S.-S. Suh, J. Kim, Y. Kim et al.,
2007 ZEITLUPE is a circadian photoreceptor stabilized by
GIGANTEA in blue light. Nature 449: 356–360.
Koo, B.-H., S.-C. Yoo, J.-W. Park, C.-T. Kwon, B.-D. Lee et al.,
2013 Natural variation in OsPRR37 regulates heading date
and contributes to rice cultivation at a wide range of latitudes.
Mol. Plant 6: 1877–1888.
Li, H., and R. Durbin, 2010 Fast and accurate long-read alignment
with Burrows-Wheeler transform. Bioinformatics 26: 589–595.
Li, L., K. Ljung, G. Breton, R. J. Schmitz, J. Pruneda-Paz et al.,
2012 Linking photoreceptor excitation to changes in plant architecture. Genes Dev. 26: 785–790.
Lin, C., 2000 Photoreceptors and regulation of ﬂowering time.
Plant Physiol. 123: 39–50.
Locke, J. C. W., L. Kozma-Bognár, P. D. Gould, B. Fehér, E. Kevei et al.,
2006 Experimental validation of a predicted feedback loop in the
multi-oscillator clock of Arabidopsis thaliana. Mol. Syst. Biol. 2: 59.
Lodhi, M. A., G.-N. Ye, N. F. Weeden, and B. I. Reisch, 1994 A
simple and efﬁcient method for DNA extraction from grapevine
cultivars and Vitis species. Plant Mol. Biol. Rep. 12: 6–13.
Lv, B., R. Nitcher, X. Han, S. Wang, F. Ni et al., 2014 Characterization
of FLOWERING LOCUS T1 (FT1) gene in Brachypodium and wheat.
PLoS ONE 9: e94171.
Martin-Tryon, E. L., J. A. Kreps, and S. L. Harmer, 2007 GIGANTEA
acts in blue light signaling and has biochemically separable roles
in circadian clock and ﬂowering time regulation. Plant Physiol.
143: 473–486.
Mathews, S., 2010 Evolutionary studies illuminate the structuralfunctional model of plant phytochromes. Plant Cell 22: 4–16.
McClung, C. R., 2011 The Genetics of Plant Clocks, Elsevier, New York
Minevich, G., D. S. Park, D. Blankenberg, R. J. Poole, and O. Hobert,
2012 CloudMap: a cloud-based pipeline for analysis of mutant genome sequences. Genetics 192: 1249–1269.
Monte, E., 2003 Isolation and characterization of phyC mutants in
Arabidopsis reveals complex crosstalk between phytochrome
signaling pathways. Plant Cell 15: 1962–1980.
Murphy, R. L., R. R. Klein, D. T. Morishige, J. A. Brady, W. L. Rooney
et al., 2011 Coincident light and clock regulation of pseudoresponse
regulator protein 37 (PRR37) controls photoperiodic ﬂowering in
sorghum. Proc. Natl. Acad. Sci. USA 108: 16469–16474.
Nagatani, A., A. Reed, and J. Chory, 1993 Isolation and initial
characterization of Arabidopisis mutants that deﬁcient in Phytochrome A. Plant Physiol. 102: 269–277.
Nemoto, Y., M. Kisaka, T. Fuse, M. Yano, and Y. Ogihara,
2003 Characterization and functional analysis of three wheat
genes with homology to the CONSTANS ﬂowering time gene in
transgenic rice. Plant J. 36: 82–93.
Nishida, H., D. Ishihara, M. Ishii, T. Kaneko, H. Kawahigashi et al.,
2013 Phytochrome C is a key factor controlling long-day ﬂowering in barley. Plant Physiol. 163: 804–814.
Onai, K., and M. Ishiura, 2005 PHYTOCLOCK 1 encoding a novel
GARP protein essential for the Arabidopsis circadian clock.
Genes Cells 10: 963–972.

Osugi, A., H. Itoh, K. Ikeda-Kawakatsu, M. Takano, and T. Izawa,
2011 Molecular dissection of the roles of Phytochrome in photoperiodic ﬂowering in rice. Plant Physiol. 157: 1128–1137.
Pankin, A., C. Campoli, X. Dong, B. Kilian, R. Sharma et al.,
2014 Mapping-by-Sequencing Identiﬁes HvPHYTOCHROME C
as a Candidate Gene for the early maturity 5 Locus Modulating
the Circadian Clock and Photoperiodic Flowering in Barley.
Genetics 198: 383–396.
Park, D. H., D. E. Somers, Y. S. Kim, Y. H. Choy, H. K. Lim et al.,
1999 Control of circadian rhythms and photoperiodic ﬂowering by the Arabidopsis GIGANTEA gene. Science 285: 1579–
1582.
Quail, P. H., 2002 Phytochrome photosensory signaling networks.
Nat. Rev. Mol. Cell Biol. 3: 85–93.
Ream, T. S., D. P. Woods, and R. M. Amasino, 2012 The molecular basis of vernalization in different plant groups. Cold Spring
Harb. Symp. Quant. Biol. 77: 105–115.
Ream, T. S., D. P. Woods, C. J. Schwartz, C. P. Sanabria, J. A.
Mahoy et al., 2014 Interaction of photoperiod and vernalization determines ﬂowering time of Brachypodium distachyon.
Plant Physiol. 164: 694–709.
Saïdou, A.-A., J. Clotault, M. Couderc, C. Mariac, K. M. Devos et al.,
2014 Association mapping, patterns of linkage disequilibrium
and selection in the vicinity of the PHYTOCHROME C gene in
pearl millet. Theor. Appl. Genet. 127: 19–32.
Sandve, S. R., H. Rudi, T. Asp, and O. Rognli, 2008 Tracking the
evolution of a cold stress associated gene family in cold tolerant
grasses. BMC Evol. Biol. 8: 245.
Sasani, S., M. N. Hemming, S. N. Oliver, A. Greenup, R. TavakkolAfshari et al., 2009 The inﬂuence of vernalization and daylength on expression of ﬂowering-time genes in the shoot apex
and leaves of barley (Hordeum vulgare). J. Exp. Bot. 60: 2169–
2178.
Sawa, M., D. A. Nusinow, S. A. Kay, and T. Imaizumi, 2007 FKF1
and GIGANTEA Complex Formation Is Required for Day-Length
Measurement in Arabidopsis. Science 318: 261–265.
Shaw, L. M., A. S. Turner, L. Herry, S. Grifﬁths, and D. A. Laurie,
2013 Mutant alleles of Photoperiod-1 in wheat (Triticum aestivum L.) that confer a late ﬂowering phenotype in long days.
PLoS ONE 8: e79459.
Shimada, S., T. Ogawa, S. Kitagawa, T. Suzuki, C. Ikari et al.,
2009 A genetic network of ﬂowering-time genes in wheat
leaves, in which an APETALA1/ FRUITFULL-like gene, VRN1, is
upstream of FLOWERING LOCUS T. Plant J. 58: 668–681.
Shitsukawa, N., C. Ikari, S. Shimada, S. Kitagawa, K. Sakamoto
et al., 2007 The einkorn wheat (Triticum monococcum) mutant, maintained vegetative phase, is caused by a deletion in
the VRN1 gene. Genes Genet. Syst. 82: 167.
Song, Y. H., S. Ito, and T. Imaizumi, 2010 Similarities in the
circadian clock and photoperiodism in plants. Curr. Opin. Plant
Biol. 13: 594–603.
Strömberg, C. A., 2005 Decoupled taxonomic radiation and ecological expansion of open-habitat grasses in the Cenozoic of
North America. Proc. Natl. Acad. Sci. USA 102: 11980–11984.
Takano, M., N. Inagaki, X. Xie, N. Yuzurihara, F. Hihara et al.,
2005 Distinct and cooperative functions of phytochromes A,
B, and C in the control of deetiolation and ﬂowering in rice.
Plant Cell 17: 3311–3325.
Trevaskis, B., M. N. Hemming, W. J. Peacock, and E. S. Dennis,
2006 HvVRN2 responds to daylength, whereas HvVRN1 is regulated by vernalization and developmental status. Plant Physiol.
140: 1397–1405.
Turner, A., J. Beales, S. Faure, R. P. Dunford, and D. A. Laurie,
2005 The pseudo-response regulator Ppd-H1 provides adaptation to photoperiod in barley. Science 310: 1031–1034.

179
PHYTOCHROME C and Flowering in Brachypodium

407

Vigouroux, Y., C. Mariac, S. De Mita, J.-L. Pham, B. Gérard et al.,
2011 Selection for earlier ﬂowering crop associated with climatic variations in the Sahel. PLoS ONE 6: e19563.
Vogel, J., and T. Hill, 2008 High-efﬁciency Agrobacterium-mediated
transformation of Brachypodium distachyon inbred line Bd21–3.
Plant Cell Rep. 27: 471–478.
Weller, J. L., I. C. Murfet, and J. B. Reid, 1997 Pea Mutants with
Reduced Sensitivity to Far-Red Light Deﬁne an Important Role
for Phytochrome A in Day-Length Detection. Plant Physiol. 114:
1225–1236.
Weller, J. L., N. Beauchamp, L. H. J. Kerckhoffs, J. D. Platten, and
J. B. Reid, 2001 Interaction of phytochromes A and B in the
control of de-etiolation and ﬂowering in pea. Plant J. 26: 283–294.
Woods, D. P., T. S. Ream, and R. M. Amasino, 2014 Memory
of the vernalized state in plants including the model grass
Brachypodium distachyon. Front. Plant Sci. 5: 99.
Wu, L., D. Liu, J. Wu, R. Zhang, Z. Qin et al., 2013 Regulation of
FLOWERING LOCUS T by a microRNA in Brachypodium distachyon. Plant Cell 25: 4363–4377.

Yan, L., A. Loukoianov, G. Tranquilli, M. Helguera, T. Fahima et al.,
2003 Positional cloning of the wheat vernalization gene VRN1.
Proc. Natl. Acad. Sci. USA 100: 6263–6268.
Yan, L., A. Loukoianov, A. Blechl, G. Tranquilli, W. Ramakrishna
et al., 2004 The wheat VRN2 gene is a ﬂowering repressor
down-regulated by vernalization. Science 303: 1640–1644.
Yan, L., D. Fu, C. Li, A. Blechl, G. Tranquilli et al., 2006 The wheat
and barley vernalization gene VRN3 is an orthologue of FT. Proc.
Natl. Acad. Sci. USA 103: 19581–19586.
Yang, S., B. D. Weers, D. T. Morishige, and J. E. Mullet,
2014 CONSTANS is a photoperiod regulated activator of ﬂowering in sorghum. BMC Plant Biol. 14: 148.
Yano, M., Y. Katayose, M. Ashikari, U. Yamanouchi, L. Monna et al.,
2000 Hd1, a major photoperiod sensitivity quantitative trait
locus in rice, is closely related to the Arabidopsis ﬂowering time
gene CONSTANS. Plant Cell 12: 2473–2484.

180
408

D. P. Woods et al.

Communicating editor: J. Borevitz

GENETICS
Supporting Information
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.114.166785/-/DC1

PHYTOCHROME C Is an Essential Light Receptor for
Photoperiodic Flowering in the Temperate Grass,
Brachypodium distachyon
Daniel P. Woods, Thomas S. Ream, Gregory Minevich, Oliver Hobert, and Richard M. Amasino

181

Copyright © 2014 by the Genetics Society of America
DOI: 10.1534/genetics.114.166785

Figure S1 Diagram of the 5 chromosomes of Brachypodium and the corresponding indel and simple sequence repeat
(SSR) markers that we have developed (unless otherwise specified in Table S1) using indel information from newly
sequenced genomes of Bd21 3 and Bd3 1 (Gordon et al., 2014). Markers used for mapping mutants in Bd21 3 using
Bd3 1 as a mapping partner. In bold are markers used for rough mapping. Additional markers on the diagram are
shown to assist mapping other mutants. All markers are optimized to anneal at 51°C producing a product roughly
100bp in length. Markers resolve using a 3% sodium borate agarose gel as shown in the representative gel image
which had been run for 30 minutes at 120 volts. The phyC 1 allele mapped to the top arm of chromosome 1 indicated
by the blue square. See Table S1 for primer sequences of markers.
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Figure S2 (A) phyC 1 F2 mapping population grown in 20 hour photoperiods, n=512. The majority of the population flowered between
20 39 days similar to the Bd21 3 and Bd3 1 controls. Heterozygous plants were identified via a tightly linked indel marker. The identified
heterozygous plants were confirmed by progeny test. 23% of the population (116 plants) flowered like the phyC 1 controls (did not
flower for the duration of the experiment indicated by arrow, 149 days). DNA was extracted from the 116 delayed flowering plants and
pooled DNA was sequenced using an Illumina Hiseq 2500. (B) Mapping frequency plots of the 5 chromosomes in Brachypodium showing
a large peak between 5 6 Mb on the top arm of chromosome 1 overlapping previous rough mapping data. Frequency plots are binned
into 1 Mb (gray) and 0.5 Mb (red) bins. (C) Following subtraction of variants present in the Bd3 1 crossing strain and our Bd21 3
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reference strain, 1 coding variant remained in the 5 6 Mb mapping interval. Tabular list of the annotated variant provided by SnpEff. (D)
dCAPs primer sequence for phyC 2 and phyC 3 designed to cut the Bd21 3 sequence but not the mutant variant using EcoRII. dCAPs
primers were designed using the web based software dCAPs Finder 2.0 (Neff et al., 2002). DNA was extracted from segregating M3 plants
and the dCAPs primers were optimized for 55°C annealing temperature. PCR products were digested with EcoRII for 6 hours before
resolving on a 3% agarose gel. (E) Picture of representative T0 plants grown in 20 hour photoperiod. Plant on left contains the rescue
construct of a genomic PHYC fragment including 1 kb upstream of the translational start site of Bd21 3 PHYC; plant on right is T0 plant
that does not contain the rescue construct. Nine independent transgenic lines exhibited rescue of the delayed flowering phenotype.
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Figure S3 VRN2L mRNA expression throughout a 24 circadian cycle. Experimental samples identical as described in
Figure 3.
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APPENDIX B: TargetOrtho: A Phylogenetic Footprinting Tool to Identify
Transcription Factor Targets
In the early stages of the project I helped the initial developer on the project, Di
Wu, get up to speed with the goals of the project and helped organize the CisOrtho code
base (the 1st version of this program written by Henry Bigelow) and plan for version 2.0. I
suggested a number of features including support for the Galaxy platform, sortable and
collapsible results lists, candidate gene lists as input, providing output tracks in formats
that could be viewed in the UCSC genome browser, various ranking schemes for the
output, and gene ontology enrichment analysis. Lori Glenwinkel then took over the
project, wrote all of the code and is responsible for everything that came afterward.
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TargetOrtho: A Phylogenetic Footprinting Tool
to Identify Transcription Factor Targets
Lori Glenwinkel,1 Di Wu,2 Gregory Minevich, and Oliver Hobert1
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New York, New York 10032

ABSTRACT The identiﬁcation of the regulatory targets of transcription factors is central to our understanding of how transcription
factors fulﬁll their many key roles in development and homeostasis. DNA-binding sites have been uncovered for many transcription
factors through a number of experimental approaches, but it has proven difﬁcult to use this binding site information to reliably predict
transcription factor target genes in genomic sequence space. Using the nematode Caenorhabditis elegans and other related nematode
species as a starting point, we describe here a bioinformatic pipeline that identiﬁes potential transcription factor target genes from
genomic sequences. Among the key features of this pipeline is the use of sequence conservation of transcription-factor-binding sites in
related species. Rather than using aligned genomic DNA sequences from the genomes of multiple species as a starting point,
TargetOrtho scans related genome sequences independently for matches to user-provided transcription-factor-binding motifs, assigns
motif matches to adjacent genes, and then determines whether orthologous genes in different species also contain motif matches. We
validate TargetOrtho by identifying previously characterized targets of three different types of transcription factors in C. elegans, and
we use TargetOrtho to identify novel target genes of the Collier/Olf/EBF transcription factor UNC-3 in C. elegans ventral nerve cord
motor neurons. We have also implemented the use of TargetOrtho in Drosophila melanogaster using conservation among ﬁve species
in the D. melanogaster species subgroup for target gene discovery.

T

RANSCRIPTION factors (TFs) and small RNAs represent
the largest families of gene regulatory molecules in eukaryotes. Identifying target genes for these regulatory factors
is a key challenge that remains to be solved. While targets of
regulatory RNAs can often be inferred by sequence complementarity, there are no clearly delineated rules to de novo
predict DNA sequence targets of DNA-binding domains of
transcription factors.
In vitro techniques such as CASTing (cyclic ampliﬁcation
and selection of targets) (Wright et al. 1991), EMSA (electrophoretic mobility shift assay) (Hellman and Fried 2007),
and multiple sequence comparisons between small sets of
hand picked cis-regulatory sequences, as well as in vivo techCopyright © 2014 by the Genetics Society of America
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niques such as DNase-seq (Song and Crawford 2010) and
ChIP-seq (Carey et al. 2009) or mutational analysis of transcription factor-regulated reporter genes, have allowed the
derivation of high-information-content consensus-binding
motifs for many transcription factors. While ChIP-seq allows
for the genome-wide identiﬁcation of transcription-factor-binding
sites (TFBSs), in cases where the signal-to-noise ratio of TF
binding is small, a certain level of nonfunctional TF binding is
expected to occur, rendering it difﬁcult to predict true regulatory targets with high conﬁdence without utilizing additional
predictive strategies.
Using a set of experimentally veriﬁed binding sequences,
it is possible to build a representative position weight matrix
(PWM) and to perform a purely bioinformatic genome-wide
search for TF consensus sites. This approach provides a costand time-efﬁcient alternative to in vivo experiments, and,
with the accessibility of whole-genome sequence data, multiple species genomes are available for a comparative genomic analysis that utilizes conservation of binding sites
between species. Strong purifying selection is expected to
maintain binding elements in functional regions so that conservation of TFBS between species is predictive of function.
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While sequence conservation may suggest function, additional
predictive criteria, including binding-site enrichment among
orthologous regulatory regions together with expression proﬁling data or chromatin immunoprecipitation (ChIP) data,
especially tissue-speciﬁc data, provide a multi-faceted approach for conﬁdent regulatory target gene prediction.
Existing tools such as the MEME suite (Bailey and Elkan
1994; Bailey et al. 2009), PhyloCon (Wang 2007), PhyME
(Sinha et al. 2005), PhyloGibbs (Siddharthan et al. 2005),
and EvoPrinter (Odenwald et al. 2005) that utilize sequence
conservation for motif discovery as well as programs like
EEL (Hallikas et al. 2006), which evaluate regulatory modules genome-wide without incorporating sequence conservation, are excellent resources for identifying a TFBS to
build a PWM or for identifying novel target genes without
considering conservation. These programs do not provide
a way to assess the novel regulatory targets of a given TF
or do not include sequence conservation for functional prediction, however. TargetOrtho ﬁlls this gap by providing an
alignment-free conservation assignment of orthologous
motifs that is independent of motif orientation and outperforms pairwise alignment methods (Elemento and Tavazoie
2005; Gordân et al. 2010). This more relaxed deﬁnition of
conservation accounts for the inherent degeneracy and orientation independence of TFBS so that variant nucleotides
within a motif do not prevent conservation calls between
species. Such strategies for target gene prediction have been
implemented for speciﬁc TF regulatory target gene discovery
(Aerts et al. 2006; Ward and Bussemaker 2008; Herrmann
et al. 2012), but these approaches have not been applied to
the automated prediction of TF regulatory target genes from
user-deﬁned PWMs together with a target gene ranking system that accounts for the degree of motif match conservation, quality, and frequency for target gene prediction. For
an overview of target gene prediction strategies, see Aerts
et al. 2012.
We have previously described one framework for the
application of an exhaustive in silico approach for the identiﬁcation of transcription factor target genes using experimentally derived consensus-binding sites together with an
alignment-free assignment of conservation across multiple
species genomes (Bigelow et al. 2004). This application,
called CisOrtho, compared genome scans of two distinct
nematode genomes. We describe here a number of signiﬁcant expansions to this original pipeline. The new pipeline,
TargetOrtho, includes (1) an expansion from the PWM
search of two genomes to that of the genomes of ﬁve species
(see “genomes” in Supporting Information, File S1); (2) regionspeciﬁc and alignment-independent conservation assignments
controlled by user-deﬁned positional conservation constraints between orthologous motif matches; (3) display of
binding-site frequency by gene region and cross-species motif match score-based ﬁltering by gene region; (4) the option
to restrict motif location relative to the ﬁrst or last exon of
a gene; and (5) the ability to display predicted binding sites
on standard genome browsers including the Wormbase and

FlyBase Gbrowse tools in the form of bed-formatted genome
browser track ﬁles where sites are shaded according to predicted binding-site strength as derived from the binding-site
log-likelihood ratio score. The new ranking scheme used by
TargetOrtho can be ﬁnely tuned by the user by scaling the
weight of a given ﬁltering criteria. Moreover, we have expanded TargetOrtho to include an option to search each
genome against up to ﬁve co-occurrences of TFBSs using
up to ﬁve predetermined PWMs for the discovery of conserved, enriched cis-regulatory modules (CRMs). The CRM
option allows the user to restrict the nucleotide distance
between TFBSs in the same gene region as well as the order
of the TFBSs by using the order from the user’s uploaded
input motifs. Further ﬁltering may be applied through userselected query lists that restrict the results or report specifically on a subset of genes such as putative target genes
determined through expression-proﬁling experiments, ChIPChIP/ChIP-seq data, or gene ontology associations. Finally,
TargetOrtho can now be used for target gene discovery in
both Caenorhabditis and Drosophila species.

Materials and Methods
Ortholog assignments

Nematode ortholog assignments based on Ensembl COMPARA
(Vilella et al. 2009), which predicts orthology of the longest
isoform based on homology as well as on conserved gene order,
were downloaded using BioMart WS220 datasets (Smedley
et al. 2009) .The melanogaster subgroup ortholog assignments
were downloaded from FlyBase precomputed data ﬁles
(http://ﬂybase.org/static_pages/downloads/bulkdata7.html,
version: gene_orthologs_fb_2013_03.tsv.gz).
Gene coordinates

Exon and gene coordinates for nematode genomes were
parsed from gff3 annotations ﬁles (current versions: C. elegans—
WS220; Caenorhabditis briggsae—WS234; Caenorhabditis
brenneri—WS234; Caenorhabditis remanei—WS234; Caenorhabditis japonica—WS234) downloaded from wormbase’s FTP site (ftp://ftp.wormbase.org/pub/wormbase/).
Exon and gene coordinates for ﬂy genomes were parsed
from exon sequence ﬁles (fasta) downloaded from FlyBase
precomputed data ﬁles (http://ﬂybase.org/static_pages/
downloads/bulkdata7.html). Current genome versions include the following: Drosophila melanogaster—r-5.1; Drosophila yakuba: r-1.3; Drosophila erecta—r-1.4; Drosophila
simulans—r-1.4; and Drosophila sechelia—r-1.3.
Source code

TargetOrtho employs the FIMO (Grant et al. 2011) tool from
the MEME suite (Bailey et al. 2009) for genome-wide motif
scanning. Motif matches are associated with genes using
an ANSI C++ script written by Henry Bigelow. All other
Target-Ortho scripts were written in python (or XML for
the Galaxy interface scripts) by L. A. Glenwinkel.
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Data analysis

Availability

Outcomes of comparison tests were determined using the
Mann–Whitney–Wilcoxon test using python’s scipy.stats
module. q-values for multiple testing corrections were calculated as in Storey and Tibshirani (2003). P-values were accepted as signiﬁcant if the corresponding q-value was ,0.05,
which is representative of the minimum false discovery rate
that is incurred when calling that test signiﬁcant.
For each test, motif matches in the set of previously
validated transcription factor target genes were compared to
a set of 1000 random coding genes for each ranking criteria
in each gene region. Six unique gene regions were analyzed
(upstream, intron, exon, downstream, best site of any
region, and upstream plus intron) for each of eight ranking
criteria (C. elegans site score, C. elegans averaged region
score, C. elegans site frequency, averaged species site score,
averaged species region score, averaged species site frequency, site conservation, and site offset variance measured
as the coefﬁcient of variation). In addition, four total generanking criteria (C. elegans averaged gene score, C. elegans
total site frequency per gene, averaged species averaged
gene score, and averaged species site frequency per gene)
and the cumulative site score derived from all criteria per
region were analyzed (see Figure S2 for an overview of the
results of all tests in all regions).
For each ranking criteria in each gene region, the best
motif match value was considered between comparison
groups when several values were present. For example,
the best upstream motif-match log-likelihood score per gene
region was compared with transcription factor-dependent
genes and 1000 random coding genes. Additionally, cumulative site scores derived from upstream and intronic data
were compared in previously validated target genes and
random genes.
Wilcoxon rank-sum tests were used to compare ventral
nerve cord neuron counts in wild-type or unc-3(e151)
worms (Table S1). See Table S5 for all input parameters
used for motif analysis with TargetOrtho.

The TargetOrtho package is available as a command line tool
or for installation as a Galaxy tool (Goecks et al. 2010). The
Galaxy option offers an accessible way to use TargetOrtho on
any platform via Galaxy’s web hosting option (http://wiki.
galaxyproject.org/Admin/Get%20Galaxy). See http://hobertlab.
org/targetortho/ for general usage and availability.

Gene Ontology term analysis

Gene ontology (GO) enrichment analysis was done using
the web-based GOrilla tool (Eden et al. 2007, 2009) using
the single list of ranked genes option with a P-value threshold of 10e23 using slow mode. See Table S12 for full GO
term analysis results. Genes in each ontology category were
binned according to the best TargetOrtho upstream or
intronic site rank per gene and plotted showing the number
of genes in each TargetOrtho ranking bin for selected ontology terms.
Reporter constructs

GFP fusions were generated as in Hobert (2002). The VL6
and BC14284 strains were provided by the Caenorhabditis
Genetics Center, which is funded by the National Institutes
of Health Ofﬁce of Research Infrastructure Programs (P40
OD010440). See Table S1 for strain details.

Results
To expand the known repertoire of TF target genes for
a better understanding of diverse biological processes, we
have engineered a bioinformatic pipeline allowing for
robust target gene prediction. We ﬁrst describe the program architecture for the discovery of novel TF target
genes as well as target genes regulated by CRMs whereby
multiple TFBSs work in concert. In the following sections,
we then examine individual criteria for ranking TFBSs
across entire genomes and show that, for three motifs with
extensive in vivo-validated target genes, these criteria are
robust predictors of real target genes. Because the regulatory logic of in vivo TF binding is not well understood, we
implement user-deﬁned adjustments for each of the ranking criteria chosen. We show that the strategy of combining binding-site data from the genomes of multiple species
is justiﬁed as it drastically improves target gene prediction.
Finally, we show that our pipeline further improves target
gene prediction by combining the averaged species ranking data into one ﬁnal cumulative site score for each predicted binding site in the genome.
Features of TargetOrtho

General overview of the pipeline: TargetOrtho provides
a comparative genomic approach for the identiﬁcation of
transcription factor target genes for which a collection of
binding sites, represented as the PWM, has been experimentally identiﬁed. The pipeline is executed in four steps (or ﬁve if
multiple input PWMs are used). Brieﬂy, genomes of ﬁve species
are searched for motif matches against a PWM in MEME plain
text format (see MEME documentation at http://meme.nbcr.
net/meme/doc/meme-format.html and http://meme.nbcr.net/
meme/doc/examples/meme_example_output_ﬁles/meme.
html) derived from experimentally validated binding sites using the FIMO (Grant et al. 2011) motif scanner. Sites from each
species are then associated with the nearest exon in the upstream and downstream direction and matched to orthologous
regions in the reference genome (currently, C. elegans or
D. melanogaster). Finally, ﬁltering and ranking criteria are applied to each reference genome motif match, resulting
in a ranked list of sites and their associated target genes.
TargetOrtho output consists of browsable HTML tables,
tab-delimited text ﬁles, and bed-formatted genome browser
track ﬁles along with a compressed folder containing all
results for download (Figure 1 and Table S2). The execution
of TargetOrtho is facilitated by Galaxy (Goecks et al. 2010),
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a general bioinformatics workﬂow management system in
which results are automatically browsable and available for
download and sharing from any platform (Figure 2). TargetOrtho can also be installed locally and executed via the command line as a stand-alone program or added as a tool to
a locally hosted Galaxy instance (see http://galaxyproject.
org). See File S1 for a detailed program overview.

Adjustable program features: TargetOrtho includes several
adjustable features (Figure 3 and Table S3): (1) two reference genomes are available for target gene discovery. The
C. elegans option includes searches across ﬁve species of
the Caenorhabditis genus, while a D. melanogaster option
includes genome-wide comparative searches across ﬁve melanogaster subgroup species. A reference genome is deﬁned

Figure 1 Overview of TargetOrtho pipeline. Beginning with one to ﬁve input position weight matrices (PWMj = 1–5 in meme plain text format) and an
optional query list with genes of interest, ﬁve species genomes (top orange box) are scanned with the motif scanner FIMO, resulting in one motif match
hit table per genome i (i = 1–5). Each site is then associated with an exon, followed by ortholog pairing between the reference species and each species
associated site. Orthologous sites are then ranked according to the TargetOrtho ranking criteria. If more than one input PWM is speciﬁed, promoters
having at least one motif match for each PWM are ﬁltered to a cis-regulatory module table. All results are output as tab-delimited text ﬁles, html
browsable ﬁles, and bed format genome browser ﬁles.
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Figure 2 Galaxy screenshots. (A) TargetOrtho user interface hosted by Galaxy. The TargetOrtho tool is shown in the Galaxy tool (left). Two TargetOrtho
input ﬁles are shown in the History (right). (1) A motif ﬁle in Meme version 4 format and (2) a user-deﬁned list of genes in plain text format. These ﬁles
are uploaded using the “get data” tool built into the Galaxy platform. Adjustable TargetOrtho parameters are shown (middle). (B) TargetOrtho Results
screenshot. Upon job completion, two TargetOrtho output ﬁles appear in the History (right): TargetOrtho browse results (html/text) is selected and
shown in the middle. The top-ranked site per gene table (html version) is displayed along with a link to browse all TargetOrtho output ﬁles. A second
result ﬁle in the History allows for a single-click local download of all results as a compressed directory. (C) TargetOrtho Summary statistics plots are
included in the results directory as html ﬁles and may be viewed from the Galaxy interface or locally from the downloaded results ﬁles. (Top left) Site
distribution by conservation. Blue shows all unique motif matches; yellow shows the number of candidate target genes. (Top middle) Species
representation among all motif matches. (Top right) Site count by gene region. (Bottom left) Target gene frequency by gene region. (Bottom middle)
Log-likelihood motif score distribution by species. (Bottom right) Site positional distribution by species conservation. See Table S2 for additional
TargetOrtho results descriptions.
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Figure 3 TargetOrtho input parameters. (Right) TargetOrtho user interface hosted on the Galaxy platform. Select TargetOrtho input parameters are
shown. (Left) Graphical representation of select input parameters from right panel. The tool interface on Galaxy shows all default values and may be
changed by the user. Default values may also be viewed from the command line tool by using the command “python TargetOrtho.py–h .” Each input
parameter should be adjusted for the individual input motif/s by the user. See Table S3 for a description of all adjustable input parameters and default
values. (A) Example TargetOrtho input motifs for target gene discovery of genes with co-occurrences of motif A and motif B. TargetOrtho takes this
input as a Meme version 4 input motif ﬁle (http://meme.nbcr.net/meme/doc/meme-format.html) with up to ﬁve input motifs. (B) Example of gene query
list input ﬁle in plain text format showing a subset of user-deﬁned genes for TargetOrtho to speciﬁcally report on. Gene names must be in gene public
name format (unc-3, ttx-3) when available; otherwise, transcript names (C09G1.4, F08D12.1) may be used for C. elegans. FlyBase gene IDs in the form
FBgn must be used for D. melanogaster gene names. These may include suspected transcription factor target genes of interest or serve as a negative
control list of genes that are expected to be transcription factor independent. An option to report only data for these genes is available (right: “only
report query list results”); otherwise, whole-genome results are reported with additional reporting on the query list gene results. (C) The maximum
distance between motifs (for more than one motif query only). This option constrains the allowed distance between any two motifs from the motif input
ﬁle. If ﬁve motifs are used as input, this distance limits the distance between any two adjacent motifs where the adjacent motifs are from separate
entries in the motif input ﬁle. This does not preclude the user from specifying a search for identical motifs in the input ﬁle. For example, one may choose
to search for target genes having at least two occurrences of motif A in the upstream region. To accomplish this, the user would include motif A two
times in the input ﬁle. The order of motifs in a given gene region may also be constrained by selecting “ordered’ or “unordered” for the “Order of
motifs” parameter. If ordered is chosen, co-occurrences of motifs must be positioned in the order given in the motif input ﬁle. For example, if motif A,
motif B, and motif C are included in the input ﬁle with the ordered option, all target gene candidates must have these three motifs in the order motif A,
motif B, motif C or in the order motif C, motif B, motif A among all orthologous gene regions for a candidate target gene to be included in TargetOrtho
output. (D) The maximum upstream distance that a motif may be positioned for target gene association. (E) The maximum downstream distance that
a motif may be positioned for target gene association. In addition to the maximum upstream and downstream distance, the number of intervening
genes allowed between any motif match and associated gene, as well as the cutoff distance from the ﬁrst ATG allowed if any intervening genes are
positioned between a motif match and the associated gene, may be speciﬁed by the user (right). (F) The maximum offset variance constrains the
positional variance allowed between orthologous motif matches between species. The offset variance is calculated by taking the absolute value of the
coefﬁcient of variation of each motif match offset (shown as the distance from the ﬁrst annotated exon of the associated gene) in each species. See
Orthology Matching section in File S1 for detailed explanation. See Table S3 for explanations of all adjustable parameters.

as the genome from which candidate TF target genes are
reported (see “genomes” in Supporting Information, File S1);
(2) the distance between distinct motif matches (Figure 3C)
and linear motif order for CRM searches (see CRM searches
for multiple motifs); (3) the offset variance (Figure 3F) of
orthologous motif matches to constrain the positional conservation of a motif match (see “orthology matching” in
Supporting Information, File S1); (4) the upstream (Figure 3D)
and downstream (Figure 3E) motif match distance from the

ﬁrst or last adjacent annotated exon; (5) the number of intervening genes between a motif match and an associated
gene may be constrained as well as the intervening distance
from the associated gene allowed if annotated genes are
positioned between a motif match and its associated gene;
and (6) the cumulative site score is constrained by scaling
options to weight each site ranking criteria (Figure 4C and
Table S3). For example, if the motif frequency among orthologous gene regions is important, the user may up-weight this

194
66

L. A. Glenwinkel et al.

Figure 4 TargetOrtho ranking criteria. Each orthologous gene region per species is divided into upstream, intragenic [intron (green line) and exon
(green box)], and downstream regions. (A) Log-likelihood score ranking criteria. Individual predicted binding sites (orange bubbles) are overlaid with the
site score. “Site score” (black numerals): the log-likelihood ratio score of an individual motif match. “Average species site score” (orange numerals): the
averaged site score across orthologous regions between species where each reference species site is matched to the positionally best-matched
orthologous-species-region motif match. Best matches are determined by grouping sites across species and ﬁltering for the best offset (site position
relative to exon 1 for upstream sites or the last exon for downstream sites). See “offset variance.” “Region score” (blue numerals): the average site score
within each species across a given region. “Average species region score” (purple numerals): the region score averaged across species for a given region.
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factor to inﬂate the effect of the motif frequency on the cumulative site score. See Table S3 for a description of all adjustable
features.
CRM searches for multiple motifs: TargetOrtho includes
an option to search each genome against up to ﬁve cooccurrences of transcription-factor-binding sites using up to
ﬁve predetermined PWMs for the discovery of conserved,
enriched CRMs. In addition to the ﬁltering applied to
individual genome-wide searches, the CRM option allows
the user to restrict the nucleotide distance between TFBSs in
the same gene region as well as the order of the TFBS by
using the order from the user’s uploaded motifs (Figure 3C
and Table S3). CRM target genes are scored by averaging the
adjustable cumulative site score of each component motif
(see Adjustable cumulative site score).
Binding-site ranking criteria for prediction of regulatory
target genes: After conservation assignment, additional
criteria were assessed for each site in each genome for
eventual cumulative score calculations and ﬁnal site ranking. Generally, the cumulative site score used for site ranking
is determined for each site in a reference genome (C. elegans
or D. melanogaster) according to its binding strength as represented by the log-likelihood ratio score and binding-site
frequency associated with the target gene. Each site score
and site count is averaged across species for use in the cumulative site-score calculation. Speciﬁcally, each site is ranked by
the averaged species site score (Figure 4A), the averaged
species region score (Figure 4A), the averaged species gene
score (Figure 4A), the site conservation (Figure 4A), the offset variance (Figure 4B), the averaged species region site
count (Figure 4B), and the averaged species gene site count
(Figure 4B). Each site in the reference genome is ranked individually using these ranking criteria.
For example, as shown in Figure 4, consider the site Y
with a log-likelihood site score of 7.2 found at 2500 nucleotides upstream of a gene and conserved in ﬁve species. The
averaged species site score of 7.2 is determined by grouping
site Y with one orthologous site in each genome and then

averaging the site scores across species where site grouping
is determined using the minimum positional offset variance
(0.07) from the ﬁrst exon of gene X. The offset variance is
also used for site ranking. The averaged species region score
of 7.37 is determined by ﬁrst averaging the site score across
the upstream region of gene X as well as the orthologous
upstream regions in each species and then averaging this
value across species, where the upstream distance is constrained by the user. The averaged species gene score
(6.54) is determined by averaging the site score across all
gene regions—in this case, the upstream, intron, exon, and
downstream regions—for each orthologous gene and then
averaging this value across species. An analogous strategy is
applied for the site frequency; in this case, the averaged
species upstream site count (1.4) and averaged species gene
site count (2.6) of gene X. Finally, these criteria are used to
generate a ﬁnal cumulative site score (see Adjustable cumulative site score) of 73.84 for TargetOrtho site ranking.
Adjustable cumulative site score: Individual ranking criteria are combined into a single cumulative site score for each
site in the reference genome, providing a list of target gene
candidates. The cumulative site score is generated as:
cumulative site score ¼

Pn

i¼1 ðci 2 bi Þðai2 bi Þ100vi

j

;

where ci is the raw ranking criteria value out of n total
ranking criteria, ai is the maximum value from all ci in
a given TargetOrtho search, bi is the minimum value from
all ci in a given TargetOrtho search, vi is an optional scaling
factor applied to each ranking criteria (default vi = 1), and
j is the number of ranking criteria where vi . 0. Sites that
are found only in the reference genome, and hence are unconserved, were assigned a cumulative site score of zero so that
they are automatically ranked last but are still displayed in the
TargetOrtho results.
In detail, each motif match is ranked by ﬁrst determining
the average species site counts and averaged species site
scores across the associated gene; then each site in the

“Gene site score” (blue numerals): the averaged site score across all regions searched for each species. “Average species gene site score” (purple
numerals): the gene site score averaged across species. Conservation (orange numerals): Alignment-independent site conservation is determined by the
number of species with at least one predicted binding site in an orthologous region to the reference species motif match. (B) Motif match frequency and
position ranking criteria. Individual predicted binding sites (orange) are overlaid with the site offset. “Offset” (black numbers) refers to the site position
relative to exon 1 for upstream sites or the last exon for downstream sites. “Offset variance” (orange numerals): the absolute value of the coefﬁcient of
variation of the offsets for each matched orthologous motif match between species. Smaller values indicate increased positional constraint compared to
motif matches that are differentially positioned between species. “Site count” (blue): The number of predicted binding sites in a given region per
species. Averaged species region site count (purple): The site count averaged across orthologous species regions where the region shown is upstream.
“Gene site count” (blue): The total site count across all regions of a gene including upstream, intragenic, and downstream (when included) for each
species. “Average species gene site count” (purple numerals): the gene site count averaged across all orthologous regions of an associated gene
between species. (C) Ranking criteria and cumulative site score per predicted binding site. Column 1, “TargetOrtho ranking criteria per site” indicates
the ranking criteria used to calculate the ﬁnal cumulative score for each predicted binding site (orange) in the reference genome. Column 2, “Raw
score”: raw values for each ranking criteria described in A and B. Column 3, “Normalized score”: Each raw value from column 2 is normalized between
0 and 100 using the minimum and maximum value unique to each motif across the genomes. Column 4, “Average normalized score”: The ﬁnal
cumulative score assigned to each predicted binding site in the reference genome is calculated by averaging the normalized scores in column 3. Column
5, “Site rank”: The rank order of each predicted binding site taken by ordering each predicted site in the reference genome by the cumulative score.
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Figure 5 TargetOrtho output example. (A) TargetOrtho top-ranked site per gene table in HTML format. This table is a subset of the “All-conserved-hits-ranked”
table (see Table S2 for descriptions of all TargetOrtho output ﬁles) showing only the best-ranked site in each candidate target gene as opposed to
showing data for every site in every candidate target gene. Each table row shows motif match data for one motif match in the reference genome
(C. elegans or D. melanogaster) with an option to expand the row to show data for other species data. Each top-ranked site shown in the table also
includes information about overall site count for the corresponding region and total site count across the entire putative target gene. Additionally,
average site scores per region and per gene are shown for each table entry. To see all sites in a gene, consult the “All conserved hits ranked” table. See
Figure 4C legend for explanations of column values. (B) Wormbase Gbrowse screenshot of TargetOrtho results. Genome browser track ﬁles are output
in bed format for viewing predicted binding sites in standard genome browsers. Higher scoring binding sites are shaded darker grey than lower scoring
sites. See Table S2 for a description of all TargetOrtho results ﬁles.

reference genome is ranked by normalizing each ranking
criteria value between 0 and 100 and by averaging the
normalized values for each site to obtain the ﬁnal cumulative site score for sites that are present in at least two
orthologous genome regions. Each normalized criteria score
may be weighted to affect the cumulative site score
according to user preferences (option -A, -B, -C, -D, -E,
-F, -G for average species site score, average species region
score, average species gene score, average species gene site
count, conservation, and offset variance, respectively, where
options A–G may be any real number) (Figure 4C; TargetOrtho ranking criteria). Weighting speciﬁc ranking criteria
may be of interest when prior information is available as to

the nature of each ranking criteria in experimentally validated TF target genes. The default strategy of evenly weighting each ranking criteria in the computation of the cumulative
site score results in signiﬁcantly better cumulative site scores
in validated target genes compared to random genes in our
analysis of three well-characterized C. elegans TFBSs.
Program output: TargetOrtho results include a top-rankedper-gene table for showing the best-ranked site per associated gene as well as an all-conserved-hits-ranked table
showing all ranked sites where all motif matches are shown
for all candidate target genes. Each site is assigned a rank
order corresponding to the cumulative site score where the
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best cumulative site score is assigned a rank of 1. Additionally, results tables with all hit-gene associations are included
for each species and each motif as well as genome browser
track ﬁles in bed format. All TargetOrtho outputs are
described in Table S2 and Figure 5.
Validation of TargetOrtho using experimentally
identiﬁed target genes

Strategy: Using three well-characterized TFBSs from C.
elegans and in vivo validation of TargetOrtho predicted target
genes, we ﬁnd that the interspecies motif match score (loglikelihood ratio score), motif conservation, and frequency of
TFBSs among orthologous gene regions are successful predictors of TF regulatory target genes. The three TFBSs used
for validation of TargetOrtho include the UNC-3-binding site
(UNC-3 motif), bound by the terminal selector for cholinergic motor neuron fate in the ventral nerve cord, UNC-3
(Kratsios et al. 2012); the TTX-3/CEH-10 heterodimer-binding site (AIY motif), the terminal selector motif for the AIY
interneuron (Wenick and Hobert 2004); and the CHE-1binding site (ASE motif) required for terminal speciﬁcation
of the chemosensory ASE gustatory neurons (Etchberger
et al. 2007). Several dozen experimentally validated targets
genes that contain binding sites for the respective transcription factors have previously been identiﬁed. TargetOrtho
ranking criteria were compared between TF-dependent genes
and 1000 random coding genes for each motif (Figure S1).
For a detailed explanation of the data sets and motif construction as well as data set veriﬁcation bias corrections, see
File S1.
Cumulative site scores in upstream and intronic regions
better predict regulatory targets of TFs than sites in other
gene regions: To assess the predictive value of different
gene regions, cumulative site scores derived from data from
upstream, upstream + intron, exon, downstream, or the best
cumulative site score from any gene region were compared in
TF-dependent genes and random coding genes. We ﬁnd that
TF-dependent gene motif matches perform best when up-

stream and intronic regions are combined to generate the
cumulative site score for all analyses performed. Cumulative
site scores derived from upstream or upstream + intronic
regions resulted in greater differences between TF-dependent
genes and random coding genes compared to cumulative site
scores derived from other gene regions (Figure S2).
Individual ranking criteria as well as cumulative site
scores derived from averaged species data better predict
veriﬁed TF target genes compared to ranking criteria from
a single genome: To assess the predictive value of individual
binding-site ranking criteria derived from multiple species as
opposed to using a single genome for target gene prediction,
we compared individual ranking criteria derived from
C. elegans data alone or data derived from multiple species.
We ﬁnd that each individual criterion averaged across species shows greater discrimination between TF-dependent
gene sites and random gene sites. Comparison tests for individual TargetOrtho site ranking criteria (Figure 6, Figure
S3, Figure S4, Figure S5, Figure S6, and Figure S7) suggest
that averaging multiple species data (Figure 6, A9–G9)
results in more signiﬁcant differences between criteria in
TF-dependent genes and random coding genes compared
to ranking criteria data from the reference genome alone (Figure 6, A–E and K). Also see Table S6, Table S7, Table S8,
Table S9, Table S10, and Table S11, and corresponding Figure
S3, Figure S4, Figure S5, Figure S6, and Figure S7.
To assess the predictive value of cumulative site scores
derived from averaged species data compared to scores derived
from a single species, we compared cumulative site scores in
TF-dependent genes to scores in random genes for both cases.
Generating the cumulative site score from combined
averaged species data (Figure 6, H9–J9; Figure S3, Figure S4,
Figure S5, Figure S6, and Figure S7) increases the signiﬁcance
of the difference between TF target gene sites and random gene
sites compared to building cumulative site scores from the upstream and intronic site information in the reference genome
alone (Figure 6, H, I, and L). Also see corresponding Figure S3,
Figure S4, Figure S5, Figure S6, and Figure S7.

Figure 6 UNC-3 motif analysis. unc-3-dependent target gene data (blue) compared to random coding gene data (gray). The set of previously characterized
unc-3-dependent genes and 1000 random coding genes were submitted to TargetOrtho using the UNC-3 motif as input (Figure S1A). Data distributions for
each TargetOrtho ranking criterion were compared between known target genes and random coding genes. CDF plots of individual ranking criteria (plots
A–E and plots A9–G9): CDF plots are shown for individual ranking criteria A–E and A9–G9. TargetOrtho ranking criteria derived from averaged species data
(A9–G9) better distinguish previously validated TF target genes from random genes compared to using C. elegans (reference genome) data alone (A–E). CDF
plots A–E show only ranking criteria derived from C. elegans genome data while CDF plots A9–E9 show the corresponding ranking criteria derived from
averaged species data. CDF plots F9 and G9 show averaged species data having no reference genome counterpart, including the conservation and offset
variance data distributions. CDF plots of cumulative site scores (plots H and I and plots H9–J9): Data distributions for cumulative site scores derived from
unique combinations of TargetOrtho ranking criteria are shown in CDF plots H, I, H9, I9, and J9. CDF plot H shows the cumulative site score distributions
derived from C. elegans upstream and intronic data only calculated from A–C. (Left) Plots A9-C9 show the cumulative site score CDF plots calculated from the
corresponding averaged species upstream and intronic data. CDF plot I shows cumulative site scores derived from criteria shown in CDF plots A–E where
CDF plots D and E represent total gene ranking criteria in C. elegans only. (D) C. elegans averaged upstream and intronic site scores. (E) C. elegans averaged
site score across all gene regions. CDF plot I9 (left) shows the data distribution of cumulative site scores derived from A9–E9 where CDF plots D9 and E9
represent the corresponding total gene ranking criteria averaged across species. CDF plot J9 shows cumulative site scores derived from all averaged species
ranking criteria (A9–G9). (K) 2Log10 (P-value) for each ranking criteria comparison test where transcription-factor-dependent genes were compared to 1000
random coding genes. Compare C. elegans data A–E to average species data A9–E9 plus F9 and G9. (L) –Log10 (P-values) for each comparison test where
cumulative site scores in transcription-factor-dependent genes are compared to scores in random coding genes. Compare C. elegans-derived cumulative site
score (H and I) to averaged-species-derived cumulative sites scores (H9, I9, and J9).
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Figure 7 Cumulative site scores of
novel unc-3 target genes. CDF plot of
best upstream or intronic cumulative site
score per gene in novel unc-3-predicted
target genes (blue) compared to the
whole-genome distribution of upstream
cumulative site scores (gray). The range
of newly validated UNC-3 target gene
cumulative site scores (orange) overlaps
previously characterized unc-3 target
genes (blue). Sites for experimental validation were chosen before the ﬁnal cumulative site score ranking scheme was
ﬁnalized so that many putative target
gene scores from the whole-genome
sampling are higher than those from
the validation set. While these results
suggest that picking novel target genes
that rank similarly to previously characterized TF target genes is a valid strategy, choosing candidates from the
higher scoring end of the distribution
may result in even better predictions.

GO enrichments include relevant TF target genes for
further investigation: To demonstrate the utility of TargetOrtho predictions in ﬁnding biologically relevant target
genes, GO enrichments among top-ranked target genes were
assessed. GO analysis was performed on TargetOrtho’s topranked sites per gene for whole-genome runs using upstream and intronic gene regions with the UNC-3 motif,
AIY motif, and ASE motif using the GOrilla tool (Eden
et al. 2007, 2009). The resulting ontologies among highly
ranked predicted TF target genes show enrichments in neurogenesis pathway genes for all three terminal selector
genes, providing ample candidates for further in vivo experimentation (Figure S8 and Table S12).
Validation of TargetOrtho through identiﬁcation
of novel UNC-3 target genes

For in vivo validation of TargetOrtho, 13 highly ranked potential UNC-3 target genes (Figure 7 and Table S4, gene list
7) were further investigated. Eight of these genes are completely uncharacterized while 5 have published expression

patterns in the ventral nerve cord (VNC) where UNC-3
exerts its regulation as a terminal selector of cholinergic
motor neurons. To examine whether these reporters are
expressed in unc-3-expressing cells and are regulated by
unc-3, we generated GFP promoter fusions for the 8 candidate target genes with no reported anatomical expression
patterns (Figure 8). Transgenic lines expressing each of
these reporters indeed show expression in VNC motor neurons (MNs), where UNC-3 is known to be expressed. Six of
these reporter transgenes (C09G1.4, F08D12.1, F32B5.2,
F47D12.3, C04E6.13, F57B7.2) were crossed into the unc3(e151) mutant background, and each one of them showed
signiﬁcant loss (P , 0.001) of VNC neuron expression in the
unc-3(e151) mutant, suggesting UNC-3 dependence (Figure
9; Table S1). We also crossed two (hlh-32, F53E4.1) of the
ﬁve transgenes with previously described VNC MN expression
into an unc-3 mutant background and also found signiﬁcant
loss (P , 0.001) of VNC neuron expression, again suggesting
UNC-3 dependence (Figure 9; Table S1). While these results
conﬁrm UNC-3 dependence, they do not distinguish direct
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Figure 8 Gbrowse shots of novel unc-3 target genes. TargetOrtho genome browser track ﬁles from an UNC-3 whole genome were uploaded to
Wormbase’s Gbrowse tool using the custom tracks option (TargetOrtho_results). This track shows each unc-3 motif match as a shaded arrow. The
direction of the arrow indicates the strand while the shading of the arrow corresponds to the strength of the motif match. Darker shading indicates
higher log-likelihood motif match scores where the raw log-likelihood motif match score is scaled between 500 and 1000 using the maximum
and minimum C. elegans (reference genome) scores from the TargetOrtho run. The reporter coverage track shows the coordinates of each GFP fusion
reporter used for validation of TargetOrtho in wild-type and UNC-3 mutant animals.

UNC-3 regulation via binding to UNC-3 sites in each promoter
from indirect regulation by downstream UNC-3 effectors.
Deletion analysis of candidate UNC-3-binding sites in
UNC-3-dependent genes is necessary to conﬁrm direct
UNC-3 regulation of the candidate target genes.
Utility of TargetOrtho in other species

The utility of TargetOrtho for identiﬁcation of TF target
genes is useful beyond C. elegans. To expand the function-

ality of TargetOrtho, we have implemented the pipeline for
the melanogaster subgroup species with D. melanogaster as
the reference genome. Numerous studies have utilized sequence conservation among closely related species to identify
biologically functional elements. The relatively close phylogenetic distance between species in the melanogaster subgroup
makes it amenable to conservation-based prediction of sequence function and suitable for target gene prediction with
TargetOrtho.
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The ASE motif used for TargetOrtho analysis in C. elegans
is conserved in D. melanogaster and is bound by the Drosophila GLASS TF (Moses et al. 1989), the ortholog of CHE-1
in C. elegans. Two previously characterized GLASS-binding
sites in Lz and Rh1 are highly ranked by TargetOrtho using
the melanogaster species subgroup to comprise the ﬁve species genomes. Other CHE-1 target genes with ASE regulatory motifs are also conserved in D. melanogaster and are
highly ranked by TargetOrtho (data not shown). The UNC-3
motif is also conserved in D. melanogaster, and preliminary
analysis suggests that the unc-17 ortholog, a validated
UNC-3 target gene in C. elegans, is highly ranked by TargetOrtho in D. melanogaster. This trend is apparent in other
UNC-3 target orthologs in Drosophila as well (data not shown).
These preliminary results support a role for TargetOrtho target
gene prediction in other species.

Discussion
We have demonstrated the predictive power of TargetOrtho
using two approaches: bioinformatic validation of previously
characterized TF-dependent genes compared to randomized
coding genes and in vivo validation of novel TargetOrthopredicted target genes. The bioinformatic validation supports
a multi-species approach to candidate target gene prediction with averaged-species-derived TargetOrtho rankings
showing the most discrimination between validated target
genes and randomized genes. Similar trends were observed
for PWM scans done on subsets of previously validated
target genes not used to construct the PWM itself showing
a conservative estimate of TargetOrtho’s predictive power.
The latter approach suggests that whole-genome PWM
scans utilizing the multi-species ranking criteria results in
novel target gene predictions that are strong with 6/6
scored reporter constructs showing expression in TFexpressing cells in which the expression displays TF
dependence.
TargetOrtho provides an effective in silico approach for
the identiﬁcation of novel TF target genes. It offers a complementary approach to existing software that focuses
mainly on de novo motif discovery by instead beginning with
an experimentally validated motif and searching for conserved regulatory target genes. In this respect, TargetOrtho
allows one to greatly expand the repertoire of TF target
genes for a more complete understanding of the extensive
regulatory networks controlled by TFs. TargetOrtho employs
an alignment-independent method of conservation assignment necessary to accommodate the characteristic sequence degeneracy in TFBSs as well as motif repositioning

within promoters due to sequence indels introduced over
evolutionary time. The ability to overlay TargetOrthoranked results with other experimental data such as expression proﬁling, ChIP, or gene ontology data allows for additional layers of ﬁltering to narrow down the best candidate
target genes for further experimentation. In this respect,
TargetOrtho serves as a powerful supplement to existing
data.
The compactness of its genome and the often-observed
proximity of cis-regulatory elements to their target genes
make C. elegans particularly suited for TargetOrtho-based
analysis of TF targets. However, increases in genome size
and the sometimes very distal location of cis-regulatory control elements complicates target gene assignment in more
complex metazoan species so that the utility of TargetOrtho
may be limited. Another caveat of TargetOrtho use is that,
while it has proved to work well for the three test cases
presented here, its predictive power is expected to diminish
with low-information-content motifs. A motif that occurs
frequently in a given genome is likely to be conserved in
orthologous genomes by chance alone, thus increasing the
likelihood of false-positive target gene predictions. In cases
where PWM information content is high, but the motif
length is low (four to seven nucleotides), the same problem
is expected.
Alternatively, true TF target genes may be ranked low if
appropriate ortholog assignments have not been made. In
these cases, TargetOrtho will underestimate the cumulative
site score due to lack of nonreference genome species
information. Often target genes with nonconserved sites
may also be highly ranked due to strong reference genome
results (such as motif count or log-likelihood site score). A
second reference genome target gene may have identical
rankings, but by averaging the ranking criteria across
species, there is potential to lower the overall score even
though clearly having even poor scoring sites in additional
species is better than having no additional sites in additional
species. Assuming that conservation increases the likelihood
of biological functionality, one may choose to weight the
conservation score (1–5) so that, despite underperforming
averaged species data, the overall extent of conservation is
considered. For our analysis of three well-characterized TFs,
known TF target genes outperformed randomized coding
genes despite this ﬂaw. Additionally, weighting schemas
may be explored for a given TargetOrtho run by adjusting
the rank scaling parameters at run time. TargetOrtho results
are also available as tab-delimited text so that the user may
re-sort the data as appropriate. While adjustable input
parameters allow ﬂexibility in the ranking schema, users

Figure 9 Novel unc-3-predicted target genes validated in vivo. unc-3 mutants show loss of reporter expression compared to wild-type worms in VNC
motor neurons where UNC-3 is known to be a terminal selector of cholinergic motor neuron fate. (Left) Wild-type C. elegans worms. (Right) unc-3(151)
worms. GFP fusions were injected into wild-type worms and then crossed into unc-3(151) for scoring. Bar charts show the VNC neuron counts for wildtype and unc-3 mutant worms in all scored lines. All reporter constructs are complex extrachromosomal arrays except hlh-32 (VL6).
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must consider carefully the implications of tweaking individual ranking criteria. Such exploratory adjustments may result in user-biased predictions with the potential for an
increase in the false discovery rate. To address this issue,
we recommend running TargetOrtho using the query list
option with a query list of previously characterized target
genes so that ranking of these target genes may be assessed
among whole-genome results.
In conclusion, TargetOrtho provides a cost- and timeefﬁcient in silico approach for the identiﬁcation of novel TF
target genes, and, together with its CRM search function, is
poised to unravel the regulatory logic of diverse biological
processes.
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cumulative site score
C. elegans data
averaged species data
-log(p) | p <= .05 and q <= .05

Comparison test results [-log(p value)] for full data sets.
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downstream
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II
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any region
average gene
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upstream+intron
exon
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!
!
Key
CisOrtho ranking criteria
cs. cumulataive site !score
A. C. elegans site score (log-likelihood score)
B. C. elegans average! region score
C. C. elegans region site count
A’. Average species site
! score
B’. Average species region score
C’. Average species region site count
!
F. Site conservation
G. site offset variance (between species)
!
D. C. elegans average gene score
! count
E. C. elegans gene site
D’. Average species gene score
E’. Average species !gene site count
* verification bias corrected results
!
!
!
!
!
!
Figure!S2!!!7log(P!values)!from!comparison!tests.!TargetOrtho"ranking"criteria"and"cumulative"site"scores"were"compared"
between"transcription"factor"dependent"genes"compared"to"1000"random"coding"genes"by"gene"region.!Combining"upstream"
and"Intronic"best"motif"match"data"per"gene"results"in"the"most"significant"difference"between"comparison"groups."Part!I."
TargetOrtho"run"with"the"EBF1"motif."Each"TargetOrtho"ranking"criteria"is"compared"among"previously"characterized"unc-3"
dependent"genes"and"1000"random"coding"genes."Each"ranking"criteria"P"value"is"represented"as"the"Tlog(P"value)"for"each"gene"
region"(upstream,"downstream,"intron,"exon,"all"regions)"where"each"comparison"group"is"composed"of"the"best"motif"match"
value"(for"ranking"criteria"A,B,C,A’,B’,C’,D,E,D’,E’,F,G"described"in"the"figure"key)"in"a"given"region"for"each"gene"in"the"
comparison"group."Black"dots"represent"the"cumulative"site"score"(cs)"where"the"cumulative"site"score"is"derived"from"each"
averaged"species"ranking"criteria"in"the"given"region"(A’TC’,F,G)"and"the"averaged"species"total"gene"ranking"criteria"(D’,"E’)."For"
example,"part"I"upstream"plot:"The"cumulative"site"score"is"derived"from"the"best"averaged"species"motif"match"score"per"gene"
for"each"ranking"criteria"A’TC’,"F,"G"and"D’,E’"where"A’TG"are"all"determined"from"upstream"ranking"criteria"and"D’,E’"are"
averaged"values"across"all"gene"regions"(averaged"species"gene"logTlikelihood"score"and"averaged"species"total"gene"site"count)."
Green"dots"(ATC)"represent"the"significance"of"the"difference"between"comparison"groups"for"upstream"C."elegans"ranking"
criteria"while"A’TC’"represent"the"corresponding"ranking"criteria"derived"from"averaged"species"data"and"F"and"G"represent"the"
conservation"and"offset"variance"criteria."Points"above"the"red"line"are"significant"such"that"p<.05"and"q"<".05."Data"shown"in"the"
intron,"upstream"+"intron,"exon,"and"downstream"plots"are"as"described"for"the"upstream"plot."The"first"‘all’"plot"represents"T
log(P"values)"derived"from"taking"the"best"motif"match"value"from"any"gene"region"for"comparison"tests."The"final"all"plot"show"
the"significance"of"the"total"gene"data"comparisons"using"either"C."elegans"total"gene"score"averaged"logTlikelihood"score"(D)"
and"the"total"gene"site"count"(E)"across"all"gene"regions"or"the"averaged"species"data"corresponding"to"D"and"E"(D’,"E’)."Part!I’."T
log(p"values)"from"comparison"tests"of"unc-3"dependent"genes"compared"to"1000"random"coding"genes"for"TargetOrtho"run"
with"the"UNCT3"motif."Part!II."Tlog(P"values)"from"comparison"tests"of"CHET1"dependent"genes"compared"to"1000"random"
coding"genes"for"TargetOrtho"run"with"the"ASE"motif."Part!II’.!Tlog(P"values)"from"comparison"tests"of"CHET1"dependent"genes"
(except"those"used"to"construct"ASET2"motif)"compared"to"1000"random"coding"genes"for"TargetOrtho"run"with"the"ASET2"motif.!
Part!III."Tlog(P"values)"from"comparison"tests"of"ttxT3/cehT10"dependent"genes"compared"to"1000"random"coding"genes"for"
TargetOrtho"run"with"the"AIY"motif."Part!III’"Tlog(P"values)"from"comparison"tests"of"ttxT3/cehT10"dependent"genes"(except"
those"used"to"generate"the"AIY"motif"compared"to"1000"random"coding"genes"for"TargetOrtho"run"with"the"AIY"motif."
upstream

207

!

L."Glenwinkel"et#al.#

3"SI!

average gene

average gene

average gene

Figure S2

oding gene motif match data (EBF1 motif) from upstream and intronic regions
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C. elegans Ranking Criteria
target gene region** site score
target gene region** score
target gene region** site count
target gene total score
target gene total site count

**region=upstream and intron
1000 random coding genes
random coding gene median
C. elegans data
Averaged Species data

* p=.05,q<.05
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Averaged species Ranking Criteria
target gene region** site score
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target gene region** site count
target gene total score
target gene total site count
target gene region** conservation
target gene offset variance

Figure!S3!!!EBF1!motif!analysis!for!verification!bias!correction!of!UNC73!analysis7Unc73!dependent!target!gene!data!(blue)!
compared!to!random!coding!gene!data!(grey)."The"set"of"previously"characterized"unc-3"dependent"genes"and"1000"random"
coding"genes"were"submitted"to"TargetOrtho"using"the"EBF1"motif"as"input"(Figure"S1B)."Data"distributions"for"each"
TargetOrtho"ranking"criteria"were"compared"between"known"target"genes"and"random"coding"genes."
CDF!plots!of!individual!ranking!criteria!(plots!A7E!and!plots!A’7G’):"CDF"plots"are"shown"for"individual"ranking"criteria"ATE"and"
A’TG’."TargetOrtho"ranking"criteria"derived"from"averaged"species"data"(A’TG’)"better"distinguish"previously"validated"TF"target"
genes"from"random"genes"compared"to"using"C.#elegans"(reference"genome)"data"alone"(ATE)."CDF!plots"A7E"show"ranking"
criteria"derived"from"C.#elegans"genome"data"only"while"CDF!plots!A’7E’"show"the"corresponding"ranking"criteria"derived"from"
averaged"species"data."CDF!plot!F’!and!G’"show"averaged"species"data"having"no"reference"genome"counterpart"including"the"
conservation"and"offset"variance"data"distributions.""
CDF!plots!of!cumulative!site!scores!(plots!H,!I!and!plots!H’,!I’,!J’):"Data"distributions"for"cumulative"site"scores"derived"from"
unique"combinations"of"TargetOrtho"ranking"criteria"are"shown"in"CDF"plots"H,I,H’,I’,J’."CDF!plot!H"shows"the"cumulative"site"
score"distributions"derived"from"C.#elegans"upstream"and"intronic"data"only"calculated"from"ATC."The"left"panel,"plots"A’TC’"
shows"the"cumulative"site"score"CDF"plots"calculated"from"the"corresponding"averaged"species"upstream"and"intronic"data."CDF!
plot!I"shows"cumulative"site"scores"derived"from"criteria"shown"in"CDF"plots"ATE"where"CDF!plots!D!and!E"represent"total"gene"
ranking"criteria"in"C.#elegans"only"(D."C.#elegans"averaged"upstream"and"intronic"site"scores"and"E."C.#elegans"averaged"site"
score"across"all"gene"regions)."CDF!plot!I’"(left"panel)"shows"the"data"distribution"of"cumulative"site"scores"derived"from"A’TE’"
where"CDF!plots!D’!and!E’"represent"the"corresponding"total"gene"ranking"criteria"averaged"across"species."CDF!plot!J’"shows"
cumulative"site"scores"derived"from"all"averaged"species"ranking"criteria"(A’TG’)."""
K.!Tlog10(P"value)"for"each"ranking"criteria"comparison"test"where"transcription"factor"dependent"genes"were"compared"to"1000"
random"coding"genes."Compare"C.#elegans"data"ATE"to"average"species"data"A’TE’"plus"F’"and"G’.""
L."–log10(P"values)"for"each"comparison"test"where"cumulative"sites"scores"in"transcription"factor"dependent"genes"are"
compared"to"scores"in"random"coding"genes."Compare"C.#elegans"derived"cumulative"site"score"(H"and"I)"to"averaged"species"
derived"cumulative"sites"scores"(H’,"I’,"and"J’).""
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otif match data (ASE motif) from upstream and intronic regions
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* p=.049,q=.05
Figure S4
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Figure!S4!!!ASE!motif!analysis.!che$1!dependent!target!gene!data!(blue)!compared!to!random!coding!gene!data!(grey)."The"set"
of"previously"characterized"che-1"dependent"genes"and"1000"random"coding"genes"were"submitted"to"TargetOrtho"using"the"
ASE"motif"as"input"(Figure"S1C)."Data"distributions"for"each"TargetOrtho"ranking"criteria"were"compared"between"known"target"
genes"and"random"coding"genes."
CDF!plots!of!individual!ranking!criteria!(plots!A7E!and!plots!A’7G’):"CDF"plots"are"shown"for"individual"ranking"criteria"ATE"and"
A’TG’."TargetOrtho"ranking"criteria"derived"from"averaged"species"data"(A’TG’)"better"distinguish"previously"validated"TF"target"
genes"from"random"genes"compared"to"using"C.#elegans"(reference"genome)"data"alone"(ATE)."CDF!plots"A7E"show"ranking"
criteria"derived"from"C.#elegans"genome"data"only"while"CDF!plots!A’7E’"show"the"corresponding"ranking"criteria"derived"from"
averaged"species"data."CDF!plot!F’!and!G’"show"averaged"species"data"having"no"reference"genome"counterpart"including"the"
conservation"and"offset"variance"data"distributions.""
CDF!plots!of!cumulative!site!scores!(plots!H,!I!and!plots!H’,!I’,!J’):"Data"distributions"for"cumulative"site"scores"derived"from"
unique"combinations"of"TargetOrtho"ranking"criteria"are"shown"in"CDF"plots"H,I,H’,I’,J’."CDF!plot!H"shows"the"cumulative"site"
score"distributions"derived"from"C.#elegans"upstream"and"intronic"data"only"calculated"from"ATC."The"left"panel,"plots"A’TC’"
shows"the"cumulative"site"score"CDF"plots"calculated"from"the"corresponding"averaged"species"upstream"and"intronic"data."CDF!
plot!I"shows"cumulative"site"scores"derived"from"criteria"shown"in"CDF"plots"ATE"where"CDF!plots!D!and!E"represent"total"gene"
ranking"criteria"in"C.#elegans"only"(D."C.#elegans"averaged"upstream"and"intronic"site"scores"and"E."C.#elegans"averaged"site"
score"across"all"gene"regions)."CDF!plot!I’"(left"panel)"shows"the"data"distribution"of"cumulative"site"scores"derived"from"A’TE’"
where"CDF!plots!D’!and!E’"represent"the"corresponding"total"gene"ranking"criteria"averaged"across"species."CDF!plot!J’"shows"
cumulative"site"scores"derived"from"all"averaged"species"ranking"criteria"(A’TG’)."""
K.!Tlog10(P"value)"for"each"ranking"criteria"comparison"test"where"transcription"factor"dependent"genes"were"compared"to"1000"
random"coding"genes."Compare"C.#elegans"data"ATE"to"average"species"data"A’TE’"plus"F’"and"G’.""
L."–log10(P"values)"for"each"comparison"test"where"cumulative"sites"scores"in"transcription"factor"dependent"genes"are"
compared"to"scores"in"random"coding"genes."Compare"C.#elegans"derived"cumulative"site"score"(H"and"I)"to"averaged"species"
derived"cumulative"sites"scores"(H’,"I’,"and"J’)."
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otif match data (ASE motif) from upstream and intronic regions
ta
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Figure!S5!!!ASE!motif!analysis!with!verification!bias!correction.!che$1!dependent!target!gene!data!(blue)!compared!to!random!
coding!gene!data!(grey)."The"set"of"previously"characterized"che-1"dependent"genes"(except"those"used"to"construct"the"bias"
corrected"ASE"motif)"and"1000"random"coding"genes"were"submitted"to"TargetOrtho"using"the"bias"corrected"ASE"motif"as"input"
(Figure"S1D)."Data"distributions"for"each"TargetOrtho"ranking"criteria"were"compared"between"known"target"genes"and"random"
coding"genes."
CDF!plots!of!individual!ranking!criteria!(plots!A7E!and!plots!A’7G’):"CDF"plots"are"shown"for"individual"ranking"criteria"ATE"and"
A’TG’."TargetOrtho"ranking"criteria"derived"from"averaged"species"data"(A’TG’)"better"distinguish"previously"validated"TF"target"
genes"from"random"genes"compared"to"using"C.#elegans"(reference"genome)"data"alone"(ATE)."CDF!plots"A7E"show"ranking"
criteria"derived"from"C.#elegans"genome"data"only"while"CDF!plots!A’7E’"show"the"corresponding"ranking"criteria"derived"from"
averaged"species"data."CDF!plot!F’!and!G’"show"averaged"species"data"having"no"reference"genome"counterpart"including"the"
conservation"and"offset"variance"data"distributions.""
CDF!plots!of!cumulative!site!scores!(plots!H,!I!and!plots!H’,!I’,!J’):"Data"distributions"for"cumulative"site"scores"derived"from"
unique"combinations"of"TargetOrtho"ranking"criteria"are"shown"in"CDF"plots"H,I,H’,I’,J’."CDF!plot!H"shows"the"cumulative"site"
score"distributions"derived"from"C.#elegans"upstream"and"intronic"data"only"calculated"from"ATC."The"left"panel,"plots"A’TC’"
shows"the"cumulative"site"score"CDF"plots"calculated"from"the"corresponding"averaged"species"upstream"and"intronic"data."CDF!
plot!I"shows"cumulative"site"scores"derived"from"criteria"shown"in"CDF"plots"ATE"where"CDF!plots!D!and!E"represent"total"gene"
ranking"criteria"in"C.#elegans"only"(D."C.#elegans"averaged"upstream"and"intronic"site"scores"and"E."C.#elegans"averaged"site"
score"across"all"gene"regions)."CDF!plot!I’"(left"panel)"shows"the"data"distribution"of"cumulative"site"scores"derived"from"A’TE’"
where"CDF!plots!D’!and!E’"represent"the"corresponding"total"gene"ranking"criteria"averaged"across"species."CDF!plot!J’"shows"
cumulative"site"scores"derived"from"all"averaged"species"ranking"criteria"(A’TG’)."""
K.!Tlog10(P"value)"for"each"ranking"criteria"comparison"test"where"transcription"factor"dependent"genes"were"compared"to"1000"
random"coding"genes."Compare"C.#elegans"data"ATE"to"average"species"data"A’TE’"plus"F’"and"G’.""
L."–log10(P"values)"for"each"comparison"test"where"cumulative"sites"scores"in"transcription"factor"dependent"genes"are"
compared"to"scores"in"random"coding"genes."Compare"C.#elegans"derived"cumulative"site"score"(H"and"I)"to"averaged"species"
derived"cumulative"sites"scores"(H’","I’,"and"J’)."
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g gene motif match data (AIY motif) from upstream and intronic regions
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target gene offset variance

1000 random coding genes
random coding gene median
C. elegans data
Averaged Species data

* p=.05,q=.05
Figure S6
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Figure!S6!!!AIY!motif!analysis.!ceh$10/ttx$3+!dependent!target!gene!data!(blue)!compared!to!random!coding!gene!data!(grey)."
The"set"of"previously"characterized"ceh-10/ttx-3"dependent"genes"and"1000"random"coding"genes"were"submitted"to"
TargetOrtho"using"the"ASE"motif"as"input"(Figure"S1E)."Data"distributions"for"each"TargetOrtho"ranking"criteria"were"compared"
between"known"target"genes"and"random"coding"genes."
CDF!plots!of!individual!ranking!criteria!(plots!A7E!and!plots!A’7G’):"CDF"plots"are"shown"for"individual"ranking"criteria"ATE"and"
A’TG’."TargetOrtho"ranking"criteria"derived"from"averaged"species"data"(A’TG’)"better"distinguish"previously"validated"TF"target"
genes"from"random"genes"compared"to"using"C.#elegans"(reference"genome)"data"alone"(ATE)."CDF!plots"A7E"show"ranking"
criteria"derived"from"C.#elegans"genome"data"only"while"CDF!plots!A’7E’"show"the"corresponding"ranking"criteria"derived"from"
averaged"species"data."CDF!plot!F’!and!G’"show"averaged"species"data"having"no"reference"genome"counterpart"including"the"
conservation"and"offset"variance"data"distributions.""
CDF!plots!of!cumulative!site!scores!(plots!H,!I!and!plots!H’,!I’,!J’):"Data"distributions"for"cumulative"site"scores"derived"from"
unique"combinations"of"TargetOrtho"ranking"criteria"are"shown"in"CDF"plots"H,I,H’,I’,J’."CDF!plot!H"shows"the"cumulative"site"
score"distributions"derived"from"C.#elegans"upstream"and"intronic"data"only"calculated"from"ATC."The"left"panel,"plots"A’TC’"
shows"the"cumulative"site"score"CDF"plots"calculated"from"the"corresponding"averaged"species"upstream"and"intronic"data."CDF!
plot!I"shows"cumulative"site"scores"derived"from"criteria"shown"in"CDF"plots"ATE"where"CDF!plots!D!and!E"represent"total"gene"
ranking"criteria"in"C.#elegans"only"(D."C.#elegans"averaged"upstream"and"intronic"site"scores"and"E."C.#elegans"averaged"site"
score"across"all"gene"regions)."CDF!plot!I’"(left"panel)"shows"the"data"distribution"of"cumulative"site"scores"derived"from"A’TE’"
where"CDF!plots!D’!and!E’"represent"the"corresponding"total"gene"ranking"criteria"averaged"across"species."CDF!plot!J’"shows"
cumulative"site"scores"derived"from"all"averaged"species"ranking"criteria"(A’TG’)."""
K.!Tlog10(P"value)"for"each"ranking"criteria"comparison"test"where"transcription"factor"dependent"genes"were"compared"to"1000"
random"coding"genes."Compare"C.#elegans"data"ATE"to"average"species"data"A’TE’"plus"F’"and"G’.""
L."–log10(P"values)"for"each"comparison"test"where"cumulative"sites"scores"in"transcription"factor"dependent"genes"are"
compared"to"scores"in"random"coding"genes."Compare"C.#elegans"derived"cumulative"site"score"(H"and"I)"to"averaged"species"
derived"cumulative"sites"scores"(H’","I’,"and"J’)."
"
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used to derive the cumulative site score* in H and I.
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Averaged species Ranking Criteria
target gene region** site score
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**region=upstream and intron
used to derive the cumulative site score* in H’ , I‘ and J’.
* p=.05,q=.05
*cumulative site score = [

L

i

i

i

i

ci=raw value of ranking criteria i.
ai =maximum ci
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=weight for ranking criteria i (shown in grey boxes)
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(p value)

n
c
i=1 i

C. elegans Ranking Criteria
target gene region*** site score
target gene region** * score
target gene region*** site count
target gene total score
target gene total site count

I(dervied from criteria)
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***region=upstream and intron

i
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C’
D‘
E’
F’
G’

Averaged species Ranking Criteria
target gene region*** site score
target gene region*** score
target gene region*** site count
target gene total score
target gene total site count
target gene region*** conservation
target gene offset variance

1000 random coding genes
random coding gene median
known target gene median**
C. elegans data
Default method (J’) Jsed by TargetOrtho for generation of cumulative site scores

* p=.05,q=.05
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Figure!S7!!!AIY!motif!analysis!with!verification!bias!corrected!data.!ceh$10/ttx$3+!dependent!target!gene!data!(blue)!compared!
to!random!coding!gene!data!(grey)."The"set"of"previously"characterized"ceh-10/ttx-3"dependent"genes"(except"those"used"to"
construct"the"AIY"motif)"and"1000"random"coding"genes"were"submitted"to"TargetOrtho"using"the"ASE"motif"as"input"(Figure"
S1E)."Data"distributions"for"each"TargetOrtho"ranking"criteria"were"compared"between"known"target"genes"and"random"coding"
genes."
CDF!plots!of!individual!ranking!criteria!(plots!A7E!and!plots!A’7G’):"CDF"plots"are"shown"for"individual"ranking"criteria"ATE"and"
A’TG’."TargetOrtho"ranking"criteria"derived"from"averaged"species"data"(A’TG’)"better"distinguish"previously"validated"TF"target"
genes"from"random"genes"compared"to"using"C.#elegans"(reference"genome)"data"alone"(ATE)."CDF!plots"A7E"show"ranking"
criteria"derived"from"C.#elegans"genome"data"only"while"CDF!plots!A’7E’"show"the"corresponding"ranking"criteria"derived"from"
averaged"species"data."CDF!plot!F’!and!G’"show"averaged"species"data"having"no"reference"genome"counterpart"including"the"
conservation"and"offset"variance"data"distributions.""
CDF!plots!of!cumulative!site!scores!(plots!H,!I!and!plots!H’,!I’,!J’):"Data"distributions"for"cumulative"site"scores"derived"from"
unique"combinations"of"TargetOrtho"ranking"criteria"are"shown"in"CDF"plots"H,I,H’,I’,J’."CDF!plot!H"shows"the"cumulative"site"
score"distributions"derived"from"C.#elegans"upstream"and"intronic"data"only"calculated"from"ATC."The"left"panel,"plots"A’TC’"
shows"the"cumulative"site"score"CDF"plots"calculated"from"the"corresponding"averaged"species"upstream"and"intronic"data."CDF!
plot!I"shows"cumulative"site"scores"derived"from"criteria"shown"in"CDF"plots"ATE"where"CDF!plots!D!and!E"represent"total"gene"
ranking"criteria"in"C.#elegans"only"(D."C.#elegans"averaged"upstream"and"intronic"site"scores"and"E."C.#elegans"averaged"site"
score"across"all"gene"regions)."CDF!plot!I’"(left"panel)"shows"the"data"distribution"of"cumulative"site"scores"derived"from"A’TE’"
where"CDF!plots!D’!and!E’"represent"the"corresponding"total"gene"ranking"criteria"averaged"across"species."CDF!plot!J’"shows"
cumulative"site"scores"derived"from"all"averaged"species"ranking"criteria"(A’TG’)."""
K.!Tlog10(P"value)"for"each"ranking"criteria"comparison"test"where"transcription"factor"dependent"genes"were"compared"to"1000"
random"coding"genes."Compare"C.#elegans"data"ATE"to"average"species"data"A’TE’"plus"F’"and"G’.""
L."–log10(P"values)"for"each"comparison"test"where"cumulative"sites"scores"in"transcription"factor"dependent"genes"are"
compared"to"scores"in"random"coding"genes."Compare"C.#elegans"derived"cumulative"site"score"(H"and"I)"to"averaged"species"
derived"cumulative"sites"scores"(H’,"I’,"and"J’)."
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TargetOrtho best site rank per gene
gene ontology descrtiption (enrichment) 0
adherens junction (8.83)
anchoring junction (8.09)
lateral plasma membrane (7.46)
synapse part (5.11)
cell-cell adherens junction (4.16)
integral component of plasma membrane (3.9)
cell junction (3.56)
neuron projection (2.93)
neuron part (2.66)
cell projection (2.36)
plasma membrane part (2.24)
plasma membrane (2.12)
synapse (1.75)
structural constituent of cuticle (2.35)
actin binding (1.57)
protein binding (1.51)
cytoskeletal protein binding (1.49)
Ras protein signal transduction (21.89)
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!
Figure!S8!!!Heatmaps!of!gene!ontology!results!from!Gorilla!analysis.!A."Gene"ontology"enrichments"of"UNCT3"candidate"target"
genes"in"the"top"ranked"genes"from"UNCT3"motif"whole"genome"run."The"xTaxis"show"the"TargetOrtho"best"site"rank"per"gene"
where"the"rank"represents"the"best"motif"match"cumulative"score"for"each"candidate"target"gene"in"the"genome."Site"ranks"for"
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each"gene"ontology"shown"on"the"left"(yTaxis)"are"binned."The"shading"of"each"bin"represents"the"number"of"genes"within"a"
unique"rank"bin"in"a"particular"gene"ontology"category."B."Gene"ontology"enrichments"of"candidate"CHET1"target"genes"in"the"
top"ranked"genes"from"the"ASE"motif"whole"genome"run."C."Gene"ontology"enrichments"of"candidate"ttx-3/ceh-10"target"genes"
in"the"top"ranked"genes"from"the"AIY"motif"whole"genome"run."The"resulting"ontologies"among"highly"ranked"predicted"TF"
target"genes"show"enrichments"in"neurogenesis"pathway"genes"for"all"three"terminal"selector"genes"providing"ample"candidates"
for"further"in#vivo"experimentation."
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File!S1!
Program!overview!and!features!
Query+list+filtering."Further"filtering"may"be"applied"through"user"selected"query"lists"(Figure."2B,"Table"S3)"that"restrict"the"
results"and/or"report"specifically"on"a"subset"of"genes"such"as"putative"target"genes"determined"through"expression"profiling"
experiments,"ChIPTChIP/ChIPTseq"data,"or"gene"ontology"associations."The"option"is"especially"useful"for"preliminary"
TargetOrtho"runs"as"the"user"may"restrict"initial"analysis"to"a"subset"of"query"genes"(option"Tw)"in"order"to"fine"tune"initial"
TargetOrtho"input"parameters."Positive"or"negative"control"target"genes"may"be"uploaded"as"a"‘training"set’"using"the"query"list"
only"option"so"that"the"user"may"determine"trends"in"true"regulatory"target"genes."Observations"made"in"this"way"may"be"used"
to"weight"the"final"ranking"criteria"in"future"TargetOrtho"runs"(see"binding"site"ranking"criteria"and"the"adjustable"cumulative"
site"score"for"weighting"details)."Upon"experimental"validation"of"novel"target"genes,"novel"target"gene"binding"sites"may"be"
used"to"improve"the"initial"input"PWM"and"may"be"added"to"the"initial"query"list"input"file"for"reTevaluation"of"the"ranking"
criteria"weighting"schemes.""
"
Genomes."Currently,"two"reference"genomes"are"available:"C.#elegans"and"D.#melanogaster."The"reference"genome"is"the"
genome"from"which"candidate"transcription"factor"target"genes"are"reported."All"motif"matches"in"the"reference"genome"are"
matched"to"sites"in"other"species’"genome"to"determine"the"level"of"motif"match"conservation"among"orthologous"gene"
regions."The"C.#elegans"reference"genome"option"searches"five"nematode"genomes"in"the"Caenorhabditis"genus"including"C.#
elegans,#C.#briggsae,#C.#remanei,#C.#brenneri,"and#C.#japonica"while"the"D.#melanogaster"option"searches"the"melanogaster"
species"subgroup"including"D."melanogaster,#D.#sechellia,#D.#simulans,#D.#yakuba,"and"D.#erecta."The"decision"to"use"these"
genomes"stems"from"their"relatively"short"evolutionary"distance"given"the"availability"of"complete"whole"genome"sequence."By"
choosing"genomes"with"limited"divergence"between"them,"we"expect"enough"cisTregulatory"functional"conservation"to"provide"
strong"candidates"for"in#vivo"validation.""Because"sequence"conservation"in"regulatory"regions"may"persist"despite"loss,"subT"or"
neoTfunctionalization"among"recently"diverged"genomes,"conservation"alone"may"not"be"sufficient"to"predict"function."This"may"
be"especially"true"in"cases"where"binding"sites"and"their"corresponding"binding"proteins"have"coTevolved"to"allow"a"certain"level"
of"binding"site"sequence"degeneracy."TargetOrtho"overcomes"this"constraint"by"implementing"multiple"validating"criteria"in"
addition"to"conservation"(see"Binding!site!ranking!criteria!below).""
"
Motif+search+and+scoring+procedure.!GenomeTwide"motif"searches"and"motif"match"scoring"utilize"the"FIMO"tool"(Grant"et#al.#"
2011)"from"the"MEME"suit"(Bailey"et#al."2009)"."Briefly,"beginning"with"a"set"of"experimentally"derived"binding"sites,"a"consensus"
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PWM"is"constructed"by"the"user"in"meme"plain"text"format"(MEME"documentation)."This"input"PWM"file"must"include"at"least"
one"logTodds"matrix"and/or"letter"probability"formatted"matrixError!!Bookmark!not!defined."together"with"the"background"
ucleotide"frequencies"(Figure"3A)."Background"letter"frequencies"are"generally"chosen"as"speciesTspecific"upstream"nucleotide"
frequencies"and"affect"the"motif"match"logTlikelihood"score"(See"MEME"documentation"to"learn"more"about"building"PWMs"and"
choosing"appropriate"background"frequencies)."The"logTodds"matrix"used"as"input"for"TargetOrtho"is"an"n"x"4"matrix"where"n"is"
the"nucleotide"length"of"the"binding"site"alignment."The"logTodds"format"PWM"is"of"the"form:"|mij|"="100*log2(pij/fj)"where"the"
matrix"is"a"logTodds"matrix"calculated"by"taking"100"times"the"log"(base"2)"of"the"ratio"p/f"at"each"position"ij"in"the"motif."p"is"the"
probability"of"the"nucleotide"letter"j"at"position"i"in"the"motif,"and"f"is"the"background"frequency"of"the"nucleotide"letter"j."
Columns"of"the"matrix"correspond"to"the"letters"of"the"nucleotide"alphabet"and"rows"correspond"to"the"positions"of"the"motif"
with"position"one"coming"first"(see"Meme"documentation"for"a"complete"description)"(meme"documentation)."The"letterT
probability"matrix"is"of"the"form"|mij|"=fij"where"f"is"the"letter"frequency"of"nucleotide"at"each"position"ij"in"the"motif."
TargetOrtho"accepts"direct"input"from"MEME"(text"format)"or"the"user"may"submit"a"MEME"formatted"logTodds"motif"as"a"plain"
text"file"and"assign"a"unique"name"above"the"motif"header"in"the"form"“MOTIF"name”."Up"to"five"separate"PWMs"may"be"
submitted"in"the"same"text"file."Each"of"five"species"genomes"and"each"input"motif"(up"to"five)"is"searched"in"parallel"resulting"in"
DNA"hit"coordinates,"and"motif"match"scores"for"each"site"as"the"logTlikelihood"ratio"of"the"motif"match"compared"to"the"
background"letter"frequency."The"motif"match"results"from"FIMO"may"be"limited"by"setting"a"P"value"threshold"(option"Tp).""
The"Tp"option"may"be"of"interest"for"preliminary"TargetOrtho"runs."Combined"with"a"query"list"(option"Tq)"of"experimentally"
determined"or"suspected"candidate"target"genes,"the"user"may"restrict"initial"analysis"to"a"subset"of"query"genes"(option"Tw)"in"
order"to"fine"tune"initial"TargetOrtho"input"parameters"(Table"S3).""
"
Exon+association."Each"site"from"each"genome"is"associated"with"the"nearest"upstream"exon"and"nearest"downstream"exon"to"
generate"the"associated"exons"tables"(Figure"1,"Figure"5A,5B)."The"user"may"define"the"number"of"intervening"genes"allowed"
between"a"site"and"its"associated"exon"(option"TZ)."The"filter"exons"option"(option"Te)"allows"for"the"association"of"sites"with"only"
intergenic"and"intronic"genomic"regions."Removing"all"exons"from"the"association"step"will"result"in"missed"sites"that"reside"in"
single"exon"genes"such"as"nonTcoding"RNAs."It"may"be"desirable"to"identify"these"sites"and"associate"them"with"the"nearest"
coding"gene"in"which"case,"the"filter"exons"option"should"not"be"used."The"offset"distance"from"the"first"exon"or"last"exon"of"a"
gene"is"then"determined"for"each"site"where"a"negative"offset"represents"an"upstream"distance"and"a"positive"offset"represents"
the"downstream"nucleotide"distance."This"step"is"followed"by"distance"filtering"using"the"user"defined"maximum"upstream"
(option"Tx)"and"maximum"downstream"distance"(option"Ti)"as"well"as"the"nucleotide"distance"allowed"(option"TZ)"from"the"first"
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exon"or"last"exon"if"more"than"1"intervening"genes"are"positioned"between"the"site"and"its"associated"gene."Each"step"in"the"
exonTassociation"procedure"is"executed"in"parallel"for"each"genome"for"each"input"motif.""
"
Orthology+matching."Each"site"in"the"reference"genome"is"then"matched"to"the"site"having"an"orthologous"gene"association"in"
each"nonTreference"genome"where"the"matched"site"has"the"smallest"variance"in"offset"between"species"(Figure"5B)"within"the"
user"defined"limit"(option"TP)."The"offset"variance"of"a"matched"group"of"orthologous"sites"is"defined"as"the"absolute"value"of"
the"variance"of"the"group"of"offsets"(Figure"5B)."This"parameter"allows"for"constraint"on"the"positional"conservation"allowed"
between"species"and"is"scalable"via"a"user"defined"limit"and"ranking"weight."If"the"requireTregionToverlap"option"is"used"(option"
Tk)"then"each"matched"site"must"be"in"the"same"region"as"the"reference"genome"site"where"regions"include"upstream,"
downstream,"intronic,"and"exonic"loci."If"more"than"one"ortholog"is"associated"with"a"site"in"a"given"genome"(as"may"occur"with"
one"to"many"ortholog"mapping"relationships"between"genomes),"then"each"site"in"the"reference"genome"is"matched"to"each"
orthologous"site"in"each"nonTreference"genome."This"may"result"in"one"site"having"multiple"unique"combinations"of"orthologous"
matches"of"which"each"is"separately"ranked"in"the"final"results.""
"
Conservation+assignment:"Each"site"in"the"reference"genome"is"assigned"a"conservation"score"between"1"and"5"representative"
of"the"number"of"species"in"which"at"least"one"site"is"associated"with"an"orthologous"gene."The"conservation"assignment"is"
constrained"by"the"requireTregionToverlap"parameter"(option"Tp)."For"example,"if"requireTregionToverlap"is"set"to"True,"then"a"
reference"genome"site"found"upstream"of"gene"X"is"considered"conserved"only"if"the"corresponding"site"in"another"genome"is"in"
the"same"orthologous"region,"i.e."upstream"of"an"ortholog"of"gene"X."A"conservation"score"of"1"indicates"that"the"site"is"only"
associated"with"a"gene"in"the"reference"genome"and"therefore"not"conserved,"while"a"conservation"score"of"5"is"assigned"when"
all"five"genomes"have"at"least"one"site"upstream"of"a"gene"and"its"corresponding"orthologs."All"siteTgene"associations,"together"
with"general"conservation,"logTlikelihood"scores,"and"offsets"are"combined"into"the"AllTconservedThitsTranked"table"(Figure"1)"
for"each"motif"input"taken"by"TargetOrtho."Each"orthology"matching"step"is"executed"in"parallel"for"each"genome"and"each"
input"motif.""
"
Parameters+for+TargetOrtho+runs."Each"P"value"threshold"for"the"FIMO"(Grant"et#al.#"2011)"genome"wideTmotif"scans"was"
determined"by"setting"the"threshold"to"the"highest"motif"match"sequence"P"value"among"experimentally"validated"TF"target"
genes"for"each"PWM."TargetOrtho"was"set"to"filter"out"sites"beyond"20,000"nucleotides"upstream"(Ti"20,000)"and"20,000"
nucleotides"downstream"(Tx"20000),"20"genes"were"allowed"between"a"site"and"an"associated"gene"(TZ"20")"if"the"site"was"within"
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6,000"bases"(Tz"6000)"of"the"first"or"last"annotated"exon."By"allowing"20"annotated"genes"within"6000"bases,"motif"matches"in"
promoters"with"multiple"intervening"single"exon"or"nonTcoding"RNA"genes"are"still"associated"with"important"protein"coding"
genes."Exonic"sites"were"not"filtered"out"(Te"False),"the"query"list"option"(Tq)"was"used"to"report"only"on"(Tw"True)"the"specified"
TFTdependent"genes"plus"1,000"random"coding"genes."See"File"S3"for"all"TargetOrtho"input"parameters"for"each"analysis"
performed.""
"
Motif+construction+and+data+sets."Each"motif"used"for"analysis"was"generated"using"experimentally"validated"transcription"
factor"dependent"sequences"from"(Wenick"et#al."2004,"Kim"et#al."2005,"Etchberger"et#al.#"2007,"Kratsios"et#al.#"2012)"using"the"
MEME"tool"(Bailey"et#al."2009)"(See"File"S1"and"File"S3"for"parameters"used"for"TargetOrtho"runs)."All"analyses"were"done"using"
the"set"of"previously"validated"TFTdependent"target"genes"for"unc-3"(Figure"S1A"motif"logos,"File"S2T"gene"list"1),"ASE"(Figure"S1C"
motif"logos,"File"S2"gene"listT2),"and"AIY"(Figure"S1E"motif"logos,"File"S2Tgene"list"4)"motifs"respectively"compared"to"1000"
random"C.#elegans"protein"coding"genes"(File"S2Tgene"list"6).""
"
PWM+verification+bias+correction+and+analysis."Because"each"PWM"is"constructed"from"a"set"of"validated"DNA"sequences"
whose"content"determines"the"resulting"logTlikelihood"score"of"a"given"motif"match,"and"because"the"final"cumulative"site"score"
for"each"motif"match"is"constructed"using"this"PWM"derived"logTlikelihood"score,"all"analyses"were"done"in"parallel"with"a"motif"
constructed"from"promoter"sequences"of"genes"not"included"in"the"set"of"validated"TFTdependent"genes"used"for"comparison"to"
random"coding"genes."This"approach"provides"a"conservative"estimate"of"the"significance"of"the"scoring"schema."This"approach"
was"achieved"using"the"following"motifs"and"gene"list"combinations"for"comparative"analysis:"the"EBFT1"motif"(Figure"S1B"motif"
logos),"the"mouse"UNCT3"homolog"binding"site,"was"constructed"from"mouse#DNA"sequences"derived"from"ChIP"binding"data"
(Treiber"et#al."2010)""and"the"set"of"all"50"previously"characterized"UNCT3"dependent"genes"(S1–gene"list"1)"were"compared"to"
the"set"of"1,000"random"coding"genes"(File"S2Tgene"list"6)"for"analysis;"the"ASE"verification"bias"corrected"motif"(Figure"S1D"
motif"logos)"constructed"from"a"subset"of"CHET1"dependent"promoter"sequences"with"all"CHET1"dependent"gene"promoter"
sequences"except"those"used"to"constructed"the"PWM"(File"S2Tgene"list"3)"compared"to"1,000"random"coding"genes"(File"S2T
gene"list"7);"the"AIY"motif"(Figure"S1E"motif"logos),"generated"from"ten"TTXT3/CEHT10"dependent"gene"promoter"sequences"with"
all"TTXT3/CEHT10"dependent"genes"except"those"ten"used"to"generate"the"PWM"(File"S2Tgene"list"5)"compared"to"1,000"random"
protein"coding"genes"(File"S2Tgene"list"6)."
"
"

223
!

L."Glenwinkel"et#al.#

19"SI!

REFERENCES!
!
Bailey,"T."L.,"Boden,"M.,"Buske,"F."A.,"Frith,"M.,"Grant,"C."E.,"et#al."2009"MEME"SUITE:"tools"for"motif"discovery"and"searching."
Nucleic#Acids#Res."37:"W202T8"
"
Etchberger,"J."F.,"Lorch,"A.,"Sleumer,"M."C.,"Zapf,"R.,"Jones,"S."J."et#al."2007"The"molecular"signature"and"cisTregulatory"
architecture"of"a"C."elegans"gustatory"neuron."Genes.#Dev.#21:1653T74"
"
Grant,"C."E.,"Bailey,"T."L.,"Noble,"W."S."2011"FIMO:"scanning"for"occurrences"of"a"given"motif."Bioinformatics"27:1017–8"
"
Kim,"K."Colosimo,"M."E.,"Yeung,"H."et#al."2005"The"UNCT3"Olf/EBF"protein"represses"alternate"neuronal"program"to"specify"
chemosensory"neuron"identity."Dev."Biol."286(1):136T48"
"
Kratsios,"P.,"Stolfi,"A.,"Levine,"M.,"Hobert,"O."2012"Coordinated"regulation"of"cholinergic"motor"neuron"traits"through"a"
conserved"terminal"selector"gene."Nat.#Neurosci.#15:205T14"
"
Treiber,"T.,"Mandel"E."M.,"Pott,"S.,"Györy,"I.,"Firner,"S."et#al.#2010"Early"B"cell"factor"1"regulates"B"cell"gene"networks"by"
activation,"repression,"and"transcriptionT"independent"poising"of"chromatin."Immunity"32:714T25""
"
Wenick,"A.S."&"Hobert,"O."2004"Genomic"cisTregulatory"architecture"and"transTacting"regulators"of"a"single"interneuronTspecific"
gene"battery"in"C."elegans."Dev.#Cell"6:757T70"

"
"
"
"
"
"
"

224

20"SI"
!

L."Glenwinkel"et#al.!

Tables!S17S12!
Available"for"download"as"Excel"files"at"http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.160721/T/DC1"
"
Table!S1"""Comparison"test"results"for"ventral"nerve"cord"neuron"counts"of"GFP"fusion"reporters"in"1.""wild"type"(N2)"or"2."unc3(e151)"animals."

!

Table!S2"""TargetOrtho"output"files"
"
Table!S3"""TargetOrtho"input"parameters"
"
Table!S4"""Gene"lists"
"
Table!S5"""TargetOrtho"parameters"for"motif"analysis"
"
Table!S6"""Comparison"test"results"for"UNCT3"motif"analysis"
"
Table!S7"""Comparison"test"results"for"EBF1"motif"analysis"
"
Table!S8"""Comparison"test"results"for"ASE"motif"analysis"
"
Table!S9"""Comparison"test"results"for"ASE"verification"bias"corrected"analysis"
"
Table!S10"""Comparison"test"results"AIY"motif"analysis"
"
Table!S11"""Comparison"test"results"for"AIY"motif"analysis"(verification"bias"corrected)"
"
Table!S12"""Gene"Ontology"Enrichment"Results"from"Gorilla"(Gene"Ontology"enrichment"analysis"and"visualization"tool)"

225

!

L."Glenwinkel"et#al.#

21"SI!

APPENDIX C: Transgenerational Inheritance of an Acquired Small RNABased Antiviral Response in C. elegans
I analyzed all of the RNA-seq results for this project and contributed Table 2, and
Figure 4. I suggested that some rde-4-dependent endo-siRNAs (small RNAs with roles
unrelated to the viRNAs) may be inherited and performed a genome-wide search for
these. Unfortunately, there was not enough statistical power to include these results in the
publication due to lack of biological replicates. I also suggested the pedigree analysis of
inherited silencing experiment: Fig S1.
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SUMMARY

Induced expression of the Flock House virus in the
soma of C. elegans results in the RNAi-dependent
production of virus-derived, small-interfering RNAs
(viRNAs), which in turn silence the viral genome. We
show here that the viRNA-mediated viral silencing
effect is transmitted in a non-Mendelian manner to
many ensuing generations. We show that the viral
silencing agents, viRNAs, are transgenerationally
transmitted in a template-independent manner and
work in trans to silence viral genomes present in
animals that are deficient in producing their own
viRNAs. These results provide evidence for the transgenerational inheritance of an acquired trait, induced
by the exposure of animals to a specific, biologically
relevant physiological challenge. The ability to inherit
such extragenic information may provide adaptive
benefits to an animal.
INTRODUCTION
The inheritance of acquired traits is a topic of long-standing
interest and controversy. Whereas some of the classic Lamarckian
ideas have been dismissed (Weismann, 1889), more recent
studies suggest that certain traits acquired by an animal during
its lifetime may be transmitted to next generations. For instance,
in rats, diet-induced obesity was shown to transfer from parent
to offspring (Ng et al., 2010), and maternal care influenced multiple
aspects of neurobiology and behavior of several ensuing generations (Champagne, 2008). Nevertheless, the controversy over the
inheritance of acquired traits remains, as the genetic and mechanistic basis for these observations has remained largely unclear.
Resistance to viruses and other genomic parasites is a trait of
crucial importance for the survival of any organism, and consequently, modes of viral resistance can be expected to be under
strong evolutionary pressure. One commonly employed defense
strategy against viruses and other genomic parasites utilizes the
process of RNA interference (RNAi), a gene-silencing process
that has been well characterized in C. elegans (Fire et al., 1998).
An RNAi response can also be triggered by the exogenous appli-

cation of heterologous double-stranded RNA (dsRNA) that
targets any gene of choice. Intriguingly, gene-silencing effects
evoked by exogenously added dsRNA can be observed not
only in the treated animals, but—in a subset of cases tested—
also in the progeny of the treated worms (Alcazar et al., 2008;
Fire et al., 1998; Grishok et al., 2000; Vastenhouw et al., 2006).
However, whether this transmission involves transgenerationally
transmitted RNAs or modifications of DNA or chromatin has not
been resolved (Alcazar et al., 2008; Fire et al., 1998; Grishok
et al., 2000; Vastenhouw et al., 2006). Moreover, to date no biological function has been attributed to the transmission of RNAimediated gene-silencing effects, and biological contexts in which
this transmission would be important have not been described.
C. elegans possesses an extraordinary ability to ward off
viruses. To date, no viruses have been found to hijack its
genome. Nevertheless, a wild C. elegans strain has recently
been discovered to be infected with a single-strand RNA virus
closely related to nodaviruses (Félix et al., 2011). This infected
C. elegans strain was found to be deficient in mounting an effective RNAi response. In contrast, laboratory strains with an intact
RNAi response, such as N2, could not be efficiently infected with
this RNA virus (Félix et al., 2011). These observations indicate
that the RNAi pathway attacks dsRNA intermediates that
single-strand RNA viruses like the natural nodaviruses generate
during replication (Figure 1A). Indeed, artificially generated viral
infection models have previously shown that C. elegans can fight
viruses by processing the viral dsRNA trigger into virus-derived,
small-interfering RNAs (viRNAs) to guide specific viral immunity
by Argonaute-dependent RNAi (Lu et al., 2005; Schott et al.,
2005; Wilkins et al., 2005). The ability to respond to specific
viruses by the production of targeted viRNAs is an acquired trait,
serving as an effective defense mechanism against viruses.
We describe here how we have tested whether this acquired
trait is transmitted transgenerationally. We show that an episode
of viral expression is memorized in the form of small viRNA molecules that are transmitted through many ensuing generations in
the absence of the genetic template and even in the absence
of a functional small RNA-generating machinery. These inherited
viRNA molecules are capable of protecting ensuing generations
from the virus by silencing the expression of the viral genome.
We therefore provide here evidence for transgenerational transmittance of extrachromosomal information and suggest a biologically relevant context in which such extrachromosomal
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Figure 1. Inheritance of an Antiviral RNAi Response
(A) Schematic presentation of the FHV genome and the FR1gfp transgene used in this study (Lu et al., 2009). The RNA2 transcript that produces the capsid is not shown.
(B) Replication of FHV was monitored by recording the expression of GFP in rde-1 and rde-4 mutant worms containing the FR1gfp transgene 48 hr after heatshock induction of viral replication. The animals were RNAi deficient for more than five generations.
(C) A scheme depicting the cross that tests the requirement for rde-1 and rde-4 in generating virus-silencing viRNAs. Animals shown in the F2 and later generations
were all selected to contain the FR1gfp transgene as assessed by the dominant coinjection marker rol-6. rde-1(!/!) animals were scored in the F2 generation for
whether they express or do not express GFP after heat-shock induction. As rde-1(!/!) animals (or rde-4 mutant animals) are not capable of initiating an RNAi
response, either the FR1gfp; rde-1(!/!) F2 generation is not able to protect itself against viral propagation (hence heat-shocked animals would be GFP(+) as
indicated schematically with a green animal) or the F2 generation inherits antiviral viRNAs that were produced by earlier generations and can therefore protect itself
against the virus (hence heat-shocked animals would be GFP(!) as indicated schematically with a dark animal). As shown in (D), the latter is the case.
(D) DIC and GFP images of heat-shocked rde-1(!/!) and rde-4(!/!) worms that have been homozygous mutant for rde-1 or rde-4 for several generations (as
indicated in C) and contain FR1gfp as assessed by the rol-6 transgene marker. The rde-1 and rde-4 genotypes were assessed through a linked unc marker.

information provides a benefit of potential evolutionary relevance
to an organism.
RESULTS
A Reporter-Based System to Visualize RNAi-Mediated
Viral Silencing in C. elegans
To test the hypothesis of transgenerational inheritance of an
acquired trait in a well-controlled setting, we utilized a previously

established model to monitor viral propagation, namely, a transgenic worm that supports autonomous replication of the Flock
House virus (FHV) (Lu et al., 2005, 2009). FHV is a plus-strand
RNA nodavirus that has broad host specificity and is very similar
to the virus that was recently identified in a wild C. elegans strain
(Félix et al., 2011). To bypass the initial steps of infection (cuticle
penetration and cell entry), worms were engineered to carry
a chromosomally integrated DNA, called FR1gfp, corresponding
to the RNA1 gene and parts of the RNA3 gene of FHV. The RNA1
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Table 1. Viral Silencing in RNAi-Deficient Mutants

Genotype

Generation

Wild-type

any

rde-1 (ne300) rde-1(!/!) P0

GFP/Virus(+) Total Number
Animals after of Animals
Heat Shockc Examined
0%
a

100%

>100
50

rde-1(+/!) F1
0%
cross-progenyb

250 (5 experiments)

rde-1(!/!) F2

0%

250 (5 experiments)

rde-1(!/!) F3

0%

250 (5 experiments)

rde-1(!/!) F4

0.71%

882 (5 experiments)

rde-1(!/!) F5

10.45%

908 (5 experiments)

4.9%

102

rde-4 (ne299) rde-4(!/!) P0*

0%
rde-4(+/!) F1
cross-progenyb

250 (5 experiments)

rde-4(!/!) F2

0%

250 (5 experiments)

rde-4(!/!) F3

0%

267 (5 experiments)

rde-4(!/!) F4

3.4%

441 (5 experiments)

rde-4(!/!) F5

3.6%

307 (5 experiments)

All animals contain the FR1gfp array in the background. Animals were
scored in a binary manner as either producing (GFP/virus(+)) or not
producing (GFP/virus(!)) any GFP signal. Production of GFP is usually
observed in many tissue types. See Figure S1 for further information.
a
Animals were homozygous for rde-1 or rde-4 for at least ten
generations.
b
Cross of wild type with rde-1(!/!) or rde-4(!/!), respectively.
c
Numbers are averaged over several experiments. Individual experiments and animals are shown in Figure S1.

of all known nodaviruses encodes the viral RNA-dependent RNA
polymerase (RdRP) (Félix et al., 2011). The subgenomic RNA3
transcript encodes the B2 protein, a viral suppressor of RNAi
essential for FHV propagation in D. melanogaster (Li et al.,
2002). B2 was largely replaced in FR1gfp by gfp as previously
described (Figure 1A) (Lu et al., 2009). Transcription of the viral
RNA in the FR1gfp transgene is initially triggered by a heatinducible promoter (Figure 1A) (Lu et al., 2009), and ensuing viral
replication (including the replication of the subgenomic gfp) is
then carried out autonomously by the RdRP (Lu et al., 2009).
Generally, RdRP-catalyzed replication of FHV progresses at
a vigorous rate, reaching levels as high as those of ribosomal
RNAs (rRNAs) (Ball et al., 1994; Johnson and Ball, 1997). Transgenic worms that were heat-induced to initiate the expression of
the virus show robust silencing of the B2-deficient FHV mutant
virus because the RNAi pathway generates viRNAs that target
viral RNA for degradation (Figure 1B) (Lu et al., 2005, 2009).
Worms mutant in individual components of the RNAi pathway
do, however, display robust virus production as monitored
by strong GFP expression throughout the animal (Figure 1B;
Table 1), as previously reported (Lu et al., 2009).
Transgenerational Inheritance of the Antiviral Response
To test whether C. elegans can remember an episode of viral
propagation and pass this memory to its progeny, perhaps in
the form of viRNAs, we performed a set of genetic crosses (Fig-

ure 1C). Specifically, we generated animals that are heterozygous for two different RNAi-defective mutants, rde-1 or rde-4
(both coding for RNA-binding proteins required for the initiation
of an RNAi response [Aoki et al., 2007; Parrish and Fire, 2001;
Steiner et al., 2009]), and that contain the heat-inducible FR1gfp
viral transgene in the genetic background (see Experimental
Procedures for how the genotypes were determined and how
virus expression was induced). Due to the presence of one
functional copy of rde-1 or rde-4, these heterozygous animals
display a robust antiviral silencing response and therefore
display no GFP fluorescence upon heat induction of virus
expression (Table 1; Figure 1C). Throughout this paper, we
call this phenotype ‘‘GFP/virus(!).’’ Self-fertilization of these
heterozygous animals results in the generation of rde-1 or
rde-4 homozygous animals. Such homozygous mutant progeny
are expected to be unable to silence the virus and therefore
should be GFP/virus(+) upon heat-shock induction of viral
expression. However, we find that homozygous mutant
offspring of rde-1 and rde-4 heterozygotes show robust viral
silencing upon heat-shock induction, as evidenced by animals
being GFP/virus(!) (Figures 1C and 1D; Table 1). This observation cannot be simply explained by maternal deposition of wildtype rde-1 or rde-4 activity from the heterozygous parents
because it has been explicitly demonstrated that neither gene
activity is maternally transmitted (Blanchard et al., 2011). Moreover, the silencing effect persists through several generations of
homozygous rde-1 or rde-4 mutants. Only in the F4 generation
of rde-1(!/!) and rde-4(!/!) worms did a small percentage
of the animals start to express the virus, as measured by GFP
fluorescence (Table 1; Figure S1 available online). Among the
progeny of F4 GFP/virus(+) worms, we found an increasing
number of worms that failed to silence the virus and were thus
GFP/virus(+) (Table 1; Figure S1). This inherited silencing effect
can eventually ‘‘wear off,’’ as evidenced by continued isolation
and propagation of GFP/virus(+) worms that then produced
progenies that were 100% GFP/virus(+) upon heat-shock induction (Figure S1).
Crossing GFP/virus(+), homozygous rde-1(!/!) mutant
worms, in which the inherited antiviral silencing effect has worn
off, with RNAi-competent wild-type males produces crossprogeny in which the viral genome is again silenced (Figure 2A).
This demonstrates that the restitution of the RNAi machinery,
achieved through provision of a functional copy of rde-1, reestablishes the antiviral response. When rde-1(!/!) males,
rather than wild-type males, were crossed to the same GFP/
virus(+) > F5 generation rde-1 homozygous mutant hermaphrodites, the heat-shocked cross-progeny remained GFP/virus(+)
because they still lacked the ability to mount an RNAi response
(Figure 2A). This control experiment also demonstrates that
unpairing of the transgenic DNA during meiosis is insufficient
by itself to trigger silencing, as has been observed in Neurospora
(‘‘meiotic silencing by unpaired DNA’’) (Shiu et al., 2001).
It was previously shown that cells infected with FHV produce
highly abundant RNA transcripts, as abundant as rRNAs (Ball
et al., 1994; Johnson and Ball, 1997). Our heat-shock induction
of viral transcripts should therefore not produce nonphysiological levels of RNAs. We nevertheless tested whether much
lower-level induction of viral transcripts can induce an inherited
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Figure 2. Genetic Analysis of the Transgenerational Inheritance of an Antiviral Response
Animals of all the genotypes schematically shown in this figure were tested for whether they express GFP after heat shocking adult animals (see Experimental
Procedures), as a measure to assess viral silencing; dark animals do not express GFP after heat shock, green animals do. Numbers are shown for the most
relevant genotypes. The X-linked FR1gfp transgene is present only when specifically indicated.
(A) Reconstitution of the RNAi machinery resilences viral production.
(B) The antiviral RNA silencing can pass through the sperm and is independent of the presence of the viral template. Because the FR1gfp array is on the
X chromosome, F1 males originating from the cross of male FR1gfp(+/0) (indicating hemizygosity); rde-1(!/!) with rde-1(!/!) hermaphrodites will not contain
the array.
(C) Long-term-silenced worms contain a nonchromosomally encoded dominant spreading signal. Crossed animals carry the same genotype in regard to the
transgene and rde locus, yet one strain is long-term silenced, whereas the other has lost its ability to silence. The long-term-silenced strain is able to silence the
nonsilent strain in trans. Viral silencing was always assessed by heat-shock treatment to induce the gfp-tagged viral transcript. If the FR1gfp transgene was not
present in a strain, it is not shown in the genotype.

response. To this end we made use of the inherent, slight
leakiness of the heat-shock promoter at 15" C and simply maintained the strain containing FR1gfp at 15" C. We find that the
rde-1(!/!) F2 progeny of the cross between wild-type males
and rde-1(!/!) animals is able to silence viral propagation
even if viral replication in the F1 rde-1(+/!) cross-progeny was
kept at 15" C (50/50 animals are GFP/virus(!)). These results indicate that even very low levels of viral product are sufficient to
trigger an antiviral response.
In addition to examining the impact of the small RNA biogenesis genes rde-1 and rde-4 on viral silencing, we also checked
other components of the RNAi pathway (mut-2, mut-7, mut-14,
mut-16, rde-2, ergo-1, csr-1, and C04F12.1). We find that the
activity of these genes is not required for virus silencing as their
elimination did not result in GFP/viral expression (>50 animals
tested for each gene), possibly due to the documented redundancy of the RNAi silencing machinery in the worm, which
contains 27 known Argonautes (Yigit et al., 2006).

Transgenerational Transmission of the Antiviral
Response Is Template Independent
We next tested whether the antiviral RNA agent can be passed to
ensuing generations independently of the viral template. To this
end, we used the genetic strategy shown in Figure 2B. We
crossed rde-1 mutant males that carry the X-linked FR1gfp
transgene and display silencing because of the inherited RNA
agent (and therefore are GFP/virus(!)) to rde-1(!/!) hermaphrodites that never encountered the viral transgene. Cross-progeny
males from this cross do not carry the X-linked FR1gfp due to its
X linkage. These cross-progeny rde-1(!/!); FR1gfp(!/0) males
were crossed with GFP/virus(+), F5 generation rde-1(!/!);
FR1gfp(+/+) hermaphrodites. We find that the rde-1(!/!)
progeny of this cross have their viral GFP signal eliminated
(Figure 2B). This experiment demonstrates that the antiviral
agent can be transmitted in the absence of its template. As
a side note, the experiment also shows that the antiviral agent
can be transmitted through sperm, consistent with previous
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experiments that tested the transmission of silencing effects
against exogenously provided dsRNA (Alcazar et al., 2008;
Grishok et al., 2000).
Long-Term Silencing Is Transmitted in a Non-Mendelian
Manner and Requires the RNA-Dependent RNA
Polymerase rrf-1
One notable feature that became apparent throughout handling
FR1gfp; rde-1(!/!) and FR1gfp; rde-4(!/!) animals over
the course of many months was that in many animals the
GFP/virus(+) signal never reappeared after the initial construction
of those strains. This indicates that in addition to the ‘‘fading’’
(#3 generations) mode of silencing that we described above,
a second and more stable mode of inherited silencing can also
take place. Such a long-term mode of inherited silencing was
also previously observed in response to exogenously added
dsRNA (Alcazar et al., 2008; Vastenhouw et al., 2006). Based
on genetic loss-of-function analysis, it has been proposed that
this long-term silencing effect requires specific chromatin-modifying factors (Vastenhouw et al., 2006). Similarly, it has previously
been reported that transgenes can become silenced over many
generations (Kelly et al., 1997) (a scenario unlikely to apply here
because the rol-6 injection marker that is present on the
FR1gfp-containing array is still expressed in these animals). A
number of chromatin factors have been identified whose knockdown affects either exogenous RNAi-mediated, long-term
silencing (hda-4, K03D10.3, isw-1, mrg-1) or transgene silencing
(mes-2, mes-3, mes-4, mes-6, mys-1, M03C11.3, zfp-1, rba-1,
cin-4, gfl-1) or both (hda-4, K03D10.3, isw-1, mrg-1) (Kim et al.,
2005; Vastenhouw et al., 2006; Wang et al., 2005). We tested all
of these factors in the same manner as they were tested in earlier
studies and found that the silencing of heat-shock-induced
FR1gfp expression is not affected upon knockdown of any of
these factors (>50 animals tested for each gene).
To further test the transgene silencing issue, but also to
examine whether long-term-silenced worms carry a trait that
segregates in a Mendelian manner (as would be expected from
a silenced transgenic array or from a mutation in some other,
secondary locus), we conducted a genetic experiment schematically shown in Figure 2C. We crossed long-term-silenced (i.e.,
GFP/virus(!)), FR1gfp-containing animals that were more than
F5 generation homozygous for rde-1(!/!) with >F5 generation
rde-1(!/!); FR1gfp animals that had lost their silencing ability
after a few generations and were therefore GFP/virus(+) upon
viral induction. Because the RNAi machinery is not reinstated
in the cross-progeny (all animals used are rde-1(!/!)), a hypothetical genomically encoded locus that suppresses GFP/virus
production should segregate in a Mendelian manner in the
ensuing generations; similarly, if the GFP/virus(!) worms simply
had their transgene silenced, three-quarters of the progeny
should be GFP/virus(+). If, in contrast, the silencing agents
are diffusible trans-acting factors (as would be expected from
viRNAs), then all F2 progeny should be silenced. We observed
that all the F2 progeny had the virally produced GFP signal eliminated (Figure 2C). This experiment indicates that inherited
silencing in rde-1(!/!); FR1gfp worms, in which the virus is still
silenced after >F5 generation, is achieved by a spreading and
DNA-independent element.

It is conceivable that long-term silencing would be maintained
by constant amplification of the original RNAi response (Alcazar
et al., 2008; Groenenboom et al., 2005). Even though the endogenous RdRP rrf-1 has been shown in the past to amplify viRNAs
(Parameswaran et al., 2010; Schott et al., 2005), we find that rrf-1
is not required for the initial transgenerational viral silencing that
is observed in rde-1 or rde-4 homozygous mutant animals that
were derived from RNAi-competent parents (Figure 3A). Intriguingly, however, rrf-1 dependence is observed in animals that
have been long-term silenced in the absence of rde-1 (Figure 3B).
We draw this conclusion from the reinstated ability of the virus to
be expressed (i.e., a GFP/virus(+) phenotype) in the rrf-1(!/!)
homozygous F3 progeny of a cross between stably silenced
GFP/virus(!) >F5 generation rde-1(!/!); FR1gfp worms and
rde-1(!/!); rrf-1(!/!) double mutants (Figure 3B).
Physical Detection of Inherited viRNA Molecules
Next, we used small RNA isolation and ensuing deep sequencing
to try to detect viRNAs transgenerationally transmitted from
RNAi-competent parents. Although both rde-1 and rde-4
mutants are required for initiation of a de novo (but not inherited)
RNAi response, we chose to sequence viRNAs from rde-4
mutant animals rather than from rde-1 mutant animals because
of the different roles that the two proteins play in the RNAi
pathway. rde-4 mutants are depleted of siRNAs because the
RDE-4 protein acts upstream in the dsRNA processing pathway
by binding long dsRNA and guiding it toward dicing (Aoki et al.,
2007). rde-1, on the other hand, is not defective in primary small
RNA synthesis (or primary viRNA synthesis) (Wu et al., 2010)
because its protein activity is required only for the separation
of the dsRNA duplex but not for the accumulation of short
dsRNAs (Aoki et al., 2007; Parrish and Fire, 2001; Steiner et al.,
2009). We chose to use a cloning protocol that enriches for
rare rde-4-dependent primary small RNAs (Parameswaran
et al., 2010) because rde-4 (as well as rde-1) animals are not
defective in secondary siRNA production (Blanchard et al.,
2011) and thus can theoretically continue to amplify secondary
siRNAs de novo if even a single ‘‘trigger’’ siRNA is inherited
(Groenenboom et al., 2005). Detected primary siRNAs, however,
are guaranteed to be derived from the original RNAi-competent
parents because rde-4 mutant animals cannot produce them
(Alcazar et al., 2008; Groenenboom et al., 2005).
Thus, we prepared and sequenced small RNA libraries from
four different types of animals: (1) FR1gfp-transgenic worms
that can mount an RNAi response and should contain viRNAs
(positive control); (2) rde-4(!/!) mutants (negative control as
no viRNAs are expected to be produced); (3) FR1gfp; rde-4(!/!)
worms that are two generations away from their rde-4(+/!)
grandparents, i.e., worms that can themselves not produce
viRNAs but may have inherited viRNAs from their grandparents;
and (4) the F3 progeny of wild-type animals that contained the
FR1gfp transgene (and therefore produced viRNAs) but have
lost this transgene through outcrossing with nontransgenic
wild-type worms. This tests whether the silencing reagent can
exist without its template.
In agreement with the functional assays, we detected different
viRNAs complementary to several regions of the viral genome in
the positive control (FR1gfp), no viRNAs in the negative control
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A

B
FR1gfp(+/0)

rrf-1(-/-);
rrf-1(-/-);
or
rde-1(-/-) rde-4(-/-)

FR1gfp(+/0); rde-1(-/-)
(> F5 generations)

P0:

rrf-1(-/-);
rde-1(-/-)

P0:

F1:

F1:

FR1gfp(+/-); rde(+/-); rrf-1(+/-)
cross progeny

rde(-/-) progeny

F2:
~50%
rrf-1(+/-);
FR1gfp(+)

~25%

~25%

rrf-1(-/-);
FR1gfp(+)

rrf-1(+/+);
FR1gfp(+)

FR1gfp(+/-); rde-1(-/-); rrf-1(+/-)
cross progeny

F2:
~50%
rrf-1(+/-);
FR1gfp(+)

~25%

~25%

rrf-1(-/-);
FR1gfp(+)

rrf-1(+/+);
FR1gfp(+)

50/50 GFP/virus(-)

50/50 GFP/virus(-)

FR1gfp(+); rde-1(-/-); rrf-1(-/-)

FR1gfp(+); rde(-/-); rrf-1(-/-)

F3:

F3:
16/46 GFP/virus(+)

FR1gfp; rde-1(-/-);
rrf-1(-/-)

3/250 GFP/virus(+)

FR1gfp; rde-4(-/-);
rrf-1(-/-)

0/110 GFP/virus(+)

Figure 3. The RdRP Amplification by rrf-1 Is Required Only for Long-Term Silencing
Animals of all the genotypes schematically shown in this figure were tested for whether they express GFP after heat shocking adult animals (see Experimental
Procedures), as a measure to assess viral silencing; dark animals do not express GFP after heat shock, green animals do. Numbers are shown for the most
relevant genotypes. FR1gfp(+) indicates that animals contain the FR1gfp array, but we did not test whether it is contained in the homozygous (FR1gfp(+/+)) or
heterozygous (FR1gfp(+/!)) state. If the FR1gfp transgene was not present in a strain, it is not shown in the genotype.
(A) RNAi-competent grandparents initiate an RNAi response that is sufficient for viral silencing for at least two generations in the absence of rrf-1.
(B) The virus escapes long-term silencing (GFP/virus(+)) when rrf-1 is neutralized in otherwise GFP/virus(!) >F5 generation rde-1(!/!) animals.

(rde-4(!/!)), and a number of viRNAs in the worms that could not
generate their own viRNAs and thus inherited these viRNAs from
their grandparents (F3 generation FR1gfp; rde-4(!/!)) (Table 2;
Figure 4). Moreover, we detect viRNAs in the worms in which
the FR1gfp transgene had been crossed out, confirming that
the viRNAs transmit in a template-independent manner. The
inherited viRNAs matched the two most abundant types of
viRNAs detected in the positive control (Figure 4), and these
viRNAs were all of the reverse orientation (negative strand, which
typically exists in much lower quantities than the positive strand;
Félix et al., 2011); both observations make it highly unlikely that
the detected viRNAs merely represent unspecific breakdown
products of the viral RNA. In regard to the low number of inherited viRNA reads, it needs to be considered that our protocol
enriches specifically for rare primary viRNA species. Moreover,
these viRNA species are derived from a response mounted in

RNAi-competent grandparents and are therefore possibly
diluted over the course of several generations. Taken together,
our results support the genetic experiments that argue for the
existence of trans-acting factors that are transmitted in a nonMendelian manner to ensuing generations.
DISCUSSION
We have described here a series of genetic experiments that
provide support for the existence of non-Mendelian, multigenerational inheritance of extrachromosomal information. This information is transmitted in the form of small RNAs, viRNAs, which
are induced by an episode of viral replication and which are
propagated through the germline in a non-template-dependent
manner. Our results therefore support the Lamarckian concept
of the inheritance of an acquired trait.
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Sense
Antisense

Table 2. Molecular Identification of Transgenerationally
Inherited viRNAs

# 20–30 bp
Sequencesa

# viRNAs
against
FHVb

viRNA Reads
per Total #
Small RNA
Reads (3 106)

FR1gfp

3,641,082

115

31.6

F3 generation
FR1gfp; rde-4(!/!)

1,131,284

10

8.8

F3 generation after
FR1gfp outcross

567,549

2

3.5

rde-4(!/!)

966,052

Genotype

B2::GFP

FR1gfp

F3 generation FR1gfp; rde-4(-/-)
F3 generation after FR1gfp outcross
rde-4(-/-)

none

RdRP

none

none

a

Numbers correspond to reads after adaptors and noise have been
removed (see Experimental Procedures).
b
See Experimental Procedures for more information and comments
about these viRNA reads and Figure 4 for the mapping of the viRNAs
on the viral genome.

Our results suggest a physiologically relevant role for these
inherited molecules that may lie in transmitting antiviral protection to future generations. We infer this notion from our use of
a transgenic system that expresses a viral genome that is from
the same family as a natural virus recently discovered in a wild
isolate in France (Félix et al., 2011). This transgenic system
permitted us to measure viral expression and silencing through
a GFP signal rather than relying on the relatively subtle phenotypes induced by the natural virus. Moreover, the use of a welldefined minimal transgenic system in which the viral genome
can be unambiguously removed through genetic crosses eliminates potentially confounding issues of viral contamination and
also enabled us to show that an antiviral response is transgenerationally segregated in the absence of a template. Lastly, because
the FR1gfp transgene does not harm the worm (unlike the natural
virus), it can be used to study inherited immunity without fear of
accidentally selecting for worms that acquired viral resistance
through secondary mutations.
Our findings suggest a physiological context for the previously
reported transmission of gene-silencing effects elicited by exogenously added dsRNA (Alcazar et al., 2008; Fire et al., 1998;
Grishok et al., 2000; Vastenhouw et al., 2006). As these previously
described inherited effects show a nonunderstood specificity for
only some target genes, it was unpredictable a priori whether an
antiviral RNAi response, triggered by perhaps only a few dsRNA
molecules, would also be transgenerationally transmitted and be
effective in ensuing generations. Moreover, the mechanistic
basis for previously reported transmission of gene-silencing
effects has been controversial (Alcazar et al., 2008; Fire et al.,
1998; Grishok et al., 2000; Vastenhouw et al., 2006). Aside from
suggesting biological context, our results also indicate that the
inheritance of the viral silencing effect is mediated by inherited
small RNA molecules acquired after viral replication.
It is conceivable that other biological functions may be
controlled by transgenerationally transmitted, extrachromosomal agents as well. For example, one may speculate that the
recently described inheritance of an olfactory memory (Remy,
2010) or the transgenerational inheritance of longevity traits
(Greer et al., 2011) could also be the result of inherited small

Figure 4. viRNA Match to Specific Epitopes in the Viral Genome
The number and strandedness of 20–30 nt viRNAs are shown with respect
to their alignment to the FHV genome. The thickness of lines, which indicate
the location of individual reads, is proportional to number of reads. Note that
the transmitted viRNA reads match to the main two epitopes of the virus.
Clustering of epitopes to the 30 end of FHV has been noted before (Parameswaran et al., 2010). See Experimental Procedures and Table 2 for more
details on the reads.

RNA molecules. Intriguingly, our deep sequencing of rde-4(!/!)
animals not only identified transgenerationally transmitted
viRNA molecules but also suggests that several classes of
rde-4-dependent endo-siRNAs may be inherited (O.R., G.M.,
and O.H., unpublished data), indicating that the transmission of
extrachromosomal information may be a common phenomenon.
Such a mode of inheritance may provide adaptive advantages to
an animal.
EXPERIMENTAL PROCEDURES
Genetics
Worms were cultured on NGM plates seeded with OP50 bacteria. FR1gfp
transgenic worms were a kind gift from S.W. Ding (Lu et al., 2009). Animals
carrying the FR1gfp transgene were followed by monitoring their rolling
behavior caused by the rol-6(d) transgene marker. In order to follow worms
that were homozygous for RNAi-deficiency mutations ((rde-1(ne300) or rde4(ne299)) after crossing to FR1gfp animals, we used the WM36 rde-1(ne300)
unc-42(e270) and WM35 rde-4(ne299) unc-69(e587) strains, in which the rde
mutations are linked to unc marker mutations. RNAi-deficient FR1gfp worms
OH10354 and OH10356 were created by singling Unc Rol worms for >10
generations (OH10354 genotype: FR1gfp; rde-1(ne300) unc-42(e270) and
OH10356 genotype: FR1gfp; rde-4 (ne299) unc-69(e587)). Worms with the
OH10435 genotype FR1gfp; rde-1(ne300) unc-42(e270); rrf-1(ok589) and the
OH10436 genotype FR1gfp; rde-4 (ne299) unc-69(e587); rrf-1(ok589) were
created using standard genetic crosses.
To assess the dependency of inherited antiviral protection on chromatin-remodeling factors, we used the MT15795 isw-1(n3294) and SS186 mes-2(bn11)
strains and also preformed RNAi feeding to knock down these and a number
of other chromatin modulators (isw-1, M03C11.3, mrg-1, rba-1, cin-4, mes-2,
mes-3, mes-4, mes-6, mys-1, hda-4, gfl-1, zfp-1). The RNAi assays were performed using a previously described bacterial feeding protocol (Kamath et al.,
2003). Briefly, NGM agar plates containing 6 mM IPTG and 100 mg/ml ampicillin were seeded with bacteria expressing dsRNA. Ten FR1gfp L4 hermaphrodites were placed onto these plates and grown at 20" C. The P0 worms and
the F1 progeny of these worms were heat shocked as young adults and scored
for GFP expression 48 hr after.
Measurement of Viral Silencing
All the animals in which viral expression was measured contained the
FR1gfp array in the background. Our standard procedure of triggering viral
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propagation is to heat shock young adults first for 1 hr at 37" C and then for an
additional 3 hr at 33" C. Forty-eight hours later, individual animals were scored
in a binary manner as either producing (‘‘GFP/virus(+)’’) or not producing
(‘‘GFP/virus(!)’’) any GFP signal. Production of GFP is usually observed in
many tissue types. If animals with the FR1gfp transgene are kept at 15" C,
RNAi-deficient animals will not produce a readily detectable GFP signal;
however, we notice that even at 15" C there appears to be some small residual
FR1gfp expression as those animals are able to produce viRNAs that can
silence viral replication upon genetic crosses (see text). Such leakiness of
heat-shock promoter expression has been noted in many instances in the
literature (e.g., Poole et al., 2011).
Molecular and Computational Analysis of Small RNAs
Small RNA libraries were constructed using a protocol that enriches for Dicer
products that harbor a single phosphate at the 50 end of the RNA (Zamore et al.,
2000), such as primary siRNAs but unlike RdRP products that harbor triphosphate ends (Parameswaran et al., 2010). This was the protocol of choice
because we were interested in identifying viRNAs that are guaranteed to be
derived from the original RNAi-competent parents (Alcazar et al., 2008), and
rde-4 animals cannot produce primary siRNAs (Grishok et al., 2000; Parrish
and Fire, 2001). rde-4 animals are, however, not defective in secondary siRNA
production (Blanchard et al., 2011) and can therefore continue to amplify
secondary siRNAs de novo; such autonomously produced siRNAs will not
be distinguishable from inherited ones. The detection of rare primary siRNAs
is important, as even a single ‘‘trigger’’ siRNA can induce a full-blown RNAi
response that is not proportional to the primary trigger (Groenenboom et al.,
2005).
Worms were lysed using the TRIzol reagent, and repetitive freezing, thawing,
and vortexing were done as previously described (Lee and Ambros, 2001). The
mirVana kit (Ambion) was then used for isolation of <200 nt RNAs following size
selection of small RNAs of 18–30 bases by denaturing polyacrylamide gel
fractionation. Small RNA libraries were constructed using the Illumina v1.5
Small RNA Cluster Generation Kit and sequenced using the Illumina/Solexa
GAIIX platform (Illumina, Inc., San Diego, CA, USA). Sequences were preprocessed to remove flanking adaptor sequences and noise prior to analysis
using the Hannon lab FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_
toolkit/). Reads were then size filtered using PRINSEQ (Schmieder and
Edwards, 2011) so that only small RNAs in the range 20–30 nt were considered
for alignment. Alignments of viRNAs to the FHV genome were performed using
Geneious v5.4.3 (word length = 6) (Drummond et al., 2011). Aligned reads were
further examined for similarity to the C. elegans genome using BLASTN (Zhang
et al., 2000) to rule out any small RNAs that might match both C. elegans and
FHV genomes. No reads matching both FHV and C. elegans genomes were
found.
The sequence analysis revealed a strong antisense polarity bias (113/115
viRNA reads in FR1gfp and all inherited reads), consistent with the notion
that some of the much more abundant secondary viRNAs (that typically exhibit
such a bias; Sijen et al., 2007) are nevertheless captured despite the use of
a protocol that enriches mostly for primary siRNAs (Parameswaran et al.,
2010). This can possibly be due to nonenzymatic or post-extraction loss of
50 phosphates (Gent et al., 2010). However, a strong 30 end bias that is typical
to primary siRNAs (Sijen et al., 2007) and to (FHV-targeting) primary viRNAs in
particular (Parameswaran et al., 2010) was observed in the detected viRNAs,
suggesting that the cloning protocol successfully enriched for primary siRNAs.
The fact that 98.26% of the viRNA transcripts were of the negative orientation,
even though synthesis of sequences with this orientation is very rare during
nodavirus replication (Félix et al., 2011), makes it highly unlikely that they represent nonspecific degradation products.
Only reads containing 0–2 mismatches to FHV were considered for analysis.
For consideration as a ‘‘viral epitope’’ (‘‘viRNA hot spot’’), an epitope had to
contain at least one read with 0–1 mismatches, and reads containing 2
mismatches were only counted when they corresponded to an epitope without
mismatches. Sixty-five percent of all reads contained 0 mismatches, 24%
contained 1 mismatch, and 10% contained 2 mismatches.
We furthermore note that in addition to the perfectly matching inherited
viRNAs, we detected other unique viRNAs with mismatches in accordance
to the template-derived FR1gfp RNA (these sequences were not present in

the negative control). The ability to evade treatment by many drugs is granted
to RNA viruses by poor proofreading transcription machinery (error every
#104 bp) (Lauring and Andino, 2010). Such viruses exist as swarms of similar
variants that are continuously regenerated by their own polymerases, which
amplify mutated versions of related sequences (Lauring and Andino, 2010).
Even though we cannot exclude simple sequencing errors, it is attractive to
speculate that some of the mismatched viRNA reads that were identified in
our sequencing data have been produced off such mutated viral copies.
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Figure S1. Pedigree Analysis of Inherited Silencing, Related to Figure 1
Replication of FHV was monitored by recording the expression of GFP in rde-1 and rde-4 mutant worms containing the FR1gfp transgene 48 hr after heat-shock
induction of viral replication. Animals were scored in a binary manner as either producing (GFP/virus(+)) or not producing (GFP/virus(!)) any GFP signal.
Production of GFP is usually observed in many tissue types. The ‘‘F1 hets’’ are cross-progeny of RNAi-competent FR1gfp worms with rde(!/!) worms. Each
green or black dot represents a single GFP/virus(+) or GFP/virus(!) animal correspondingly. The lines that connect consecutive generations emanate either from
a green or a black dot, indicating in each case whether a GFP/virus(+) or a GFP/virus(!) animal was singled, to follow GFP expression in the progeny of this
particular worm. The order of the green and black dots within a particular generation is arbitrary.
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