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Abstract
Understanding the in vivo dynamics of protein localization and their physical interactions is
important for many problems in Biology. To enable systematic protein function interrogation in a
multicelluar context, we built a genome-scale transgenic platform for in vivo expression of
fluorescent and affinity tagged proteins in Caenorhabditis elegans under endogenous cis
regulatory control. The platform combines computer-assisted transgene design, massively parallel
DNA engineering and next generation sequencing to generate a resource of 14637 genomic DNA
transgenes, which covers 73% of the proteome. The multipurpose tag used allows any protein of
interest to be localized in vivo or affinity purified using standard tag-based assays. We illustrate
the utility of the resource by systematic chromatin immunopurification and automated 4D
imaging, which produced detailed DNA binding and cell/tissue distribution maps for key
transcription factor proteins

Introduction
A major challenge of the post-genomic era is to understand how the instructions encoded in
the genome are read into the extraordinary variety of molecular structures and biochemical
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reactions that make up cells and organisms (Saghatelian and Cravatt, 2005; Dunn and
Kingston, 2007). Due to the enormous complexity of biological systems and the multiple,
interconnected levels of gene expression regulation (transcription, splicing, translation and
turnover control through 5’ and 3’ UTRs and posttranslational modifications) the identity,
molecular function, and localization of gene expression products cannot be accurately
predicted from the genome sequence alone. The recent developments in next generation
sequencing and shotgun proteomics have made it possible to form a global view of gene
expression at both RNA and protein level. However, describing the molecular properties of
the individual proteins in vivo, such as their native expression dynamics, physical
interactions and localization, is still difficult, especially in multicellular organisms.

The inherent variations in protein size, charge and folding present a challenge to the
systematic generation of reagents that specifically recognize individual proteins such as
antibodies, which are also of limited use for interrogation of protein function in vivo. A
generic solution to this problem is the use of fluorescent and affinity tags that, when fused to
the protein of interest, allow in vivo visualization and use of standard affinity reagents to
identify interactions (Chalfie et al., 1994; Rigaut et al., 1999). In Saccharomyces cerevisiae,
where homologous gene targeting is efficient, nearly all protein-coding genes have been
tagged at their endogenous genomic loci, allowing proteome scale analysis with standard,
reproducible and comparable tag based assays (Gavin et al., 2002; Ghaemmaghami et al.,
2003; Huh et al., 2003; Gavin et al., 2006; Krogan et al., 2006). Development of comparable
reagents for multicellular species would enhance our understanding of the diversity of cell
form and function. However, technical challenges have so far precluded genome-wide
tagging of animal genomes.

We have previously established the use of large genomic DNA (gDNA) constructs such as
BACs and fosmids as transgenes for protein function discovery (Muyrers et al., 1999; Sarov
et al., 2006; Poser et al., 2008). These constructs carry sufficiently large sections of gDNA
to include all of the important coding and regulatory sequences for most genes (Ristevski,
2005). The major advance allowing engineering of these large constructs was the
development of in vivo homologous recombination mediated cloning, or recombineering
(Zhang et al., 1998; Copeland et al., 2001), which permits the insertion of a tag coding
sequence at any position, independent of the presence of restriction sites. More recently we
showed that the fidelity of recombineering is sufficient to allow multistep transgene
engineering in liquid culture (Sarov et al., 2006; Poser et al., 2008; Ejsmont et al., 2009;
2011), thereby enabling the throughput required for genome scale recombineering.

The nematode C. elegans is an attractive system for genome-wide application of a tagged
gDNA transgene approach for protein function discovery. It’s transparency, rapid generation
time, fixed anatomy and reproducible cell lineage (Hillier et al., 2005) make it possible to
study protein localization in all cells of the animal. The compact and wellannotated genome
is covered by a mapped fosmid gDNA clone library. Fosmid-sized clones are normally
sufficient to rescue loss of function mutations, and have been used on a large scale for
mutation mapping (Janke et al., 1997). We and others have developed protocols for
recombineering based transgene construction in C. elegans (Dolphin and Hope, 2006; Sarov
et al., 2006; Tursun et al., 2009).

Here we present a genome-wide application of high throughput recombineering to build an
efficient platform for in vivo tag based protein function analysis under native regulatory
control in C. elegans and illustrate its utility for analyses of both protein localization at
cellular level through high resolution in vivo imaging and physical interactions through
biochemical purification. We refer to the platform and analysis as the "C. elegans
TransgeneOme."
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Results
Generation of the C. elegans TransgeneOme resource

The use of large gDNA constructs as "third allele" transgenes (Sarov and Stewart, 2005)
expressing a fluorescent and/or affinity tagged version of the protein of interest, provides a
generic platform for function exploration under endogenous regulatory control (Figure 1-A).
To facilitate the large scale application of this approach we generated a genome wide
resource of fosmid gDNA transgenes for the protein coding genes in the C. elegans genome,
tagged at the C terminus with a fluorescent and affinity cassette consisting of the Ty1
peptide, GFP and 3xFLAG(Figure 1B).

Of the approximately 20000 protein coding genes in the C. elegans genome, 16,403 are
currently covered by a fosmid clone that can be engineered into a transgene (Figure 1C),
which defined our target set - “the taggable genome”. We used a streamlined, liquid culture
recombineering pipeline in a 96 well format (Figure 1-D, Supplementary figure 1) with the
selection of a suitable fosmid clone, primer design and sample tracking handled
automatically, which allowed us to process thousands of clones in parallel with a throughput
of over 4000 constructs/month. The success rate of the transgene engineering, as estimated
by the number of viable wells in selection, was between 92 and 99% on all 4 steps of the
pipeline, resulting in a cumulative success rate of 84% (Figure 1-D and Supplemental Table
1). The 16% that failed were subjected to a second run through the pipeline and 88% of
these were successful, indicating that most of the initial failures were technical, rather than
systemic. After the two rounds of recombineering we had successfully processed 98% of the
taggable genome (16102 of 16403 genes).

To evaluate the accuracy of the engineering, we developed a high throughput validation
method based on next generation sequencing (NGS). After pooling the 96 well pates from
the final step, we isolated fosmid DNA from the pools, followed by fragmentation,
barcoding, massively parallel paired end sequencing and mapping to the expected construct
sequences. The correct tag insertion was confirmed by paired end reads spanning through
the 5' and 3' tag/gene junctions for 14637 of the transgenes (90.7% of the viable wells or
89% of the taggable genome (Figure 1 E-G). As transgene engineering was carried out in
liquid, the 96 well plate cultures are non-clonal and carry over products from the
intermediate steps were also detected, however for most constructs they were present as a
minor fraction only (Figure 1 G). To evaluate the fidelity of recombineering at the single
clone level we isolated colonies on selective agar from 1205 NGS validated wells evenly
distributed throughout the resource and Sanger sequenced the full extent of tag plus 100 bp
of the flanking genomic sequence. Of the 918 clones for which we obtained data of
sufficient quality throughout the entire region 83.1% exactly matched the expected region,
7.4% had mismatches (due to either sequencing noise or point mutations caused by PCR),
4.4% were intermediary products, and 5.1% were cross-contaminants from other wells
(Figure 1H). Sequencing of a second colony from the 155 failed wells resulted in exact
match for 59% of the 141 successfully sequenced clones.

We also validated the correct insertion of the unc-119 marker cassette at the single clone
level (Figure 1H). Of the 1067 reads of sufficient quality 89% matched the expected
junction, 10% contained mixed sequences downstream of the insertion point, indicating a
coexistence of the final constructs with carryover of intermediary products within the same
cell, which occurs normally at low rates in recombineering and only less than 1% did not
align to the expected region.

The TransgeneOme resource can be explored through a dedicated web application available
at http://transgeneome.mpi-cbg.de, which provides full access to all construct related
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information, including the validation data, sequence maps in FASTA, genbank or GFF
format, as well as genome browser views and links to Wormbase (see Movie 1). To make
the resource easily accessible for researchers that are more familiar with other model
systems searching is possible with either the C. elegans gene name, or ortholog gene names
from C. briggsae, D. melanogaster, M. musculus or H. sapiens.

Stable gDNA transgenesis delivers native levels, patterns and dynamics of tagged protein
expression

To generate worm lines expressing the tagged proteins of interest we used micro particle
bombardment (Wilm et al., 1999; Praitis et al., 2001), which provides high throughput and
can result in low copy stable integration of plasmid transgenes into the genome. We adapted
the method for use with the larger fosmid transgenes (Figure 2A) and we generated 254
stable lines for 230 genes (Supplemental table 2). The localization data can be explored
using the TransgeneOme web application (https://transgeneome.mpi-cbg.de) either by gene
name or through a localization ontology browser, using standard, Wormbase compatible
terms for developmental stage, anatomy and subcellular localization (see also Movie 1).

Using next generation sequencing we estimated the copy number of the regions covered by
the transgenes in 33 lines and we found that despite their large size the full length of the
fosmid transgenes can be integrated into the genome, with most of the transgenes present at
a low copy number (Figure 2B and Supplemental figure 2). Western blot analysis with anti-
GFP antibody showed that the tagged proteins are expressed at the expected molecular sizes,
including known or predicted alternative isoforms (Figure 2D). We also compared the
transgene derived protein expression levels to that of the endogenous gene using western
blot with protein specific antibodies (Figure 2E). In all 3 cases (AIR-1, SPD-2, BUB-1), the
tagged protein was expressed at roughly the same level as the endogenous counterpart.

Using live GFP fluorescence microscopy we observed tagged protein expression in many
cell types and all life stages, including the germ line and the early embryo, where transgene
silencing is often a problem in C. elegans (Kelly and Fire, 1998). When multiple expressing
lines were obtained per gene, the expression patterns appeared similar. Quantitative image
analysis of embryonic expression (see bellow) from two independent lines for five genes
showed similar reproducibility as that seen between embryos from the same line (mean
r=0.82, fraction of replicated cells = 0.97, Supplemental table 3).

On a subcellular level, we observed specific localization to a wide variety of compartments
(Figure 3A), including cell membrane; cortex; centrosomes; spindle; kinetochores;
mitochondria; throughout the nucleus or in specific subcompartments – nuclear envelope,
nucleolus, heterochromatin or specific foci of unknown function; throughout the cytoplasm
or in P granules (germ line specific cytoplasmic RNA-protein complexes); cytoskeleton and
specialized structures such as muscle fibers. For 112 of the 230 analyzed proteins
localization data form other experiments (including antibody staining) was available and all
but 3 of the patterns matched the Wormbase description. Even though our test set was biased
towards gene expression regulators and structural proteins, which are relatively well studied,
over half of the patterns were new for C. elegans. Most of the patterns for which there was
no data available in Wormbase (107 of 118) were consistent with the known or predicted
function of the proteins or the localization of their orthologs in other species. However, there
were also unexpected patterns that provide insight into the function of previously unstudied
proteins or improve or correct earlier functional predictions. For example, M04F3.5 (Figure
3A), is the only C. elegans protein with an I BAR domain, a domain that has been shown to
induce plasma membrane folding (Saarikangas et al., 2009). Consistent with this function
we observe M04F3.5 at specific membrane foci in many tissues, particularly in neurons. An
example of unexpected localization was SIR-2.2, a homolog of the yeast Sir2p NAD-
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dependent histone deacetylase, which has not been previously localized in C. elegans but the
phenotypic effects of it’s loss in genetic screens have been attributed to it’s presumed role as
a chromatin structure regulator (Pothof et al., 2003; Bates et al., 2006). Surprisingly, instead
of the nucleus SIR-2.2::GFP localizes to large cytoplasmic organelles, which we identified
as mitochondria by costaining (Figure 3A and Supplemental Figure 3). Mitochondrial
sirtuins with NAD-dependent deacetylase activity have been described in human cells
(Schwer et al., 2002; Huang et al., 2010), and SIR- 2.2 is likely a functional homolog in C.
elegans. This hypothesis is supported by the fact that of the 4 worm sirtuins SIR-2.2 is most
similar to the human mitochondrial sirtuin hSirt4.

The tagged proteins also correctly reproduced examples of known dynamic subcellular
localization patterns, both throughout the cell cycle and in response to signals. For example,
the Aurora B homolog AIR-1 showed dynamic relocalization from chromatin to the spindle
midzone, consistent with its function in both chromosome segregation and cytokinesis; the
mitotic checkpoint protein BUB-1 localizes to the condensing chromosomes; P granule
components like GLH-1 condense from the cytoplasm to droplet like particles (P granules)
that are segregated to the germline precursor cell in the first cell division. We also observed
specific relocalization dynamics in response to signaling: the C. elegans Notch homolog
LIN-12 was generally localized to cell membranes throughout the embryo, but a nuclear
signal was also detectable for several cells (Figure 3C). Despite its known importance in
development (Greenwald, 1998), Notch transition to the nucleus as a result of signaling has
not been previously observed in vivo in C. elegans, however it is known that the intracellular
domain of LIN- 12 localizes to the nucleus (Struhl et al., 1993) and cells with active Notch
signaling are known from genetic studies (Priess, 2005). Using automated lineage tracing
(Murray et al., 2008) we identified nuclear signal in ABplaaa, ABplpap, and the lineages
derived from Eal and Epl, all of which have being previously described as targets of Notch
signaling(Priess, 2005). In addition, nuclear LIN-12::GFP signal was detectable for the
MSpap lineage, which was has not been previously shown to be regulated by Notch
signaling (Figure 3D).

Protein localization dynamics reveal additional levels of gene expression controls in
comparison with promoter::reporter constructs

As gene expression reporters the fosmid transgenes have the advantage of preserving the
native cis regulatory elements, including intronic and 3’UTR sequences. The tagged proteins
expression is further controlled by the specific rates of translation and protein degradation.
We wanted to know how that would reflect in the overall gene expression pattern when
compared with promoter reporters that lack some of the cis regulatory elements and do not
reflect any of the posttranscriptional regulatory mechanisms.

Several imaging techniques have recently been developed to automatically and
quantitatively assign fluorescent signals to specific cells by mapping to an anatomy atlas or
lineage tracing(Bao et al., 2006; Murray et al., 2008; Long et al., 2009). We used lineage
tracing to compare the expression pattern of 12 genes (cnd-1, die-1, egl-5, elt-2, hlh-1,
hnd-1, lin-39, med-2, nhr-2, pal-1, pha-4, tbx-8) as either tagged proteins or
promoter::histone::GFP reporters (Figure 4). In replicate embryos for each of the reporter
types the patterns were 94% reproducible (Supplemental Table 3). However, in comparison
between the two types of reporters only 62% of the cells expressing in one type were shared
in the other. For some genes with poor correlation between the two types of reporters
(med-2, nhr-2, hnd-1, die-1), manual curation of the data suggest that the patterns were
similar and the differences were due to the low levels of expression, dropping to and bellow
the limit of the automatic detection method. However, there were clear differences in pattern
for several genes, which appear to be biologically significant.
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Some genes were expressed in more cells as tagged protein than as promoter reporter,
suggesting that the fosmid transgene contains additional regulatory elements. For example
PAL-1 was expressed as a tagged protein in posterior ectodermal precursors, derived from
the AB lineage in addition to the expression pattern in the C and D lineages revealed by the
promoter reporter (Figure 4B). Other examples include LIN-39 (Figure 4A) in a subset of
the C lineage and TBX-8 in a subset of the MS lineage.

For other genes, the tagged protein was only expressed in a subset of the cells expressing the
promoter fusion, which at least in some cases appears to reflect lineagedependent
differences in post-translational control. For example, the CND-1 protein was initially
expressed in the same cells as the promoter fusion, but subsequently disappeared in many of
them (Figure 4C). Most of the cells with persistent expression were precursors of D-type
motor neurons, which have been reported to be defective in cnd-1 mutants (Hallam et al.,
2000). Similarly, for the master pharyngeal regulator pha-4 both the promoter reporter and
the tagged protein were initially expressed in broad, primarily pharynx-generating lineages,
but the protein was then specifically lost in the few cells born from these lineages that adopt
a non-pharyngeal fate. A surprising example of lineal regulation of turnover occurs for
PAL-1. Both PAL-1 constructs were expressed throughout the D lineage, which produces
only muscle. The tagged PAL-1 protein was then selectively lost in two cells at the D8 stage
(when D has 8 descendants) and retained in the other six (Figure 4D). This loss was rapid,
occurring in less than 10 minutes (Figure 4F), suggesting that an active mechanism exists to
remove PAL-1 specifically in these lineages. This is surprising because all D lineage-
derived cells become muscle, including the two that lose PAL-1:GFP, and implies that
important molecular differences exist between different muscle cells in this lineage.

For the MyoD ortholog hlh-1 (Chen et al., 1994; Fukushige and Krause, 2005), the tagged
protein was completely restricted to muscle precursors, while the promoter reporter was
expressed both in muscle precursors and most other cells in the MS lineage, including
pharynx, coelomocyte and other mesodermal precursors (Figure 4G). In this case, we saw
late muscle expression but no broad early expression of the tagged protein, suggesting that
hlh-1 is transcribed in MS, but its translation or accumulation is limited to muscle
precursors, supporting the model for hlh-1 regulation established in previous work (Krause,
1990). Other genes, including the Hox gene lin-39 (Figure 4H) showed similar types of
restriction. These are likely to include differences in translational regulation between cells,
but could also include transcriptional regulatory elements outside the promoter region.

High resolution mapping of transcription factor protein distribution
The ability to rapidly generate transgenic lines for any of the thousands of tagged genes
opens up the possibility for systematic exploration of protein function for large sets of
proteins. As part of the modENCODE initiative we used this approach to systematically
explore transcription factor (TF) protein function in C. elegans (Celniker et al., 2009;
Gerstein et al., 2010; Zhong et al., 2010; Niu et al., 2011). Using tag based Chromatin IP
coupled with next generation sequencing we identified hundreds of thousands of TF binding
sites (Figure 4A and Supplemental table 4) at various stages of development. All the
generated binding data is available to the community at www.modencode.org and the
Wormbase genome browser.

Understanding TF function from the DNA binding patterns alone is difficult if not
impossible without knowledge of their expression patterns in vivo. We used automated
lineage tracing (Murray et al., 2008) to generate quantitative 4D expression maps of 28 TF
proteins, at 1.5 minute temporal resolution during embryonic development up to the 350 cell
stage (Figure 5B and http://epic.gs.washington.edu). Many of these patterns are either new
or add a higher spatiotemporal resolution to otherwise know localizations. Due to the
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invariant cell lineage in C. elegans, the independently obtained patterns can be easily
superimposed in both time and space. For example, overlay of the expression patterns of the
HOX transcription factors LIN-39, MAB-5 and EGL-5 in the C muscle lineages around 100
cells stage shows the expected anterior-posterior distribution pattern (Figure 5C). We
observed similar anterior-posterior gradients in other lineages (Figure 5C and Supplemental
figure 4), however the expression domains of the different lineages did not overlap,
reinforcing the previously established idea that in C. elegans Hox gene expression patterns
are determined primarily by lineage specific mechanisms rather than by position (Cowing
and Kenyon, 1996).

Global cell cycle and tissue dynamics of TF expression suggest a developmental timer
circuit

The lineage mapping dataset covers hundreds of cell cycles, which allowed us to look at
some global properties of TF localization dynamics. Most of the studied TF proteins appear
weakly with chromatin in mitosis, as they rapidly diffuse from the nucleus at nuclear
envelope breakdown (Figure 4D) and are then imported back with protein specific rates that
are consistent throughout the various lineages expressing the factors (supplemental figure 5).
One interesting observation was that the expression or nuclear localization onset appears to
be synchronized with the cell cycle for some TF proteins. For example, the onset of
FKH-4::GFP expression did not occur in the middle or end of a cell cycle for any of the
expressing cells (Figure 6B). The initial accumulation kinetics was very reproducible in all
cells expressing FKH-4 and always began rapidly and immediately after mitosis in multiple
lineages. Other proteins (CND-1, CEH-6, NHR- 25) showed similar cell cycle
synchronization at the expression onset, suggesting this may be a common mechanism to
ensure appropriate temporal expression (Figure 6C).

Some proteins had dynamic expression patterns across large lineages or even the entire
embryo. A striking example of lineage-dependent differences in dynamics is PAL-1 (Figure
6A,B). Previous work has established that after being inherited maternally, PAL-1 protein is
then restricted by posttranscriptional mechanisms to the posterior lineages C and D, where it
specifies proper lineage identity and reactivates its own zygotic expression (Hunter and
Kenyon, 1996). We observed the maternal expression, and loss in the AB lineage as
expected (Figure 6A). Surprisingly, we saw essentially identical early expression levels in
the C lineage as well as the more anterior E and MS lineages (Figure 6B). Only later, after
the presumed onset of zygotic expression, does expression become stronger in C. These
embryos developed normally, indicating that high PAL-1 is not sufficient to activate C and
D lineage fate. Mutants defective in E and MS specification produce excess C-like cells
(Bowerman et al., 1992).

Some genes showed temporally dynamic expression synchronously in all cells. A striking
example is FKH-4::GFP (Figure 6C,D Movie S2), which accumulates in all nuclei of the
embryo after they have undergone 5 cell divisions (except for the EMS lineage where
protein accumulates after 4 cell divisions). Protein levels peak about 30 minutes after their
onset and return to background levels in all cells within about an hour (~2 cell cycles).
Reporters for nhr-2, die-1 were broadly expressed with peaks 1–2 cell cycles after that of
fkh-4, suggesting they could also be under temporal control (Figure 6D and Movie S3). It’s
important to note that an analysis of promoter::reporter constructs would not have revealed
these dynamics. For example, a promoter reporter construct for nhr-2, analyzed by the same
methods, had a similar time of expression onset but the signal persisted and gradually
increased throughout development rather than peaking at a precise developmental time
(Supplemental figure 5).
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Discussion
The C. elegans TransgeneOme provides a platform for large-scale, tag-based protein
function exploration under endogenous regulatory control in one of the beststudied
multicellular model organisms. The dramatic scale up of DNA engineering and validation
throughput presented here will be useful in other large scale transgenic and synthetic biology
approaches and we are currently working to extend this approach to other model systems
(Hofemeister et al., 2010; Ciotta et al., 2011; Ejsmont et al., 2011). The development of
comprehensive resources of standard reagents and assays make it easy to reproduce and
compare results from independent studies and enables a quantitative Systems Biology
approach towards integration of the primary datasets.

We show the utility of the TransgeneOme platform for interrogation of transcription factor
protein function in vivo. We observed rapid protein localization and turnover dynamics,
including nuclear translocation (LIN-12/Notch) and cell specific protein degradation that
would not have been detectable with other methods. Cell fates in Nematodes are primarily
controlled by the cell origin (lineage), as illustrated by our comparative analysis of the
spatial distribution of the Hox TF proteins at the 100 cells stage. Ensuring correct timing and
synchrony in a system with primarily lineal mode of development may require an internal
molecular timer circuit. Some of the TF protein expression patterns we observed - broad,
synchronous, with rapid onset and offset hint towards such a mechanism. More work would
be required to determine if the factors we identified are actively regulating temporal identity
or merely responding to other temporal regulators. Interestingly, for several TFs we
observed rapid increases of detectable nuclear protein within a few minutes following the
cell division that produces the expressing cells, suggesting that cell division itself may be a
mechanism for synchronizing temporal identity with gene expression.

The transgenes have many applications beyond protein localization. The patterns can serve
as sensors in loss of gene function, drug screening or other system perturbations, which will
dramatically expand the accessible phenotypic space. The tag we used is compatible with
previously established methods that use protein purification coupled with mass spectrometry
for protein-protein interactions discovery (Polanowska et al., 2004; Cheeseman and Desai,
2005; Poser et al., 2008; Hutchins et al., 2010). For proteins that physically interact with
DNA, tag based chromatin IP is an efficient approach to map their binding sites, without the
need to develop highly specific antibodies. We are systematically applying this approach to
describe transcription factor binding sites in vivo. The properties of the emerging TF
networks (Zhong et al., 2010; Niu et al., 2011), show a good correlation between the known
TF function and their putative target genes. We have now extended these resources to
hundreds of thousands of binding sites, which are accessible to the community through
Wormbase and Modmine, and are continuously updated.

As any other tool the TransgeneOme still has potential limitations that should be taken into
account when the results are interpreted. The endogenous expression levels for some
proteins could be under the detection limit for GFP fluorescence microscopy or they may
not be expressed at all under laboratory conditions. All genes in the resource were tagged at
the C terminus, which may affect the function or stability of some proteins. Our results and
previous work in C. elegans and other model systems has shown that such cases are rare –
the transgenes have expression patterns consistent with their function and can rescue loss of
function phenotypes (Voutev et al., 2009; Petersen et al., 2011). However, if required an N
terminal tag (Supplemental figure 1) can be used instead. The fosmid transgenes provide
very reproducible expression and appear more resistant to germline silencing, however
multiple lines should be compared if conclusions are drawn based on expression pattern
alone. Another issue is the still incomplete genome coverage of the resource, due to the lack
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of suitable gDNA clones for close to 4000 genes. However, almost all of them can be fully
contained in a fosmidsized construct. Extending the available gDNA libraries and alternative
approaches such as targeted clone retrieval (Nedelkova et al., 2011) can bring us closer to a
comprehensive resource. Recently, several new methods for site specific and targeted
homologous recombination have been developed in C. elegans (Robert and Bessereau, 2007;
Frøkjær-Jensen et al., 2008). Other tools such Zn finger or TALEN nucleases(de Souza,
2011) and the phiC31 integrase (Wirth et al., 2007), which are successfully used for
transgenesis in other model systems should also be applicable to C. elegans. Changes in the
TransgeneOme resource that would make it compatible with these techniques could be
easily engineered. The ability to further modify the transgenes using recombineering adds to
the value of the resource. For example the transgenes can be engineered to contain specific
mutations for structure-function analysis or investigation of the role of cis regulatory
sequences.

The availability of the TransgeneOme resource cuts down the time for generation of tagged
protein expressing lines to just a few weeks, and opens up the road towards a proteome wide
map of protein function in C. elegans. While the generation of thousands of transgenic
worm lines is still a challenge, a distributed community-wide effort makes it feasible in a
relatively short time. By providing this resource to the community, we hope to stimulate
cooperation towards this common goal.

Experimental procedures
Bioinformatics

The clones containing genes of interest were chosen such that the ratio of upstream to
downstream sequences is as close to 2:1 as possible. For genes part of operons the same
rules were applied to the entire operon. The Sanger sequencing results were aligned to the
theoretical construct using Supermatcher from EMBOSS package (Rice et al., 2000). Paired-
end sequencing data was mapped to the expected sequence of the tagged genes in single-end
mode using Mosaik.

Transgene construction
Fosmid transgenes were constructed by liquid culture recombineering as previously
described (Sarov et al., 2006), but the unc-119 marker was inserted into the fosmid
backbone in the last step of the pipeline and all steps were performed in a 96 well plate
format. (See Supplemental experimental procedures and Supplemental figure 1). Sequence
maps and the validation data for all constructs is available at http://transgeneome.mpi-cbg.de

Strain generation
Transgenic strains were made using microparticle bombardment essentially as described
(Praitis et al., 2001), except that 20–50 μg of fosmid DNA was used per transformation.
Each 100mm worm plate was bombarded twice with the same DNA construct using the
Biorad Biolistic PDS with Hepta adapter.

Expression analysis
We crossed the GFP protein-fusion reporter into a lineaging strain, RW10226, which
expresses a histone H2B::mCherry fusion from a pie-1 promoter in the germline, and a
histone H1.1::mCherry fusion from the his-72 promoter in all somatic embryonic cells. We
used a Zeiss LSM510 microscope to collect 31 z-planes at 1-micron intervals every 1 or 1.5
minutes from the 4-cell stage through the onset of movement. Quantitation, analysis and
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display of the resulting images were otherwise performed as described previously (Murray
et al., 2008). The promoter reporter lines were published elsewhere (Murray et al., 2012)

Transcription factor binding sites mapping by ChIP/Seq
ChIP/Seq was performed in duplicates as previously described (Zhong et al., 2010). In brief,
staged worms were treated with formaldehyde, sonicated and the GFP tagged TFs were
affinity purified using polyclonal anti GFP antibody. The copurified DNA was sequenced on
the Illumina platform and the data was analyzed using Peakseq (Rozowsky et al., 2009). All
of the binding data is available from the modENCODE website (See also supplemental table
4).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• A genome wide resource for in vivo expression of tagged proteins was
engineered The tagged gene alleles provide native protein expression and
localization patterns

• Tag based ChIP provides genome wide DNA binding site maps for key
transcription factors

• Live 4D tracing reveals rapid transcription factor protein localization Dynamics
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Figure 1.
Generation of the C. elegans TransgeneOme
A. Transgenic strategy for protein function discovery. Fosmid transgenes are generated in a
high throughput 96 well pipeline, and validated by either high throughput NGS mapping or
at the single clone level by Sanger sequencing. The gDNA transgenes are stably integrated
into the worm genome and the lines expressing the tagged protein of interest under its native
regulatory controls are used for tag based functional analysis.
B. Multipurpose tagging cassette. The cassette used for the construction of the
TransgeneOme resource consists of 2 copies of the flexible linker peptide TY1, GFP, an
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FRT flanked selection (neo) and counter selection (rpsl) cassette and the affinity tag 3xFlag.
In the final construct the selection marker is removed by Flp/FRt recombination.
C. Size distribution of regions included in the fosmid transgene. The fosmid were selected
so that the lengths of the 5' and 3' regions were in 2:1 ratio, as shown in the size distribution
histograms on the left. Suitable clones were found for 16403 genes, or about 80% of the
genome and that defined the target set for the C. elegans TransgeneOme.
D. Recombineering pipeline for fosmid transgene production. Diagram of the DNA
engineering steps of the recombineering pipeline (described in detail in Supplementary
figure 1) is showed on the left with the efficiency at each step indicated in the bar graph on
the right. The original host cells containing the fosmids are made recombination proficient
by transformation of the multipurpose recombineering plasmid pRedFlp. The tag is then
inserted by recombineering just in front of the stop codon as a cassette (tagFrnF) with a FRT
flanked selection/counterselection marker; The selection marker is then removed by Flp
recombination, to leave only the tagging cassette minimizing any effect on regulation from
downstream 3’UTR elements. The single remaining FRT site is positioned in the sequence
such that it codes for a short flexible linker between the GFP and the 3XFlag. Finally a
genetic selection marker for worm transgenesis (unc-119, cyan) is inserted as a cassette with
an E. coli selection marker (nat, magenta) in the vector backbone depicted in black. For the
repeat tagging of all failed clones only the cumulative success rate is shown.
E. High throughput NGS validation. After pooling the clones the correct transgene
engineering was validated by paired end sequencing of the fosmid DNA. Constructs covered
by a spanning read on both the 5' (light blue) and the 3' (dark blue) end were considered
validated.
F. Validation depth. Constructs with at least one spanning pair were considered validated,
but over 98% of the junctions were covered by more than one pair (with a average of 29).
G. Fraction of constructs with unflipped selection cassette. The constructs are engineered in
liquid culture the final clone pools can contain carryover products from the intermediary
steps, but they are only present as a minor fraction.
H,I Sanger sequencing validation at the single clone level. H Tagging validation: the tag
region of isolated single clones was sequenced by Sanger sequencing. Color code: green –
exact match; yellow – clones with mismatches (either sequencing noise or true mutations);
blue – unflipped clones. 83% of the clones exactly matched the expected sequence.
Sequencing of a second clone for the failed constructs resulted in exact match in 59% of the
cases. I The unc-119 marker insertion was validated for the same clones by sequencing the
insertion junction. Color code: green-exact match; yellow – mixed sequence indicating
carryover of the unmodified construct; red – no match. (See also Supplemental figure 1,
Supplemental table 1 and Movie S1)
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Figure 2.
Low copy integration of full-length fosmid transgenes into the genome results in correct
protein expression regulation.
A. Transgenic line generation success rates The success rate of transformation by micro
particle bombardment is shown as total number of lines generated for each construct. Black
– fluorescence not observed; yellow – unstable fluorescent lines; green – stable fluorescent
line. The number of transformation experiments is indicated on top of each column. In most
cases a single transformation was sufficient to obtain at least one stable line.
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B.,C. The full extent of the gDNA transgenes can be integrated into the genome. Deep
sequencing of gDNA from the transgenic strains shows elevated signals in the regions
covered by the fosmids (indicated with a red line in panel B). The average level for the
transgene region, normalized to the neighboring genomic region is shown in panel C. Most
of the transgenes are integrated at a low copy number (See also Supplemental figure 2).
D. The gDNA transgenes deliver tagged protein expression at the expected molecular
weights. Tag based protein detection by α-FLAG western blot shows that the tagged
proteins are expressed at the expected molecular weights, including specific protein
isoforms. The expected sizes for all proteins including the 33 kDA tag are as follows: alr- 1,
OP200 - 75 kD; nhr-6, OP90 - 483, 89, 104 kD; mec-3, OP55 - 65, 70 kD; dpy-27, OP32 -
202kD; nhr-23, OP43 - 75, 83, 97, 100kD; unc-98, OP85 - 69kD; pha-4, OP37 - 80, 84,
91kD.
E. The tagged proteins are expressed at endogenous levels Western blot with protein
specific antibodies shows that the tagged (labeled with “t”) and the endogenous (labeled
with “w”) isoforms are expressed at comparable levels, indicating that the tagged proteins
are expressed at physiological levels.
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Figure 3.
The tagged proteins correctly localize to various subcellular compartments in accordance
with their functional role.
A. Examples of specific subcellular localizations that reflect the molecular function of the
protein in vivo. GOA-1 (Go/Gi class G protein alpha subunit) localizes to membranes.
GLH-1 localizes to droplet like particles in the germ line cytoplasm (P granules); SAS-5 and
AIR-1 (Aurora A kinase) localize to centrosomes; AIR-1 is also found on the spindle
microtubules; KNL-1 and BUB-1 are kinetochores components and localize to the
condensed chromosomes in mitosis; ACT-4 (actin) and ATN-1 (actinin), are part of the
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muscle fiber structures;NPP-11 is nuclear pore complex protein; KLP-4 is a kinesin like
protein which based on homology is expected to play a role in neuronal function and can be
seen on axon microtubules; M04F3.5 is likely involved in formation of plasma membrane
protrusions and localizes to specific membrane sub domains; SIR- 2.2 is a homolog of the
mammalian mitochondrial sirtuins and localizes to mitochondria (Supplemental figure 3).
B. The observed subcellular localization patterns closely match the distributions described in
the literature. 230 proteins (x axis) were localized to various compartments (y axis) Color
code: green - matching localization patterns previously described in C. elegans; yellow -
predicted pattern based on functional annotations or homology; blue – new patterns for C.
elegans for which the localization could not be predicted (there is either no clear ortholog or
it’s localization is unknown); red – patterns that differ from the previously described
localizations. Abbreviations: un – unknown, mc – membrane/cortex, cy – cytoplasm, co –
cytoplasmic organelles, cs – cytoskeleton, sp – spindle, cn – centrosome, kn – kinetochore,
nu – nucleus, ne – nuclear envelope, ch – chromatin, nf – nuclear foci, cc – condensed
chromosomes, no – nucleolus. The full data is available in Supplemental table 2.
C.,D. Dynamic in vivo relocalization of LIN-12 Notch in response to signaling. The Notch
homolog LIN-12 localizes to membranes in most of the cells in the developing embryo
(indicated by arrowheads), but translocation to the nucleus is detectable in several cells. The
translocation events marked on the lineage with red arrowheads correspond to know Notch
signaling events. The blue arrowheads mark lineages where active Notch signaling has not
been previously reported. The observed signals are significantly above the background
signal in the sister cells without Notch signaling (Supplemental table 3)
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Figure 4.
The TransgeneOme derived protein localization patterns reveal additional levels of
regulation when compared to promoter:GFP reporters
A,B Some genes express the protein fusion in lineages not expressing the promoter reporter
(red bars), implicating transcriptional control elements outside of the 5’UTR region present
in the promoter reporter.
C-E Other proteins showed expression in the same lineages as the promoter reporter but
were subsequently lost in specific sub-lineages (black bars)
E,F. Rapid loss of PAL-1 protein occurs in two cells of the D lineage in less than 10
minutes, despite the fact that all cells give rise to a muscle fate.
G,H. Some genes show initial protein accumulation in only a subset of the promoter reporter
expressing cells (black bars). See also Supplemental table 3.
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Figure 5.
Systematic high resolution mapping of TF protein localization at at molecular level by
Chromatin IP and at cellular level by in vivo microscopy
A. Examples of TF binding maps (the full data is available at wormbase.org and
modENCODe.org)
B. Examples of spatiotemporal mapping of TF expression on cellular/tissue level during
embryonic development. The full spatiotemporal data of embryonic TF expression is
available at http://epic.gs.washington.edu/.
C. Combinatorial expression map of Hox protein expression in the C muscle and the VT
seam cells lineages at the 100 cells stage. The patterns follow an anteriorposterior gradient
as expected. However the gradients in the two lineages are spatially shifted, suggesting that
the formation of the gradients is driven primarily by lineage mechanisms rather then by
position. The lineage maps and examples from other lineages are shown in Supplementary
figure 4.
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Figure 6.
Synchronized and rapid TF protein expression dynamics in multiple cells suggest a global
circuit controlling developmental timing
A. A global map of TF protein nuclear localization around mitosis. The amount of TF
protein in the nucleus for all cell division events in the TF expression dataset is plotted as a
heat map centered on the chromosome segregation time point. Most TF proteins rapidly
diffuse at nuclear envelope breakdown, indicating they are weakly associated with
chromatin.
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B. Synchronization of the expression onset with the cell cycle for FKH-4. The localization
dynamics for all expressing cells are very similar (thin lines individual cells, thick line –
average pattern).
C. Other proteins for which the expression onset appears synchronized with the cell cycle.
D. Expression patterns of FKH-4 and NHR-2 in the early embryo (see also sup videos).
E. Average expression of PAL::GFP over time for the founder lineages AB, E and C,
showing graded differences in time and level of maximal expression going from posterior to
anterior (C->E->AB); and average expression of AB lineage cells for FKH-4, NHR-2, and
DIE-1, showing a potentially sequential global temporal regulation. (See supplemental
figure 5 and supplemental movies 2 and 3 for more information)
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