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How cells adopt different expression patterns is a fundamental question of developmental biology. We quantitatively measured
reporter expression of 127 genes, primarily transcription factors, in every cell and with high temporal resolution in C. elegans
embryos. Embryonic cells are highly distinct in their gene expression; expression of the 127 genes studied here can distinguish
nearly all pairs of cells, even between cells of the same tissue type. We observed recurrent lineage-regulated expression
patterns for many genes in diverse contexts. These patterns are regulated in part by the TCF-LEF transcription factor POP-1.
Other genes’ reporters exhibited patterns correlated with tissue, position, and left–right asymmetry. Sequential patterns both
within tissues and series of sublineages suggest regulatory pathways. Expression patterns often differ between embryonic and
larval stages for the same genes, emphasizing the importance of profiling expression in different stages. This work greatly
expands the number of genes in each of these categories and provides the first large-scale, digitally based, cellular resolution
compendium of gene expression dynamics in live animals. The resulting data sets will be a useful resource for future research.

[Supplemental material is available for this article.]

While the availability of genome sequences has revolutionized bio-

medical research, our understanding of how genomes encode regu-

latory mechanisms is still limited. Much of expression regulation in

animals occurs in the context of development. To generate a global

understanding of how the genome controls the development of the

diverse cell types will require determining at cellular resolution in

vivo when and where each regulatory protein is expressed. Previous

large-scale expression atlases in model organisms such as Drosophila

(Tomancak et al. 2002; Fowlkes et al. 2008) and C. elegans (Dupuy

et al. 2007; Hunt-Newbury et al. 2007; Reece-Hoyes et al. 2007;

Martinez et al. 2008) have provided insight into gene function, but

have largely been limited to fixed stages or have not allowed com-

parisons of different genes’ expression at cellular resolution over time.

A dynamic, cellular resolution compendium could address the ques-

tion of how transcription factors influence expression patterning.

The nematode Caenorhabditis elegans is an ideal system in

which to measure developmental expression with cellular resolu-

tion because it allows whole-animal microscopy, and its invariant

embryogenesis proceeds rapidly through a stereotyped pattern of

cell divisions, generating identical patterns of 558 larval cells and 113

cell deaths in all individual embryos (Sulston et al. 1983). Early work

on fate specification suggested that, while inductive signaling events

are important, many developmental regulators are controlled in a cell-

intrinsic, lineage-dependent manner (e.g., Baumeister et al. 1996;

Cowing and Kenyon 1996). This lineage-based specification relies

heavily on the Wnt signaling pathway to distinguish sister cells after

each division and has been proposed to occur iteratively, with fate

decisions made in early divisions modulating competence to make

decisions later in development (Kaletta et al. 1997; Lin et al. 1998).

Liu et al. (2009) recently took advantage of the stereotyped

pattern of cell positions in C. elegans larvae to quantitatively com-

pare the expression of 93 fluorescent reporter genes across 363 cells

in newly hatched L1 larvae. They identified several interesting

features, including the existence of genes differentially expressed

between cells within a given tissue, and the existence of ‘‘de-

velopmental clones’’ in which lineally related cells have strongly

correlated gene expression, despite having different tissue identities.

These results lead to questions about how these types of larval pat-

terns are generated, as well as what types of expression patterns exist

in the 195, mostly neuronal cells not analyzed by Liu et al (2009).

We have developed methods to trace the cell lineage of embryos

expressing fluorescent reporters, resulting in quantitative expression

measurements on a nearly continuous time scale that can be directly

compared at cellular resolution between different animals (Bao et al.

2006; Murray et al. 2008). In this study, we apply these methods to

quantitatively measure the expression of 127 genes’ reporters with

cellular resolution and with ;1-min temporal resolution in C.

elegans embryos through the 350-cell stage of development. The

resulting patterns reflect not only tissue type, but also other di-

mensions, including physical position, lineage identity, and left–

right symmetry, significantly increasing the number of genes

known to reflect each of these dimensions. These patterns combine

to distinguish each individual cell from nearly all other cells.

Results

A cellular resolution gene expression atlas
of the C. elegans embryo

We identified a list of transcription factors and other regulatory

proteins for which prior microarray or phenotype data suggested
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embryonic function and targeted these for expression analysis (Fig.

1A). For these, we constructed stable C. elegans strains expressing

a histone-mCherry reporter under the control of the gene’s up-

stream intergenic sequences (Supplemental Table 1). We analyzed

expression of reporter strains whose expression begins before the

last round of embryonic cleavage (the 350-cell stage) by crossing in

a ubiquitous histone-GFP marker, collecting three-dimensional

confocal time-lapse movies, and tracing the cell lineage as de-

scribed previously (Bao et al. 2006; Boyle et al. 2006; Murray et al.

2006, 2008). The full data set included fully curated lineages for 263

embryos representing 111 genes’ promoters. Both cell positions and

division times for each embryo matched the wild-type patterns,

suggesting that neither the transgene nor the imaging process

caused major developmental abnormalities and that the lineage

tracing was correct.

For global analyses, we expanded the data set by collecting

comparable lineage data for 38 protein::GFP fusion reporter strains

generated as part of the modENCODE project. The protein fusion

strains are more difficult to generate and are generally less healthy

and less bright than the promoter fusion strains, but can show

complicated dynamics, which will be described in a separate

study. In general, the identity of expressing cells is similar but not

Figure 1. Reporters show expression in a wide range of patterns and onset times. (A) Data collection strategy. Confocal movies are collected and
analyzed by cell tracking (StarryNite) to generate a cell lineage tree. Expression is visualized by converting the raw reporter intensity in each cell into a color
on a black!red scale (from minimum to maximum expression) and displaying the color on the appropriate branch of the tree. (B) Heat map showing how
many genes were expressed differently (10-fold criteria, see Methods) between each pair of leaf cells (arranged in lineage order with color-coded fate bar).
The cells with the most closely related expression patterns are generally close lineal relatives (dark blue on diagonal axis). For example, a muscle cell (pink in
fate color code) from the MS lineage is more similar in expression to all other MS-derived cells (including pharyngeal and nervous system cells; large
diagonal lines) than it is to muscle cells from the C or P3 lineages (small diagonal lines). Tissue color code is shown below. Secondary diagonals of similar
cells (e.g., between ABpl and ABpr) represent l-r symmetric lineages; these symmetries were also observed by Liu et al. (2009) in 363 larval cells. (C )
Expression patterns organized by hierarchical clustering (y-axis). The cells (x-axis) are arranged in lineage order. The numbered clusters (right), which
correspond to the colored sections of the tree on the left, include multiple constructs with patterns biased toward (1) EMS lineage, (2) ABa lineage, (3) AB
sublineages, (4) AB notch-signaled lineages (Priess 2005), (5) broad or ubiquitous patterns, (6) broad expression with hypodermal bias, (7) hypodermal
precursors, (8) pharyngeal and intestinal precursors, (9) muscle precursors, (10) intestinal precursors. A full-resolution version of the cluster view is
available as Supplemental Figure 3.
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identical between protein and promoter fusions for most genes:

On average, 62% of expressing cells replicated in comparisons be-

tween promoter and protein fusion strains. In these comparisons,

the protein fusion reporters were sometimes expressed in addi-

tional cells, but just as often exhibited more restricted expression

(Sarov et al. 2012). Some differences were expected, as the fosmid

transgene-based protein fusions potentially include more regula-

tory sequence as well as allowing post-transcriptional regulation

and concomitant weaker signal.

Including the protein fusion reporters, the combined data set

includes 321 curated lineage expression patterns for 127 genes’

reporters (Supplemental Table 2). The patterns are diverse, including

embryos with expression in as few as two cells and as many as all cells

and zygotic fluorescence beginning as early as the 24-cell stage and as

late as the bean (;550 cell) stage (Supplemental Fig. 1A,B). We de-

scribe our initial analysis of the data set below, but expect that addi-

tional insights remain to be discovered. To facilitate further discovery,

we have placed the quantitative expression data for all cells and raw

images at our Expression Patterns in C. elegans (EPIC) database

(http://epic.gs.washington.edu) where they are freely available

for viewing and download.

To generate a compact description of which cells express

a particular reporter irrespective of time, we defined a metric ‘‘peak

expression’’ for each of the 671 terminal (‘‘leaf’’) cells born during

embryogenesis (Supplemental Fig. 2). For each of these cells, the

peak expression is the maximal reporter intensity observed in that

cell or any of its ancestors; this has the effect of transposing earlier

expression forward in time to the terminal set of cells. This metric

allows straightforward comparisons of genes’ cellular and lineal

expression overlap, even when the expression occurs with differ-

ent timing and despite differences in the precise time point that

curation ended in different movies, at the cost of ignoring the

temporal dynamics of expression, a topic

that requires separate treatment. For

simplicity, we use the term ‘‘expressing

cells’’ to mean the number of leaf cells (of

671) with peak expression greater than

background (2000 intensity units) and at

least 10% of the maximum expression in

that embryo (see Methods for details).

Based on this description of expression,

62% (79) of the genes studied had pat-

terned reporter expression, defined as

having expression in between 1 and 400

leaf cells; on average, each cell expressed

23 of these 79 patterned reporters. Of the

remaining genes, two (dpy-7 and lin-11)

had no expressing cells observed (because

expression began well after the 350-cell

stage), and the remainder were expressed

broadly or ubiquitously.

The promoter reporters provide a

readout of regulatory activity from a par-

ticular DNA sequence, but reporters may

not always perfectly recapitulate the en-

dogenous gene’s expression. Regulatory

sequences may lie outside the region in-

corporated in the construct and may be

influenced by the site and process of in-

tegration. To test the extent of these pitfalls,

we first compared the observed patterns

with the endogenous gene’s pattern for 29

genes curated by WormBase (Harris et al. 2009). The observed

patterns here include all of the cells previously shown to express

the endogenous gene (by antibody staining or in situ hybridiza-

tion) for 27 of 29 genes; in addition, our lineaging data identified

expression in cells that weren’t previously annotated as expressing

for six of these genes (Supplemental Table 3). In a second test, we

compared results from different movies. Expression was highly

concordant (>90% of strongly expressing cells replicated) for 78 of

the 92 reporters for which we analyzed multiple embryos (Fig. 2;

Supplemental Table 4). Of the remaining 14 reporters with higher

variability, six involved replicates from different strains, where one

strain was overall much brighter than the other, revealing addi-

tional expressing cells brighter than our threshold. This might

reflect true variability from integration site differences, but could

also result from other effects of strain construction. Five others

were examples where the expression was just beginning at the 350-

cell stage, reducing the reliability of detection. This difference was

exaggerated in some cases where one of the replicate embryos had

been curated to beyond the 350-cell stage to improve identifica-

tion cells with late onset of expression. However, three genes had

unambiguous within-strain variability (ceh-43, lsy-27, and elt-1). If

this proves to occur at the endogenous loci as well, these strains

may be useful tools for a more exhaustive study of gene expression

variability.

Diversity of embryonic gene expression patterns

Most cell divisions in the C. elegans embryo give rise to two sisters

with different fates, and these fate differences presumably result

from genes expressed differently between sister lineages (e.g., Hunter

and Kenyon 1996; Zhu et al. 1997; Horner et al. 1998; Kalb et al.

1998; Good et al. 2004; Neves and Priess 2005; Broitman-Maduro

Figure 2. Consistency of observed expression in replicates. (A) Replication frequency for each re-
porter construct. For each pair of replicate embryos, we calculated the fraction of cells expressing with
a peak intensity >5000 in the first embryo that also expressed with a peak intensity >2000 in the second
embryo, and display the results after averaging for each gene (n = 52 genes). (B) Quantitative consis-
tency. We compared the average fluorescence intensities of all cells for each by calculating the corre-
lation coefficient (r), and averaged the correlation coefficients obtained for all replicates of a given gene.
(C ) An example pair of replicates for nhr-67, a case where the replication frequency is 95% and (D) the
correlation coefficient is 0.89. This approximately represents the lower quartile of replication (75%
of genes were more consistent in their expression than this pair).
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et al. 2006, 2009; Sarin et al. 2009). To facilitate identification of

such genes, we developed automated criteria to identify reporter

genes differentially expressed between sister lineages (based on

a fivefold difference in average peak expression across the two

lineages—see Methods for details). A total of 270 embryonic di-

visions had at least one reporter gene with differential expression

between its daughters; 181 of these divisions could be distin-

guished by two or more data sets, either by different genes or by

a replicate that confirmed the difference (with a threefold or higher

difference—Supplemental Table 5). This includes the daughter

lineages of 94% of divisions through the 50-cell stage, 79% of di-

visions leading to the 100-cell stage, and 57% of divisions at the

200-cell stage. This lower rate in later rounds may reflect more

similar fates of the sisters, but could also reflect the fact that our

power to identify distinguishing genes decreases at later stages due

to the one to two cell cycles between expression commitment and

onset of detectable fluorescence (Murray et al. 2008; Supplemental

Fig. 1). Improved methods for late lineage tracing may allow de-

tection of expression differences among these later sister cells.

While previous studies have identified many distinct patterns of

expression, it is striking that such a large fraction of sister cells can

be uniquely distinguished with a relatively small sample of genes.

A pdf poster showing reporters for which we observed differential

expression, including how often the pattern was seen in replicates,

is available as Supplemental Data.

As a result of these differences in sister cell expression, most

cells differ from each other in expression patterns. An average ter-

minal cell has at least one reporter distinguishing it from 99% of all

other cells. Ninety-four percent of cells can be distinguished by

expression of five or more reporters (using a minimal 10-fold dif-

ference of peak expression to distinguish different cells) (Fig. 1B). In

general, closely related or symmetric cells have fewer genes dif-

ferentially expressed between them than do more distantly related

cells (Fig. 1B). For example, the anterior neuron AINL (ABalaaaalal)

is not distinguishable from its sister (a cell death), has only one

gene (ttx-3) whose expression distinguishes it from its cousin cells

(ILshL and another cell death—separated by two divisions), but

has four genes (ceh-43, ttx-3, ref-2, and F21D5.9) that distinguish it

from ILshR (which is separated from AINL by five divisions—see

Supplemental Poster). While the number of replicates per gene do

not provide enough power for independent statistical tests for each

cell pair’s differences, we estimated the impact of variability and

noise on this analysis by determining how often different numbers

of difference would be expected by chance based on the variability

of the same cell across replicate embryos (Table 1). Notably, 97% of

cells could be distinguished by two or more replicates of two or

more genes, compared with 7% expected by chance. Many factors

such as tissue type, lineage history, physical position, and symmetry

status may influence expression patterns individually or collectively.

To learn more about the basis for this complexity of gene expression,

we used clustering to identify groups of reporters (Fig. 1C; Supple-

mental Fig. 3) or cells (Supplemental Fig. 4) with similar expression

patterns. The dominant clusters included genes expressed in in-

testine, muscle, hypodermis, intestine, and pharynx, and ubiqui-

tously expressed genes. The presence of many genes weakly corre-

lated with all others (long branches in the cluster dendrogram)

indicates that many reporters were expressed in unique patterns not

shared with other genes in our data set. This raises the question of

what features drive diversification of expression patterns.

Reiterated patterning of daughters from anterior–posterior
divisions

Most divisions in the embryo occur along the anterior–posterior

(A–P) axis, and differential Wnt-mediated signaling along this axis

is well established as a major factor driving fate asymmetry of sister

lineages (Kaletta et al. 1997; Lin et al. 1998; Park and Priess 2003).

The model posits a generic A–P cue that acts combinatorially and

iteratively with lineage-specific factors to determine expression

patterns. A strong candidate for this cue is the TCF/Lef transcrip-

tion factor POP-1, which is known to regulate fate diversification

in many A–P divisions (Bertrand and Hobert 2010). The detailed

expression patterns might provide new candidate genes down-

stream from POP-1. To identify such candidates, we first looked for

reporters expressed in multiple sublineages derived from either

anterior daughters or posterior daughters, but not both. For ex-

ample, the ceh-16 reporter is expressed in 15 lineages, all but one

derived from the anterior daughter of a division, while a pax-3 re-

porter is expressed strongly in five lineages, all derived from pos-

terior daughters (Fig. 3A). This is distinct from physical position;

both the ceh-16 reporter-expressing cells and the pax-3 reporter-

expressing cells were distributed over the full length of the embryo

(Fig. 3B). Across the full data set, reporters expressed in more than

two lineages were significantly biased toward expression pre-

dominantly in either anterior or posterior lineages, and not both

(Fig. 3C) (P < 10�19). This reiterates that anterior–posterior position

of daughter cells is a major feature governing gene expression, and

suggests that A–P lineage pattern regulation occurs for a substantial

fraction of genes.

In many cases, lineal expression patterns recurred on multiple

closely related lineages (e.g., Fig. 3E; Supplemental Poster). To ex-

amine the significance of this, we represented the observed patterns

as simple binary codes and looked for patterns that occur more

often than expected by chance, termed ‘‘lineage motifs’’. For ex-

ample, if two sister cells both divide asymmetrically to yield one

expressing daughter lineage each (Fig. 3D), four patterns are pos-

sible; expression could occur in both posterior daughters (a co-

herent pattern), in both anterior daughters (also coherent), or in

the anterior daughter of one cell and the posterior daughter of the

other (incoherent patterns). We observed 28 examples of coherent

patterns in sister lineages compared with only three examples of

incoherent patterns (P < 10�5). Similarly, significant bias for co-

herent patterns exists in parent and daughter lineages, and in cells

separated by two divisions (Fig. 3D). Within a given lineage, dif-

ferent genes often were expressed in distinct repetitive patterns

(Fig. 3E). The strong tendency for related cells to make similar de-

cisions suggests that reuse of regulatory modules sensing A–P di-

vision polarity in related lineages is a common regulatory strategy.

To determine whether the posterior-based patterns we ob-

served are POP-1 dependent, we traced the expression of 10 of

these reporters after depleting pop-1 by RNAi (Fig. 3F; Supplemental

Table 1. Number of genes distinguishing cell pairs

Cell pairs
distinguished

(observed)

Fraction of
cell pairs

(expected)

One or more genes 99.33% 52.53%
Five or more genes 96.41% 0.80%
One or more genes, in two or

more replicates
98.33% 24%

Two or more genes, in two or
more replicates

96.84% 6.90%

C. elegans embryonic gene expression
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Figs. 5,6). POP-1 protein is preferentially depleted in posterior

nuclei by a Wnt-dependent mechanism after most A–P oriented

divisions in the C. elegans embryo, is known to repress posterior

fate in the anterior daughter (Lin et al. 1995, 1998; Park and Priess

2003) and to activate posterior fate in the posterior daughter of

several divisions (Maduro et al. 2005b; Huang et al. 2007; Phillips

et al. 2007), and is likely important for asymmetry in many di-

visions (Kaletta et al. 1997). For six genes (ceh-36, ceh-27, tbx-11,

nhr-25, tlp-1, and elt-6) loss of POP-1 resulted in ectopic expression

in the anterior sister of the (posterior) lineages that express in wild

type, suggesting that POP-1 normally represses expression in these

anterior lineages. For three reporters (tlp-1, elt-6, and pha-4) pop-1

RNAi resulted in loss of expression in posterior lineages, suggesting

a role for POP-1 in activating gene expression in these posterior

lineages. For the other three genes (nhr-25, nhr-67, and cnd-1) more

complex transformations occurred that are consistent with POP-1

loss causing homeotic transformations in earlier divisions, prior to

the onset of expression. Together, these

results strongly support the model where

POP-1 acts to regulate asymmetric gene

expression in the daughters of a wide

range of embryonic divisions and im-

portantly provide candidate effectors of

the POP-1 signal.

Tissue and position correlated gene
expression

We expected to find a large number of

tissue-dependent expression patterns

based on previous large-scale studies

(Hunt-Newbury et al. 2007) and the fact

that master regulators of specific tissue

types exhibit tissue-specific expression

(such as hlh-1 in muscle) (Krause 1995),

pha-4 in pharynx (Horner et al. 1998;

Kalb et al. 1998), elt-1 in hypodermis

(Gilleard and McGhee 2001), end-1 in

intestine (Zhu et al. 1997), and mec-3 in

touch neurons (Way and Chalfie 1988).

We identified 38 genes in our data set

whose reporter expression is correlated

with the major tissue types (correlation

coefficient >0.4) (Fig. 4A). The most

common tissue-enriched pattern was in-

testinal expression, which was observed

for 19 genes. Eight genes were correlated

with muscle, five with hypodermal or

blast cell fate, one with pharynx, and

three with neuronal fate. For some genes,

expression was quantitatively enriched in

a tissue, but not all or none. This was

particularly true for genes best correlated

with nervous-system identities; they were

either also expressed broadly in other

non-neuronal tissues or were limited to

a subset of neurons. Many of the genes

whose expression is correlated with a tis-

sue were specific to that tissue type, in-

cluding hlh-1 in muscle, nhr-25 and nhr-

23 in hypodermis, and 15 genes in in-

testine, including the GATA factors elt-2,

elt-7, end-3, and end-1. The average correlation coefficient with

tissue identity for tissue-biased genes identified for non-neuronal

tissues was 0.76, compared with 0.43 for neuron-biased genes,

emphasizing the weaker nature of nervous-system-specific ex-

pression at this developmental stage. The differences between the

tissues in the number of patterned genes could result from differ-

ences in complexity; for example, the nervous system includes

a much wider range of cellular phenotypes than does the intestine.

Alternatively, it could reflect differences in specification time; the

intestine is clonal and specified early in embryogenesis, muscle

and hypodermis specification begins two to three cell cycles later,

and the nervous system is not clonal, with neuronal fate not fully

specified until after the last round of cell divisions.

Cells of the same tissue type can have position-dependent

functional differences. In humans, fibroblasts from different regions

of the body differ in the expression of position-specific regulators

such as Hox genes (Chang et al. 2002). C. elegans Hox genes are

Figure 3. Lineage motifs and reuse of anterior-posterior expression logic. (A) ceh-16 and pax-3 re-
porters are expressed in multiple sublineages. The diagrams are organized according to the conventions
of Sulston et al. (1983), with time on the vertical axis, divisions represented by horizontal lines, and the
anterior daughter placed in the left position of each division. Red intensity is displayed proportional to
the measured fluorescence signal. Arrowheads mark inferred commitment points (Color of arrowheads:
[red] identified using the fivefold difference in lineage average criterion used for Supplemental Table 5
and described in detail in the methods; [blue] lineages below the fivefold cutoff identified by manual
inspection, actual fold difference for these cases was between threefold and fivefold). In one of three
pax-3 replicates, additional weak expression below our threshold was observed in the (posterior-de-
rived) ABarp lineage, and the ceh-16 reporter was expressed at low levels (also well below the threshold)
in the additional posterior-derived lineage ABprappp. (B) Three dimensional projections of confocal
micrographs show the terminal positions of expressing cells for the reporters shown in A are distributed
over the full length of the embryo. (C ) Histogram showing that reporters differentially expressed in three
or more lineages (black bars, using the fivefold lineage-based cutoff) are biased toward mostly anterior
or mostly posterior lineages relative to randomized control (white bars). (D) Identification of lineage
motifs. (Left) Example showing mapping of egl-5 reporter expression (top) onto a binary two-division
pattern (bottom). (Right) Frequency of 2-division and 3-division lineage patterns. (E ) Examples of A–P
patterns in the lineage derived from the C founder cell. In some cases lineage patterns are correlated
with tissue identity (nhr-171) or position (lin-39). (F ) Changes in reporter expression after pop-1 RNAi.
tlp-1 and ceh-27 show ectopic expression in the anterior lineage (a!p conversion), tlp-1 and elt-6 show
both gain of anterior expression and loss of posterior expression.
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similarly known to be expressed in position-specific patterns as

in other organisms (Cowing and Kenyon 1992; Wang et al. 1993),

although these patterns were surprisingly found to be regulated

by lineage history rather than directly by position (Cowing and

Kenyon 1996), and more recent work suggests that the position to

which a cell migrates depends on its lineage identity in the wild-

type and homeotic mutants (presumably due to gene expression)

(Bischoff and Schnabel 2006; Schnabel et al. 2006). Consistent

with this, the four Hox reporters in our data set (egl-5, mab-5, lin-

39, and nob-1) were each limited to a defined region along the

anterior–posterior axis. However, we also identified 35 non-Hox

reporters for which the expressing cells were limited to a specific

anterior–posterior physical position, defined as having a standard

deviation <20% of the embryonic length for at least one embryo

(Fig. 4B; Supplemental Table 6), and 25 of these were positionally

expressed in two or more replicates. Some

of these are known from previous studies

to be important for positional identity,

including the anterior-biased ceh-32 (RNAi

results in crooked head) (Dozier et al. 2001)

and the posterior-biased vab-7 (mutants

have multiple tail defects) (Ahringer 1996),

but most have not previously been associ-

ated with specification of position. Most of

these reporters were expressed in cells that

contribute to multiple tissue types and

arise from multiple lineages, ruling out the

possibility that positional specificity re-

sults solely from single clones of express-

ing cells that are near each other because of

their tight ancestry. This type of pattern

could regulate position-specific behavior.

For example, anterior intestinal cells need

to connect to the pharyngeal–intestinal

valve, posterior intestinal cells need to

connect to the intestino–rectal valve, and

other intestinal cells connect only to other

intestinal cells.

Left–right asymmetry

Most cells in C. elegans occur as left–right

(L–R) symmetric pairs. Sulston identified

29 homologous lineage pairs where the

L and R lineages produce primarily L–R

symmetric cells through equivalent di-

vision patterns (Sulston et al. 1983). These

homologous lineages produce 626 cells,

while 45 additional cells arise from asym-

metric lineages. In some cases the homol-

ogous lineages are sisters, but they also

frequently arise instead from disparate po-

sitions in the lineage. Seventy two of the

cells within L–R homologous lineages

break symmetry by adopting a different

fate from their symmetric partner; for

example, the left blastomere ABplpaa

produces 15 neurons, two cell deaths,

and the excretory duct cell, while the

homologous right lineage ABprpaa gen-

erates identical cells, except with the

excretory duct replaced by the embry-

onic excretory pore cell. The asymmetry may be more extensive

than described (Sulston et al. 1983), since even morphologically

identical symmetric cells can differ in function. For example, the

L and R ASE gustatory neurons are morphologically identical, yet

express different receptor proteins and respond to different

chemical stimuli (Pierce-Shimomura et al. 2001). Genes expressed

asymmetrically in L–R symmetric lineages would be useful tools in

determining how these asymmetries are generated from otherwise

equivalent lineages. We asked whether any reporters in our data set

are expressed asymmetrically in homologous L–R lineages. In-

triguingly, 39 genes have asymmetric reporter expression, defined

based on 10-fold intensity differences, in at least one cell pair, with

15 genes asymmetric in 10 or more pairs of cells (Supplemental

Table 7). In total, our data set includes at least one asymmetric

reporter for 284 of 313 cell pairs derived from homologous L/R

Figure 4. Multidimensional regulation of expression. (A) Tissue-correlated expression. Cells are
arranged by tissue on the x-axis and genes are sorted by which tissue or combination of tissues they are
best correlated with: (B) Blast; (H) Hypodermis; (N) Neuron; (G) Glia; (I) Intestine; (P) Pharynx; (M)
Muscle. Genes were included if their correlation coefficient to a given tissue identity was greater than
0.4. (B) Position-correlated expression. Three dimensional models showing the location and measured
intensity of all expressing cells for six reporters expressed in specific anterior–posterior positions at the
350-cell stage. (C ) Left–right asymmetric expression (expression in an individual cell pair considered
asymmetric if at least 10-fold different, see Methods for details). For the alr-1 reporter, all expressing
cells are shown in the projection colored by intensity, and the lineage shows left-biased expression in
the MSa and MSp lineages. MSa (left) and MSp (right) produce symmetrically equivalent cells except
for the branches marked with an asterisk (*). pes-1 reporter expression in MS is biased for the left (MSa
colored red) cells and only expressed in one right (MSp colored blue) cell, while in the C lineage the
expression is limited to right cells (Cp, colored blue). Notably, pes-1 expression in other lineages is L–R
symmetric.
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lineages, including 56 of the 72 cells

embedded in these lineages that break

symmetry at the level of fate. For 178

of these cell pairs at least one gene was

differentially expressed in two or more

replicates.

Some of the expression asymme-

tries occur in homologous lineages that

arise from distant parts of the full line-

age where the multiple separating di-

visions provide many opportunities

to accumulate lineage-dependent or

signal-induced expression difference. A

previous study identified this type of

mechanism as distinguishing the L and

R ASE neurons, which are separated by

five divisions (Poole and Hobert 2006).

We also saw expression asymmetry be-

tween homologous sister lineages. The

founder cells MS and C each divide

along the A–P axis to give daughter lin-

eages that migrate to adopt homologous

L and R fates, with only a few terminal

cells breaking the symmetry rule in each

lineage. For example, Ca and Cp pro-

duce identical patterns of hypodermal

and muscle cells, except that the left cell

Caap forms neurons instead of the hy-

podermis formed by its right equivalent

Cpap. Reporter expression for pes-1 and

alr-1 distinguishes the L and R lineages

for each of these two cells (Fig. 4C). In

other lineages, pes-1 expression is sym-

metric (but A–P repetitive), but alr-1 is

notable because a substantial fraction of

its expression is asymmetric (although

some symmetric expression of this gene

does occur later in development [Tucker et al. 2005]). Notably,

these reporters’ asymmetric expression occurs even in cells that

apparently adopt the same fate on both sides of the animal, and

expression begins before the symmetry-breaking cells are born.

Therefore, these lineages are distinguished by early symmetry-

breaking events and not solely by inductive events in the ter-

minal cells.

Cascades of lineage-specific expression predict embryonic
regulatory pathways

The classic model of developmental patterning through sequential

specification of fates requires cascades of expression, where dif-

ferent TFs are expressed in a given lineage at progressively later

onset times and in progressively restricted sets of cells. This has

been observed for lineages whose specification is well studied, such

as E (Maduro and Rothman 2002), MS (Broitman-Maduro et al.

2009), and C (Baugh et al. 2005). We observed many new examples

of this type of cascade (Fig. 5; Supplemental Poster). In some cas-

cades, reporters are expressed in all cells of a given lineage with

progressively later onset time. For example, reporters for 16 genes

were expressed throughout the E (intestinal) lineage but not in its

sister lineage, MS (Fig. 5A,C). These ranged in onset time from 102

min (end-1) to 249 min (ges-1), and included several known regu-

lators of E fate. An additional seven reporters were expressed in

unique subsets of E lineage cells (Fig. 5B)—on average these tend to

have later onset times than the reporters expressed throughout E.

To test the potential for predicting regulation from our expression

data, we examined the upstream intergenic sequences of these

E-lineage-specific genes. The E lineage is known to be specified

through a transcriptional cascade of the GATA factors end-1, end-3,

elt-2, and elt-7 (for review, see Maduro and Rothman 2002). Our

reporters for these GATA factors showed specific expression in the

E lineage with timing lags consistent with previous reports (Zhu

et al. 1997; Fukushige et al. 1998; Maduro and Rothman 2002;

Maduro et al. 2005a). We used the Gibbs Sampling program Bio-

prospector (Liu et al. 2001) to identify DNA sequence motifs in the

promoter sequences of these E-lineage-specific reporters. The top-

scoring motif was ANWGATAAGY, which matches the known

binding site for the mammalian GATA3 factor (WGATAA) (Portales-

Casamar et al. 2010). Furthermore, the known GATA3 motif was

significantly enriched in the 1-kb upstream intergenic sequences for

the E-specific genes. Consistent with this, we recently found that

seven of these genes’ expression changes either in level or pattern in

end-1 or end-3 mutants (Boeck et al. 2011).

A second category of cascade involved progressive specifica-

tion of later sublineages, consistent with the model of progressive

binary specification through iterative Wnt signaling and POP-1

activity (Kaletta et al. 1997; Bertrand and Hobert 2010). For example,

Figure 5. Lineage-specific cascades suggest regulatory pathways. (A) Expression of a subset of
E-lineage-specific patterns arranged by onset time (E-specific expression identified using the fivefold
lineage cutoff). (B) Reporters with patterned expression in the E lineage. (C ) Timing of all E-specific
patterns. (D) Lineage-aligned reporter expression patterns of eight genes showing progressive re-
striction of expression in the daughters of AB (tbx-38), ABal (ceh-32 and hlh-26), ABalp (pha-4 and ceh-
43) and ABalp daughters (tbx-11), granddaughter (alr-1), and in the left ASK neuron derived from this
lineage (ttx-3). A poster-sized curated set of patterns distinguishing cells of all lineages is available as
a Supplemental Poster.
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the t-box TFs tbx-37 and tbx-38 distinguish ABa from its sister ABp,

and then the reporters for ceh-32, hlh-26, pha-4, ceh-43, tbx-11, and

alr-1 progressively distinguish the daughters of succeeding di-

visions until finally the sensory neuron ASKL and its sibling

(which undergoes programmed cell death) express a reporter for

ttx-3 (Fig. 5D). All of these genes, except tbx-37/38, are also expressed

in other lineages. Such cascades can be generated for every terminal

cell (Supplemental Poster), providing useful tools for determining

regulatory mechanisms governing each lineage’s specification.

The genes in these cascades are candidate regulators of lineage

identity.

Differences between embryonic and postembryonic expression

Liu et al. (2009) recently reported quantitative expression mea-

surements for about 100 reporters in about two-thirds of the cells

(mostly non-neuronal) present in L1 larvae. Because they analyzed

48 of the same reporter strains used in this study, we can compare

expression in the first half of embryogenesis with larval expression

in the same cell lineages directly by calculating the correlation

between the peak expression level and the reporter intensities

reported in the larval study. While correlation between larval and

embryonic expression for patterned genes was significant (mean r

= 0.41), this correlation was much lower than between replicates of

the same embryonic pattern (Supplemental Table 4). Examining

the patterns in detail, about half of the expression differences in-

volve reporters expressed in larval cells whose embryonic ancestors

did not express that reporter. This is not surprising given that some

differentiation and maintenance programs do not begin until after

the 350-cell stage, and our analysis did allow us to observe ex-

pression at these later time points. However, it was just as common

for a strain to express a reporter in embryos but lose that expression

by the L1 stage. This emphasizes the dynamic nature of develop-

mental programs that are driving expression of the transcription

factors and emphasizes that scoring expression patterns only in L1

animals is not sufficient to completely catalog the cells in which

a gene is expressed. In other words, expression in lineally related cells

does not necessarily imply expression in their common ancestor as

was inferred in Liu et al. (2009).

Discussion

We present here the first large-scale, digital, cellular resolution

compendium of gene expression pattern over time in live C. elegans

embryos. Several other studies have generated and analyzed large

collections of C. elegans reporter expression strains. In addition to

the cellular resolution atlas of larval expression described by Liu

et al. (2009), these include a pioneering collection of 1886 strains

expressing promoter-GFP fusions largely from multicopy extra-

chromosomal arrays (Hunt-Newbury et al. 2007) that notably in-

cluded manual lineage analysis to identify expressing cells for a few

reporters (albeit without the quantification and dynamics facilitated

by our automated methodology). Other large-scale studies include

a collection of 366 transcription-factor promoter::GFP reporters

(Reece-Hoyes et al. 2007), and of 73 microRNA promoter::GFP re-

porters (Martinez et al. 2008). Each of these studies generated

a substantial resource of strains and biological insight, but quan-

titative analysis and integration of the results was limited by the

static and descriptive nature of the analyses, which required manual

annotation of individual images using controlled vocabularies and

subjectively curating lists of expressing cells. Others (Dupuy et al.

2007) examined the expression of about 900 reporters by a flow

cytometry method that gives a one-dimensional picture of ex-

pression intensity over the length of each worm in a population.

The quantitative nature of this approach makes this data set es-

pecially useful for computational analysis, albeit without cellular

resolution and only for postembryonic stages.

We observed strong influence of lineage history on expres-

sion, especially the predominance of repetitive anterior–posterior

lineage patterns across a substantial fraction of transcription fac-

tors. These patterns frequently repeat to form patterns on the

lineage (e.g., ceh-16) (Fig. 3A) with different scales consistent with

the pattern being involved in combinatorial specification of fate.

These results support the generality of the model that a large frac-

tion of fate specification in C. elegans embryos occurs through lin-

eage-dependent mechanisms (for review, see Bertrand and Hobert

2010). Wnt components are clearly major regulators of lineage-

mediated fate specification. Kaletta et al. (1997) showed that mu-

tants in lit-1 (which negatively regulated Wnt signaling) undergo

widespread posterior to anterior fate transformations, and reciprocal

changes are seen in loss-of-function mutants of pop-1 (Lin et al.

1998). These studies strongly support the general model that fate

specification occurs in part through sequential fate specification

through a binary decision tree that diversifies the daughters of each

division, although numerous inductive interactions are also im-

portant in other fate decisions (e.g., Priess 200).

A classic example of this type of specification is in touch

neuron specification. These cells’ fate is specified by a cascade

where lineage-specific expression of the POU Homeodomain fac-

tor unc-86 (Baumeister et al. 1996) combines with additional reg-

ulators to result in expression of the LIM homeodomain factor mec-

3 in a subset of anterior daughters of unc-86-expressing cells (Way

et al. 1992; Wang and Way 1996). UNC-86 and MEC-3 then co-

operatively activate the expression of touch-neuron-specific genes

(Way and Chalfie 1988; Duggan et al. 1998). More recently, direct

roles for context-dependent Wnt pathway control have been

demonstrated in regulating intestinal fate (Maduro et al. 2005b),

distal tip cell specification (Lam et al. 2006), terminal neuroblast

division (Bertrand and Hobert 2009), and asymmetric divisions in

the T blast cell lineage (Yoda et al. 2005). Our findings that pop-1

regulates repetitive anterior–posterior expression differences in

multiple lineages extends the number of known pop-1 targets, and

suggests that a substantial fraction of regulatory genes are targets of

pop-1 in multiple diverse lineages. This implies that pop-1-response

elements can interact with multiple context factors to generate

combinatorial regulation. The transcription factors we identify as

having lineage-specific reporter expression are candidates for these

selectors of lineage-specific pop-1 targets.

Our identification of many new genes with L–R asymmetry

provides useful tools to help identify regulators of this type of

asymmetry. Recent work identified asymmetrically expressed

transcription factors, including ceh-36, that regulate a single-fate

asymmetry in the symmetric ABaraapa/ABaraapp lineages (Nakano

et al. 2010). Interestingly, expression of our transcriptional reporter

for ceh-36 is not detected asymmetrically in these cells in any of

three different strains. However, while our construct included 5.0

kb upstream, whereas the Nakano et al. (2010) genomic construct

included only 2.5 kb, the Nakano construct also included the in-

trons and 1 kb of downstream sequence. This suggests that the

asymmetry-regulating elements are located in the genic or down-

stream regions, or that the sequences between 2.5 and 5 kb up-

stream inhibit this expression. Notably, the division that generates

the initial asymmetry, like many of the divisions leading to L–R

homologous lineage is initially oriented A–P, with L–R symmetry
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resulting from subsequent cell movements, and thus could be

controlled by the same pop-1-mediated mechanism used for other

A–P divisions. True left–right oriented divisions are rare and on

average show fewer expression differences, although asymmetries

do exist. For example, our data set confirms the asymmetric ex-

pression pattern of ref-1 in descendants of L–R divisions in the E

lineage, an asymmetry that has been shown to depend on Notch

signaling (Neves and Priess 2005).

The patterns and strains described here will be useful resources

for the community. Potential regulatory interactions identified

based on coexpression patterns (e.g., Fig. 5) will be useful in in-

terpreting transcription-factor binding data produced by the

modENCODE project and others (Celniker et al. 2009; Zhong

et al. 2010). The cascades identified in this report provide an

initial set of candidate regulatory relationships. Such predictions

can be tested directly by perturbing candidate regulators and

examining the downstream reporter for both qualitative and

quantitative changes in expression, as done here for pop-1 (Murray

et al. 2008). Fluorescent labels specific for particular lineages will be

useful in screening for regulators of those lineages, and if sorted by

flow cytometry (Fox et al. 2005) can be used to globally identify

expression and other molecular attributes of different lineages.

This data set makes it possible to identify genes differentially la-

beling nearly every pair of cells, providing a useful toolkit for such

molecular characterization.

Methods

Data collection, imaging, editing, database, partial editing
We combined the list of C. elegans transcription-factor genes
(Reece-Hoyes et al. 2005) with other important developmental
regulators and genes with previously characterized embryonic
expression. We prioritized genes for further analysis that were

expressed differently in wild-type and homeotically transformed

embryos in a previous study (Baugh et al. 2005). For each target

gene, we designed PCR primers to amplify the upstream intergenic

sequences (UIS) by using the program Primer3 (Rozen and Skaletsky

1998). For genes with short UIS, we used a minimum target length of

2250 bp, and for genes with long UIS we used a maximum target

length of 5750 kb. We allowed Primer3 to pick the best distal primer

within 250 bp of the target and fixed the proximal primer by an-

choring it at the translation start site (including up to 6 aa of the

endogenous protein, which increased PCR success rates). Prior

studies have established that the type of long promoter regions we

used here often produce patterns that are correct enough to allow

genetic rescue, and even shorter (<2 kb) promoter regions either

completely or partially match the endogenous expression patterns

(e.g., Reece-Hoyes et al. 2007) We cloned each UIS PCR product into

pJIM20 (containing a cloning site followed by histone-mCherry

and a permissive let-858 39 UTR) (Murray et al. 2008) using standard

cloning methods and used the resulting plasmids to generate

transgenic C. elegans by microparticle bombardment of the strain

CB4845[unc-119(ed3)] (Praitis et al. 2001). Strains with visible

histone::mCherry were followed for at least three generations

to insure stable inheritance. A full list of strains generated for

this project is available in Supplemental Table 1.
None of our promoter reporters are expressed in the germline,

even when the endogenous gene is—this may be due to specific

UTR requirements for germline expression (Merritt et al. 2008).

Therefore, they provide information about onset time and spatial

regulation of zygotic expression for each promoter. We observed

expression beginning as early as the 28-cell stage, consistent with

widespread zygotic transcription beginning at the eight-cell stage
(Newman-Smith and Rothman 1998) and a lag of ;30 min for
mCherry translation, folding, maturation, and nuclear import
(Murray et al. 2008; Supplemental Fig. 1A). The high stability of the
histone-mCherry reporter allowed us to identify zygotic activity
with a high sensitivity, but limits our ability to detect cases when
expression dynamically turns off.

We crossed the strain RW10029 with each promoter reporter
strain to generate strains homozygous for both the ubiquitous
histone H3.3-GFP lineage tracing marker and the histone-mCherry
reporter. We then imaged these strains and traced their lineages as
described previously (Bao et al. 2006; Boyle et al. 2006; Murray
et al. 2006, 2008). We curated each movie’s lineage to the 350-cell
stage, which, in general, was defined as the time when E has di-
vided to produce 16 cells (E16), and C has divided to produce 31
cells (C31). While development is highly reproducible (each cell
cycle length has a standard deviation of ;2% across embryos), this
low rate of variation still results in variation in the list of cells
present in the last curated time point (e.g., some MS divisions
occur before or after the last C31 cell in different embryos). A list of
analyzed embryos is available in Supplemental Table 2. To store
and organize the data, we developed a custom XML-based embryo
database (source code and java executable available at http://
waterston.gs.washington.edu/tools.html). Expression and posi-
tion data for each cell at each time point in each embryo are
available as comma-separated value files at http://waterston.gs.
washington.edu/epic/. For 11 genes, we partially traced the lineage
beyond the 350-cell stage to identify cells with later onset where
this was possible and allowed the identification of all expressing
cells (egl-5, mab-5, T28H10.3, ceh-6, ttx-3, lin-39, nob-1, mir-57, mir-
61, dpy-31, ges-1). It was not done for all genes, as each case re-
quired a substantial amount of manual lineage tracing. For an
additional 26 reporters, we generated movies but did not curate
lineages because expression occurred only after the 350-cell stage
(n = 21) or occurred uniformly in all cells (n = 5) (Supplemental
Table 1).

The protein fusion strains were generated as part of the
modENCODE project and their expression dynamics will be de-
scribed in detail elsewhere. Briefly, a GFP-3XFLAG tag was in-
troduced at the C terminus of each transcription-factor’s coding
region in a genomic fosmid clone by recombineering (Sarov et al.
2006). An unc-119 rescue marker was introduced by recombine-
ering into the fosmid backbone, and integrated transgenic strains
were made by bombardment. Data collection was the same as for
the promoter fusions except that the strain RW10226 (itIs37[pie-1
promoter-mCherry::H2B-pie-1UTR + unc-119(+)]; stIs10226[his-72
promoter HIS-24::mCherry let-858 39 UTR + unc-119(+); unc-
119(ed3)]) was used for the lineage tracing marker, and the colors
were reversed for all downstream analyses.

Data processing

To facilitate direct comparisons, we first corrected the expression
values for z-bias using a calculated attenuation level of 3.3% per
plane as described previously (Murray et al. 2008) and then aligned
the data for each embryo onto a reference lineage with standard
cell cycle lengths derived from Sulston et al. (1983). We then cal-
culated peak expression for each of the 671 ‘‘leaf’’ (terminal) cells
listed in Sulston et al. (1983) by creating a vector of the previous
expression values for that cell or its ancestor, calculating the me-
dian expression over all windows of nine adjacent time points in
the aligned data, and choosing the highest median expression
value. These values are insensitive to the timing of reporter ex-
pression; if expression began in a single early cell or in all eight of
its great-grandchildren, all eight daughter cells receive a high peak
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score. Thus, peak expression provides a useful way of aligning
expression patterns by lineage, irrespective of timing.

Onset time was estimated by two methods. First, we fit a linear
model to the first 50 time points and then detected the first time
point for which the data deviate from that model with a P-value <

10�7. Second, we identified the first time point where median
expression within a window of nine time points around that time
point exceeded the expression cutoff (2000 units). We chose an
empirical expression cutoff of 2000 based on the values seen in the
negative control embryos (no cells more than 2000). In a subset of
reporters, weak expression above the 2000-unit cutoff was present
in many cells, but a restricted population of cells had clearly
brighter expression. To identify these cells, we created a second
criterion that considered a cell as expressing if it both exceeded
a peak value of 2000 and was higher than 10% of the maximum
peak value observed for that embryo. This 10% cutoff was chosen
based on the observation that in reporters that appeared uniform
and ubiquitous by eye on a compound microscope, the lower limit
of peak expression was ;20% of the maximum level. We used this
more specific definition of expressing cells for all subsequent
analyses. Supplemental Data set 1 contains lists of all expressing
cells for each gene. Hierarchical clustering (Fig. 1C) was performed
by first calculating peak expression levels for each cell, averaging
the data for all embryos of a single reporter construct. The reporters
were clustered with Cluster 3.0 (de Hoon et al. 2004) (average-
linkage clustering using centered correlation as the distance met-
ric) and visualized with Java TreeView (Saldanha 2004).

Establishing differential expression thresholds

We used empirically determined cutoffs to identify differential
expression. These cutoffs differed depending on the type of com-
parison. The baseline cutoff for determining whether a single cell
was expressing (>2000 and 10% of maximum) was determined by
analysis of negative controls and was set so that no negative con-
trol cells were called as expressing. This strategy is designed to
minimize false positives but will not identify weak expression
(such as expression below the 2000-unit cutoff), and is thus a
conservative expression call. The cutoff used to identify similarity
in expression between replicates is described below (Analysis of
replicates) and is based on the analysis methods typically used for
data such as ChIP-seq, where small variations around the detection
threshold can impact sensitivity. To identify genes that distinguish
pairs of individual cells, we used a 10-fold cutoff; this was based on
the observation that the same cell differed by this amount in rep-
licate embryos of the same strain only 0.4% of the time and only in
a few genes with high variability. This is a higher-fold difference
cutoff than that used to identify lineage differences, largely be-
cause the lineage differences benefit from averaging across multi-
ple cells. We identified genes that were more than 10-fold different
across each pair of cells in either one or more than one replicate. To
determine the fraction of cells expected to be distinguished by
different numbers of genes and replicates chance (Table 1), we
extrapolated from the 0.4% differences per cell pair rate observed
in the same cells in replicates of the same strain. Finally, to identify
sister lineages with differential expression where there was con-
sistent expression across the cells in the expressing sister lineage,
we required expression in >75% of the cells in the expressing lin-
eage and a fivefold average difference across the cells in the sister
lineages (described in more detail below in ‘‘Identification of lin-
eage-correlated expression’’). While the number of replicates ex-
cludes a statistical test for each individual event, most of the lin-
eages passing this threshold were seen in multiple replicates where
replicate data exist.

Literature comparison

Endogenous expression data generated by antibody staining or
in situ hybridization were available in the literature for 29 of the
genes whose promoters were studied here (Supplemental Table 3).
For all but two of these (lin-26 and pgp-3) our patterns were com-
pletely consistent with the literature pattern (with the exception of
maternal expression, which we do not see for promoter fusions as
described above). The literature patterns frequently also listed
‘‘unidentified’’ embryonic cells that presumably correspond to
cells identified in our data set. Notably, lin-26 is a downstream gene
of an operon and therefore likely uses another promoter outside of
its directly upstream intergenic sequence that was used in our
construct. Consistent with this, >90% of the 59 splice leader con-
taining reads in the modENCODE RNA-seq data for lin-26 contain
the SL2 leader that is trans-spliced onto internal operon-derived
transcripts (Gerstein et al. 2010; Allen et al. 2011). For pgp-3, no
obvious explanation is apparent, but the characterization of the
antibody staining pattern primarily focused on postembryonic
expression, making it possible that weak or transient embryonic
expression exists (Broeks et al. 1995). Regardless of the differences
between endogenous and reporter patterns, the reporter patterns
provide a readout of an activity specific to each promoter DNA
sequence, and our patterns demonstrate ways in which these ac-
tivities vary between cells.

Analysis of replicates

We previously showed that lineage-based expression patterns are
highly reproducible when comparing multiple movies of the same
strain or of different strains made with the same reporter construct
(Murray et al. 2008). To confirm this on the larger data set, we es-
timated the reproducibility of each pair of replicate embryos by
two metrics. First, we calculated the correlation coefficient of the
average fluorescence intensity of all cells in the replicate embryos
as described previously (Murray et al. 2008). Second, we tested the
reproducibility of the identity of expressing cells (replication fre-
quency): A well-expressing cell (peak expression >5000) in one
embryo was considered to replicate if it exceeded a peak expression
of 2000 in a replicate embryo. This method is analogous to meth-
ods used for ChIP-seq reproducibility analysis (e.g., Li et al. 2008);
use of a high and low cutoff avoids artifacts associated with ran-
dom variation around the low (2000) cutoff. In control embryos
expressing no reporter, peak expression never reached a value of
2000. For both metrics, we averaged multiple comparisons within
the same gene. The results are available in Data set S1. Replication
frequency was similar for genes expressed broadly or specifically;
however, broadly expressed genes tended to have lower correlation
coefficients, suggesting that the variation of expression between
cells for these genes may not be biologically important. None of
our experiments address what fraction of variability is biological
vs. technical—characterization of promoters with more or less
intrinsic variability would be an interesting area for future stud-
ies. In total, we assessed the reproducibility of expression (Fig. 2;
Supplemental Table 4) for 86 genes (92 constructs), where we an-
alyzed two or more embryos. Both the fraction of expressing leaf
cells that replicate in a second embryo (median >99%) and the
correlation coefficient of expression intensity for all cells including
non-leafs (median r = 0.85) were high and similar to the levels we
observed earlier for a smaller set of genes (Murray et al. 2008).
Correlation is an imperfect metric because it does not account for
overall brightness differences and is sensitive to the total number
of expressing cells (we expect r = 0 for replicates with expression
in either zero cells or all cells). However, normalizing for global
brightness differences, a correlation coefficient of 0.85 for a gene
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expressed in <100 cells corresponds to a roughly twofold variation
in intensity levels as assessed by analysis of simulated experiments
with different levels of noise. For reporters expressed in more than
100 cells, twofold variation would lead to lower correlation levels,
which is what we observe. The observed correlations are consistent
with a less than twofold change (in normalized expression) on
average across the full data set.

Identification of lineage-correlated expression

We used a heuristic scoring method to identify reporters differen-
tially expressed between each pair of sister lineages. The goal was to
identify genes expressed consistently across all of the progeny of
one cell, but not in the progeny of its sister. For each division, we
selected candidate genes that were expressed in >75% of the cells in
one daughter lineage and with expression, on average, fivefold
brighter than in the sister lineage. We excluded cases where the
expressing cells were inconsistent over time (e.g., autocorrelation
with shift of one time point <0.5). The full list of lineage blocks
generated by this procedure is available in Supplemental Table 5.
For genes with replicates, this table also lists how many replicates
passed the fivefold cutoff as well as a relaxed threefold cutoff.

We generated a supplemental poster, meant as a screening
tool, which provides a compact representation of differential ex-
pression in each lineage. To select trees for the poster, we combined
differential expression calls (based on Supplemental Table 5) with
additional cases of potential differential expression identified by
examining each gene’s expression pattern in detail. The manually
curated lineages include cases where the differential expression
falls below the fivefold criterion used for Supplemental Table 5, but
were observed in replicate embryos. In some cases, additional ex-
pression occurred outside of the displayed lineages, which can be
visualized by viewing the full lineage trees. We note under each
gene name what fraction of replicate embryos showed expression
consistent with the embryo selected for the poster by visual
inspection.

To calculate the significance of a–p bias across the data set, we
generated 1000 randomized data set where the a–p status of each
expressing lineage was randomly assigned. We calculated the
fraction of genes with different levels of a–p bias (e.g., <10% an-
terior, 10%–20% anterior, etc.) in the real data set, calculated the
expected frequency in each bin from the randomized data set and
assessed significance with a x2 test.

A lineage pattern is a binary description of expression in the
progeny derived by n divisions of a given cell. For example, a cell
could match any of four motifs at a depth of n = 1: 11 (both
daughters express), 10 (only anterior daughter expresses), 01 (only
posterior daughter expresses), and 00 (neither daughter ex-
pression). Alternatively, it could have a more complex pattern
that doesn’t match any of these motifs. Some of these complex
patterns could match one of the 12 nondegenerate patterns with
n = 2 (0001, 0010, 0100, 1000, 1010, 1001, 0110, 0101, 1110, 1101,
1011, 0111). For n = 3, there are 240 nondegenerate motifs.

In identifying over-represented lineage patterns, we used a
more stringent definition of both expressing and nonexpressing
lineages to avoid being biased by weakly expressing lineages fluc-
tuating around the threshold for calling expression. For expressing
lineages, we required >75% of branches to express with peak ex-
pression >4000 and 20% of the maximum for that embryo. For
nonexpressing lineages, we required an average peak expression
<2000 and measured expression in <25% of leaf cells. We assigned
each lineage for each gene a 1-division, 2-division, and 3-division
pattern, except in cases where some branches were not classified
as either expressing or nonexpressing—these were classified as
‘‘complex’’ and not used for the statistical analysis. We calculated

the significance of the 1-division patterns by comparing to random
expectation with a x2 test. For 2-division patterns, we compared
with the frequency expected based on the observed 1-division
patterns. For 3-division patterns, there are many more possible
incoherent patterns than coherent patterns, so we compared the
observed distribution of patterns with that expected if patterns
were randomly chosen from the set of all possible patterns. We
observed only 31 of the 240 possible 3-division patterns. We clas-
sified these as either degenerate (e.g., 00110011 is the same as
0101), partially degenerate (e.g., 00000101 is a 0101 lineage with a
nonexpressing sister), coherent (all expression decisions on branches
of the same polarity such as 01110111), or discordant (expression
decisions on branches of opposite polarity). We observed a signifi-
cant bias for concordant patterns (15 patterns observed 22 times)
compared with discordant patterns (four patterns observed eight
times) (P = 2 3 10�7).

Physical position

For each reporter embryo, we calculated the mean and standard
deviation of the anterior–posterior patterns (relative to the anterior
end) for all cells at all time points with instantaneous expression
(expression in a particular cell at a single time point) >2000 and
>10% of the maximum peak expression level for that embryo.
Supplemental Table 6 includes a list of genes where expression was
restricted to a restricted a–p region (SD, <8 microns) in at least one
embryo.

L–R symmetry

We directly compared analogous cells from L–R symmetric line-
ages, as defined by Sulston et al. (1983). A reporter was considered
to be asymmetric in a L–R pair of cells if it was expressed in one of
the cells (peak >2000 and 10% of maximum) and if the peak ex-
pression level was at least 10-fold higher in one cell relative to its
symmetric counterpart. A list of all such divisions, including the
number of replicates passing this cutoff and the number passing
a relaxed fivefold cutoff (for genes with at least one embryo passing
the 10-fold cutoff) is available in Supplemental Table 7. We see this
type of pattern for not only promoter::histone reporters, but also
for the protein-fusion reporters; for example, ALR-1::GFP is
strongly L–R asymmetric in multiple lineages, and UNC-130, LIN-
39, MAB-5, and EGL-5 GFP fusions are all differentially expressed
among cells of the same tissues. This indicates that these patterns
are not likely to be transient events occurring only in precursors of
the symmetric lineages.

Tissue

We calculated the correlation coefficient between an embryo’s
peak expression levels and a Boolean vector describing the map-
ping of each fate term (Hypodermis, Blast, Glia, Muscle, Intestine,
Pharynx, and Other) onto the cell list. Figure 4A includes all genes
for which the correlation coefficient exceeded 0.4.

RNAi experiments

For pop-1 RNAi, we used the pop-1 clone from a previously reported
genomic library for RNAi by feeding as previously described
(Kamath et al. 2003). We placed worms on the RNAi bacteria at the
L4 stage and harvested embryos for imaging and lineage analysis
12–48 h later. To ensure that all analyzed embryos had reduced pop-
1 activity, we only analyzed embryos with the previously charac-
terized MS!E lineage transformation, a transformation that is
easily scored because it results in clear early changes in MS lineage
division timing. Even with this filter, we saw some variability in
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the extent of expression changes for a given gene after pop-1 RNAi,
suggesting that penetrance of pop-1 phenotypes after RNAi varies
stochastically between lineages or that knockdown or sensitivity
to partial knockdown varies between lineages. Still, the results are
informative given the consistency of wild-type patterns and the
fact that when we did observe changes, they were consistent with
a role of pop-1 in anterior repression and posterior activation. The
full lineages of all pop-1 RNAi embryos are available in the EPIC
database at http://waterston.gs.washington.edu/epic/. In the EMS
and C lineages we observed cell division defects consistent with
previous studies, including partial transformations of the anterior
MS lineage to an E-like pattern (Lin et al. 1995) and the Caa and
Cpa lineage to Cap- and Cpp-like patterns (Fukushige and Krause
2005).

Multidimensional analysis of expression

We scored each gene as correlated with the different dimensions
using the criteria described above for each individual dimension
using all replicates for a–p lineage bias and genes with more than
half of any replicate embryos passing the threshold for analysis of
symmetry and physical position. A gene with more than three
expressing branches and >75% of its expression in either anterior
or posterior branches was included in the a–p bias column.

Comparison with larval patterns

We obtained L1 larval expression data from Liu et al. (2009) (linear
scale data from that study’s Supplemental Table 4B) and aligned
with our expression data. Alignment was done cell-by-cell: The 671
terminal cells for which we calculated peak expression levels cor-
respond to the 558 cells present in the L1 larva plus 113 cell deaths.
We excluded 195 cells for which Liu et al. (2009) did not report data
and focused on the remaining 363 cells measured in both data sets.

Data access
The quantitative data are freely available for download at our
Expression Patterns in C. elegans (EPIC) database (http://epic.gs.
washington.edu/) and at WormBase. This website also provides
an image browser for viewing the raw image data. All software pro-
grams (Embryo Database, AceTree, Starrynite) are freely available
from our website at http://waterston.gs.washington.edu/tools.html.
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