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Abstract
The cell biological events that guide early embryonic development occur with great precision within
species but can be quite diverse across species. How these cellular processes evolve and which
molecular components underlie evolutionary changes is poorly understood. To begin to address these
questions, we systematically investigated early embryogenesis, from the one- to the four-cell embryo,
in 34 nematode species related to C. elegans. We found 40 cell-biological characters that captured
the phenotypic differences between these species. By tracing the evolutionary changes on a molecular
phylogeny, we found that these characters evolved multiple times and independently of one another.
Strikingly, all these phenotypes are mimicked by single-gene RNAi experiments in C. elegans. We
use these comparisons to hypothesize the molecular mechanisms underlying the evolutionary
changes. For example, we predict that a cell polarity module was altered during the evolution of the
Protorhabditis group and show that PAR-1, a kinase localized asymmetrically in C. elegans early
embryos, is symmetrically localized in the one-cell stage of Protorhabditis group species. Our
genome-wide approach identifies candidate molecules—and thereby modules—associated with
evolutionary changes in cell-biological phenotypes.
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Introduction
A major goal of evolutionary developmental biology is to understand the mechanisms
underlying phenotypic change (Gerhart and Kirschner, 1997; Hartwell et al., 1999; Wilkins,
2002). Here we focus on the evolutionary changes affecting cellular events such as the timing
or orientation of cell divisions, or positioning of the mitotic spindle to generate daughter cells
of different sizes. Such changes may alter adult forms or not. In either case, it is important to
understand the molecular mechanisms underlying the evolution of these cell biological
processes.
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Nematode embryos are well suited to analyze fundamental aspects of cell biological processes
(for review see Félix, 1999; Goldstein, 2001; Malakhov, 1994; Schierenberg, 2006). With the
advent of genome-wide functional studies directed at dissecting the molecular mechanisms
underlying all visible aspects of early embryogenesis in C. elegans, it is now possible to ask
more global questions about the evolutionary patterns during early embryogenesis. Here, we
study the evolution of cell biological events in early embryogenesis within a group of rhabditid
nematodes related to C. elegans.

Concentrating on rhabditid species is motivated by several factors. First, previous comparative
analyses have already documented some rather striking differences in early embryogenesis
between some of these species (reviewed in Félix, 1999; Goldstein, 2001; Malakhov, 1994;
Schierenberg, 2006). The differences include mechanisms to establish the anterior-posterior
axis in the one-cell embryo (Goldstein et al., 1998) and to assign cell fates (Wiegner and
Schierenberg, 1998), or embryonic cell lineage patterns (Skiba and Schierenberg, 1992;
Vangestel et al., 2008). Second, to analyze diversity in an evolutionary context, it is essential
to have a good hypothesis of the phylogenetic relationships among the species studied. For
rhabditid nematodes, such a phylogeny was recently published (Kiontke et al., 2007) and
provides the framework to precisely map the evolutionary trajectories of phenotypic change.
Third, these rhabditid nematodes are closely related to the exceptionally well-studied model
organism C. elegans. Through comparisons of the cellular wild-type phenotypes observed in
different rhabditid species with the phenotypes that arise in C. elegans through mutation or
RNAi knockdown, we can derive clues for the possible molecular mechanisms that underlie
the evolution of these cellular behaviors.

Decades of genetic analysis (Cowan and Hyman, 2004; Gönczy and Rose, 2005; Guo and
Kemphues, 1996; Nigon et al., 1960) and several genome-scale RNAi analyses have revealed
the genetic requirements for early embryonic processes in C. elegans (Fraser et al., 2000;
Gönczy et al., 2000; Piano et al., 2000; Piano et al., 2002; Sönnichsen et al., 2005; Zipperlen
et al., 2001). Combining the extensive phenotype data with co-expression or protein interaction
data has led to an initial draft of the genetic architecture underlying early embryogenesis in C.
elegans (Gunsalus et al., 2005; Sönnichsen et al., 2005). From these analyses a picture emerged
in which groups of highly interconnected genes (modules and molecular machines) work in
concert to drive specific cellular processes, e.g. cytokinesis, cell cycle progression, completion
of meiosis, proper chromosome segregation, and polarity establishment (Gunsalus et al.,
2005; Sönnichsen et al., 2005). By providing an initial map of the molecular genetic
architecture underlying early embryogenesis in one species, these studies allow us to address
the molecular mechanisms involved in the evolution of early embryogenesis within a group of
related species.

Here, we systematically analyze cellular behaviors during early development in 34 species
related to C. elegans and map them onto the species phylogeny. We find a high level of
interspecific diversity, suggesting that cell biological events—while usually fixed within one
species—evolve quite freely, leading to a high level of homoplasy (e.g. convergence) in our
dataset. To explore potential molecular subnetworks in which evolutionary changes may have
produced these differences in cellular behaviors, we compare the interspecific differences with
gene-specific phenotypes from RNAi studies in C. elegans. We test and confirm one prediction
derived from these comparisons.

Materials and Methods
Strains

The following rhabditid strains were used in this study: Bursilla sp. (PS1179), C. brenneri
(CB5161), C. briggsae (PB800), C. elegans (N2, CB4856), C. remanei (EM464), C.
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japonica (SB339), Caenorhabditis sp. 1 (SB341), Caenorhabditis sp. 2 (DF5070),
Caenorhabditis sp. 3 (PS1010), Caenorhabditis sp. 5 (JU727), Choriorhabditis dudichi
(SB122), Cruznema tripartitum (SB202), Diploscapter sp. (JU359), Distolabrellus veechi
(DF5024), Oscheius dolichuroides (DF5018), Oscheius myriophila (DF5020), Oscheius
tipulae (CEW1), Pellioditis typica (DF5025), Pellioditis sp. (JU274), Pelodera
strongyloides (DF5022), Pelodera teres (EM437), Phasmarhabditis sp. (EM434),
Poikilolaimus oxycercus (SB200), Pristionchus pacificus (PS312), Protorhabditis sp. (JB122),
Protorhabditis sp. (SB208), Rhabditis brassicae (SB193), Rhabditella axei (DF5006),
Rhabditoides inermis (SB328), Rhabditoides inermiformis (SB303), Rhabditoides regina
(DF5012), Rhabditis blumi (DF5010), Rhabditis sp. (SB347), Teratorhabditis palmarum
(DF5019). As an outgroup we used Panagrellus redivivus (PS1163).

Growth conditions, movie recordings, character and state definitions, species signatures
Strains were cultured at 20 °C using standard C. elegans conditions (Brenner, 1974). Time-
lapse digital movies were captured essentially as described (Piano et al., 2000). In summary,
gravid adults were cut directly on a coverslip in M9, transferred to a 2% agarose pad and imaged
with DIC microscopy. In cases where embryos are laid at the one-cell stage (in JU359, JB122,
PS1179) they were sometimes collected directly from the plate. The posterior end of the
embryos was defined as that end where the smaller P1 blastomere is located. Binary characters
were defined after primary screens that identified phenotypic differences (“rhabditid character
set”). We designate “not applicable” (white boxes in Fig. 2) for characters which depend on
the presence of a first character in cases where that character is absent. To obtain species
signatures, we analyzed at least five embryos per species for all 40 binary characters (Table
S1, Fig. S1). The final character state was scored as “yes” or “no” if the majority (at least two-
thirds) of the movies for a given species showed the respective state. Otherwise, it was scored
as “intermediate/variable”.

Database
All scorings can be found at www.rhevolution.org. This website consists of a set of Perl CGI
scripts that dynamically generate the front-end HTML, interfacing with ACeDB which acts as
the back-end database. It is hosted using Apache on a server running on Ubuntu Linux.

Character analysis, clustering and GO term analysis
We used the concentrated-changes test (Maddison and Maddison, 1989), now implemented in
MacClade, to test for character dependencies of changing characters (38*37=1406 possible
combinations in both directions). Simulations with sample size 1000 were used. Significant
pairs are listed in Table S2.

Movie signatures were clustered with the TM4 package (Saeed et al., 2003), using hierarchical
clustering with euclidian distance and average linking (Fig. S3).

The lists of the genes that have similar RNAi phenotypes in C. elegans were searched for
overrepresentation of specific GO terms (Ashburner et al., 2000) using Funcassociate (Berriz
et al., 2003) resulting in the reported p-values.

Comparisons with C. elegans RNAi phenotypes
To recover genes that phenocopy specific rhabditid characters by RNAi in C. elegans, we
manually searched and rescreened publicly available movies at phenobank.org and
RNAi.org using the rhabditid character set.

Brauchle et al. Page 3

Dev Biol. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.rhevolution.org
http://phenobank.org
http://RNAi.org


Antibody generation, PAR-1 cloning, RNAi and immunolocalizations
C. elegans anti-PAR-1 was raised against a protein fusion of the PAR-1 C-terminus (LVQ to
LNL [44aa]) using the pMAL system (NEB). The following primers were used to clone this
part of par-1 from Protorhabditis sp. (JB122) and Diploscapter sp. (JU359): F: 5′-
GACTCACTTGTNCARTGGGARATGGA-3′ R: 5′-
ATTTTCGWNGCDATRTTYTTRAA-3′. C. elegans par-6(RNAi) was performed by feeding
as previously described (Kamath et al., 2001). For immunolocalization, one-cell stage embryos
of Protorhabditis sp.(JB122), Diploscapter sp. (JU359) and Bursilla sp. (PS1179) were
collected directly from the plate. Primary (PAR-1 at 1:200 dilution [this study], 12G10(alpha-
tubulin) at 1:5 [Developmental Studies Hybridoma Bank]) and secondary antibodies (1:200
dilution [Jackson ImmunoResearch]) were applied at 37°C in a humidity chamber overnight
and for 4 hours, respectively, following standard procedures for C. elegans (freeze-cracking
and methanol fixation) (Fernandez and Piano, 2006). Pictures were acquired on a Leica
microscope using a Hamamatsu camera and a 100x lens. Openlab deconvolution and Adobe
Photoshop software were used to process images.

Results and Discussion
Early embryonic events differ greatly between rhabditid species

Previous studies have shown that the early embryos of different nematode species develop in
different ways (Félix, 1999; Goldstein, 2001; Goldstein et al., 1998; Malakhov, 1994;
Schierenberg, 2006). To further explore this diversity in a systematic comparison, we analyzed
the cellular behaviors of early embryonic development using time-lapse microscopy, following
the procedure depicted in Figure 1. We selected 34 species representing most of the lineages
within rhabditids and one representative of the outgroup. For each species, we obtained early
embryos that are just completing meiosis or in which the pronuclei have not yet met and
recorded the cell biological behaviors from the one-cell stage to the four-cell stage with DIC
microscopy at high temporal resolution. We collected at least five recordings per species and
more than 400 recordings overall.

To analyze the phenotypic diversity, we developed a controlled vocabulary describing 40
characters corresponding to obvious cellular behaviors (“phenotypes”) that vary across species
(Fig. S1, Table S1). We scored each time-lapse recording using this “rhabditid character set”
to describe the wild-type events observed in each species. To archive and distribute the raw
time-lapse data, as well as the scoring of each recording, we developed an open-access Web
database driven by an AceDB engine (Durbin and Thierry-Mieg, 1994),
http://www.rhevolution.org. This site serves as a new repository for all embryonic recordings
presented here and can be navigated using pointers from each species and their phylogenetic
position.

As suggested by previous analyses focusing on one time point or on few species, we indeed
found that the cellular behaviors in early embryogenesis show a high level of diversity across
rhabditids (summarized and depicted in Figs. 2 and 3). To illustrate this diversity, we first
describe a subset of early embryonic events in C. elegans (Cowan and Hyman, 2004; Gönczy
and Rose, 2005; Nigon et al., 1960) and then point out the main differences we observed in
other species. In C. elegans embryos, the polar bodies, which are extruded as meiosis
completes, are found almost exclusively in association with the anterior side (Goldstein and
Hird, 1996) (Fig. 3A, character 3 in Fig. 2). During this period, the entire membrane of the
one-celled embryo is contractile (“ruffling”). However, soon after fertilization, which brings
in the paternal DNA and attached centrosomes (Albertson, 1984) (Fig. 3D, character 7 in Fig.
2), contractility ceases asymmetrically starting in the posterior, resulting in a deep
pseudocleavage in the middle of the embryo (Fig. 3G, character 8 in Fig. 2). These membrane
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dynamics reflect actomyosin reorganization during the first cell cycle (Munro et al., 2004).
The two pronuclei then coalesce and the zygote divides asymmetrically. One manifestation of
the different cell identities at the two-cell stage is the round centrosome in the anterior AB
blastomere, compared to the disc-shaped centrosome in the posterior P1 blastomere (Fig. 3J;
character 25 in Fig. 2). These different shapes are thought to be a consequence of different
dynein-dynactin-dependent forces on the centrosomes (Severson and Bowerman, 2003).
During the next round of cell division, AB always divides first (Fig. 3M; character 34 in Fig.
2) and perpendicular to the AP axis (Fig. 3P; character 36 in Fig. 2) while P1 divides along the
AP axis, leading to the typical rhomboidal blastomere arrangement at the four-cell stage.

When comparing the other species to C. elegans, we observe differences in all cellular events
(Fig. 2). In Rhabditella axei, for example, a polar body is often associated with the future
posterior side (Fig. 3B; character 5 in Fig. 2), not the anterior side as in C. elegans, suggesting
changes in the establishment of polarity. Movies of R. axei from early embryogenesis to
hatching (www.rhevolution.org) confirm this polarity reversal. More subtle events associated
with a polarized embryo also differ between species. In some species, e.g. Protorhabditis sp.
(JB122), membrane contractility does not cease asymmetrically (Fig. 3H). In addition,
Protorhabditis sp. (JB122) and Rhabditella axei, among others, lack a pseudocleavage
altogether (Fig. 3B, H). We also find three species, Bursilla sp. (PS1179, Fig. 3E),
Protorhabditis sp. (JB122, Fig. 3H) and Diploscapter sp. (JU359), which lack one parental
pronucleus (also see Lahl et al., 2006;Nigon, 1949). These species are likely to be
parthenogenetic. Surprisingly, in Bursilla sp. (Fig. 3E), the centrosomes are initially detached
from the pronucleus and only later associate with it. After the first division, most species (e.g.
Rhabditoides inermis,Fig. 3K) differ from C. elegans in that they exhibit two round
centrosomes, yet like in C. elegans the first cell division is asymmetric and the two blastomeres
divide asynchronously, suggesting that they have acquired different identities as a result of the
first division. Some changes alter cell-cell contacts or the relative timing of cell divisions in
the earliest embryonic stages. For example, contrary to the sequence of events at the two-cell
stage in C. elegans, in the Protorhabditis group, the smaller P1 cell divides first (Fig. 3Q); in
other species, e.g. Oscheius myriophila, the AB and P1 cells divide at the same time (Fig. 3N).
These types of differences have been seen before in species more distantly related to C.
elegans (Dolinski et al., 2001;Malakhov, 1994;Schierenberg, 2006;Skiba and Schierenberg,
1992). Protorhabditis sp. (JB122) (Fig. 3Q) and other Protorhabditis group species show a
striking change that leads to altered cell-cell contacts: both blastomeres divide along the AP
axis (Dolinski et al., 2001), giving rise to a linear blastomere arrangement at the four-cell stage
in which ABp and P2 do not contact one another. In C. elegans, this contact is required for a
well-studied cell-cell signaling event involving Notch pathway components (Mello et al.,
1994), which thus cannot occur in the same way in Protorhabditis group species.

Characters evolve independently of one another
As a first step to analyze the time-lapse data, we performed hierarchical clustering of the
signatures of all movies. As a rule, the signatures of multiple movies of one species clustered
together, confirming that, despite some individual differences between embryos, character
states are reproducible within one species (Fig. S3). To further explore the consistency of our
scoring, we tested the effect of temperature and different strain origin on the species signatures.
We found that neither condition caused major deviation from the consensus signatures (Fig.
S2). The cluster analysis was also useful to point to characters which tend to associate with
each other, e.g. pseudocleavage and cytoplasmatic flow (Fig. S3). Such character correlations
can be due to coevolution of independent molecular mechanisms or to pleiotropy resulting
from the effect of a single molecular mechanism on several characters. However, they can also
be simply the result of relatedness, where several species share the same character states
because they inherited them from a common ancestor. To separate characters correlated
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because of common ancestry from those correlated for other reasons, we applied the phylogeny.
Specifically, we tested for changes that occur together more frequently than expected by chance
using the concentrated changes test implemented in MacClade (Maddison and Maddison,
1989;Maddison and Maddison, 2005). Mapping the characters onto the phylogeny revealed an
astonishing degree of homoplasy (e.g. Fig S4B). Only in one of the 36 characters with both
states present in more than one species is the distribution of character states consistent with a
single evolutionary event (character 36 [Fig. 2 and Fig. S4A] evolved in the stem species of
the Protorhabditis group). Despite the high level of homoplasy, evidence for correlated
character changes is scarce. Of 1406 possible character pairs, only 75 showed significant
(p<0.05) dependency in the concentrated changes test and no two characters overlap
completely (Table S2). For example, symmetric ruffling in the one-cell stage (ruffling of the
plasma membrane all around the cell; character 2 in Fig. 2) is correlated with the absence of
cytoplasmic flow (p=0.007, character 11 in Fig. 2). In C. elegans, ruffling is asymmetric (the
membrane becomes smooth on one side) and cytoplasmatic flow is observed . From C.
elegans, it is known that membrane contractility and cytoplasmic flow are both dependent on
proper actomyosin function (Hill and Strome, 1988;Shelton et al., 1999). Despite the genetic
dependency between these two cellular behaviors in C. elegans, membrane contractility can
also be decoupled from cytoplasmic flow in other species. For example, in R. blumi and R.
axei we see asymmetric membrane ruffling but no cytoplasmic flow (Fig. 2). These results
demonstrate that characters which are genetically tightly linked in the C. elegans one-cell
embryo can nevertheless evolve independently. That is, the evolution of cellular processes
during early embryogenesis in rhabditids is highly mosaic.

All phenotypes observed in rhabditids are phenocopied in C. elegans RNAi experiments
To begin to explore the molecular mechanisms that might underlie the evolution of early
embryonic events, we compared the diversity across rhabditid species with data from genome-
wide RNAi studies in C. elegans. For this analysis, we relied on the early embryonic recordings
of RNAi treated animals that were already available online (Gönczy et al., 2000; Piano et al.,
2000; Piano et al., 2002; Sönnichsen et al., 2005; Zipperlen et al., 2001). Most of these data
are from RNAi experiments that lead, ultimately, to embryonic lethality in C. elegans.
However, evolutionary changes in these genes or genetic pathways—such as slight
developmental delays in expression—could similarly affect early-embryonic cell-biological
processes without causing lethality. Using this rationale, we looked for specific phenotypes in
these RNAi experiments that resemble the “rhabditid character set” and could reveal insights
into the possible molecular mechanisms underlying the phenotypic changes across species.
Remarkably, when we re-analyzed the available recordings for phenotypes that were different
from C. elegans wild-type but similar to other species, we could identify phenocopy examples
for every one of the 40 characters of our rhabditid character set (Fig. 3 C,F,I,L,O,R show
representative cases; examples for all 40 rhabditid characters are shown in Fig. S1). These
results show that single gene perturbations in one species are sufficient to uncover the
phenotypic diversity seen across all 34 rhabditid species and suggest that this diversity may
not require many genetic changes.

For some characters involved in changes across rhabditid species, we could identify all genes
that cause similar RNAi phenotypes in C. elegans (Fig. 4) by performing exhaustive searches
at the phenobank.org (Sönnichsen et al., 2005) and RNAi.org (Gunsalus et al., 2004) databases.
Examples include the set of three genes (sun-1, zyg-12, F40H6.6) that, when knocked down
by RNAi in C. elegans, phenocopy the “detached centrosome” character state (character 7,
Fig. 3D-F). The protein product of zyg-12 localizes to the nuclear periphery in C. elegans and
directly anchors the centrosome to the nuclear envelope (Malone et al., 2003). We see a
detached centrosome in two species, Protorhabditis sp. (JB122) and Bursilla sp. (PS1179). A
larger set of 16 genes affect the “centrosome shape” character when knocked down in C.
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elegans (Fig. 3J-L; character 25 in Fig. 2): two round centrosomes are seen at the two-cell
stage, as opposed to one round and one disc-shaped centrosome seen in wild-type C. elegans
embryos (Severson and Bowerman, 2003). This condition is seen in R. inermis (Fig. 3K) and
in several other species (Fig. 2, character 25). Genes that give rise to this phenotype in C.
elegans include dyrb-1, which affects the forces on astral microtubules that are responsible for
centrosome shape (Couwenbergs et al., 2007), and genes that affect polarity such as par-2,
which indirectly dictate centrosome shape (Severson and Bowerman, 2003). Another example
involves the relative timing of blastomere divisions at the two-cell stage. The 21 genes in C.
elegans whose RNAi phenotypes affect the “asynchrony” character (Fig. 3M-O; character 34
in Fig. 2) are overrepresented for the GO category “cyclin-dependent protein kinase
activity” (p=0.003). The phenotype of these 21 RNAi experiments, synchronous divisions of
AB and P1, closely resembles the situation seen in five rhabditid species. A final example
includes pkc-3, par-6 and par-3. These genes are involved in polarity establishment and spindle
orientation in C. elegans (Cowan and Hyman, 2004; Gönczy and Rose, 2005; Guo and
Kemphues, 1996), and their RNAi and mutant phenotypes resemble the spindle orientation
seen in species of the Protorhabditis group (Fig. 3P-R; character 36 in Fig. 2). Because of this
remarkably close resemblance between phenotypes, these RNAi experiments identify groups
of candidate genes in which evolutionary changes may have occurred. These candidate genes
can now be tested in further experiments.

Testing candidates molecules: the PAR complex is likely to be involved in an evolutionary
change in the Protorhabditis group

The comparison of wild type phenotypes across species with RNAi phenotypes in C.
elegans identified the genes of the PAR complex as candidates for being involved in the
evolutionary change in the AB spindle orientation in Protorhabditis group species (Fig. S4A).
Uniquely among rhabditids, species in this group (Protorhabditis and Diploscapter) display a
linear arrangement of blastomeres in the early four-cell stage (character 36,
www.rhevolution.org (Dolinski et al., 2001)). Although the linear arrangement of the four cells
could be due to several causes, the time-lapse recordings as well as immunofluorescence
labeling using tubulin antibodies showed that the centrosome pair in Protorhabditis sp. (JB122)
undergoes a 90° rotation before the mitotic spindle is set up in the AB blastomere
(rhevolution.org and Fig. S5). The phylogenetic distribution of the AB rotation indicates that
it occurred once in the stem species of the Protorhabditis group and that it is derived from a
situation in which the spindle in AB does not rotate (as in C. elegans) (Fig. S4A). The direction
of this evolutionary change may seem counterintuitive from a cell biological standpoint, since
rotating a spindle requires the activity of many proteins (Guo and Kemphues, 1996;Hyman
and White, 1987;Sönnichsen et al., 2005). However, mutational and RNAi studies also show
that single gene perturbations can lead to such a dramatic change in C. elegans (Guo and
Kemphues, 1996;Hyman and White, 1987;Sönnichsen et al., 2005).

In C. elegans, the AB spindle rotates ectopically in par-3, par-6 or pkc-3 mutant embryos
(Etemad-Moghadam et al., 1995; Hung and Kemphues, 1999; Tabuse et al., 1998), suggesting
that these molecules might be involved in the evolutionary change in the Protorhabditis
lineage. The products of these genes physically interact and constitute the “anterior PAR
complex”. Extensive molecular epistatic analyses in C. elegans have shown that the reduction
or loss of function of PAR-3, PAR-6 or PKC-3 proteins leads to an expansion of the localization
domain of PAR-2 and PAR-1 (Fig. 5B), proteins that are otherwise restricted to the posterior
half of the one-cell stage embryo (Fig. 5A) (Boyd et al., 1996; Guo and Kemphues, 1995).

The C. elegans data allowed us to predict that if the spindle rotation in Protorhabditis group
species is caused by an altered activity of any of the anterior PAR proteins, the localization
pattern of the conserved kinase PAR-1 would be altered in these species. To test this prediction,
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we generated antibodies against a conserved C-terminal domain of PAR-1 (Fig. S6) and
visualized the PAR-1 localization in Diploscapter sp. (JU359) and Protorhabditis sp. (JB122).
Whereas the antibodies stained embryos of these species in an asymmetric pattern similar to
C. elegans embryos beginning with the two-cell stage (Fig. 5E, F), the staining pattern at the
one-cell stage was different. PAR-1 localized weakly all around the cortex of metaphase one-
cell embryos and was not asymmetric (n>100, Fig. 5C, D). This pattern is never seen in wild-
type C. elegans, but is reminiscent of PAR-1 localization in embryos with compromised
activity of the anterior PAR complex (Fig. 5B) (Guo and Kemphues, 1995;Guo and Kemphues,
1996).

The PAR-1 localization pattern in Protorhabditis and Diploscapter is striking, because the
PAR-1 ortholog is asymmetrically localized even in species as distantly related to C. elegans
as Drosophila melanogaster (Shulman et al., 2000; Tomancak et al., 2000). These data show
an association of a change in the localization of a putative kinase with a major evolutionary
change in spindle orientation.

Symmetric localization of PAR-1 in the one-cell embryos of Protorhabditis group species,
however, does not mean that polarity is not established until after this stage. Indeed, several
pieces of data support the idea that the first cell division in Protorhabditis group species is a
bona fide asymmetric cell division: In Protorhabditis sp (JB122) a polar body is always found
on the future posterior side (Fig. 5D), at the two-cell stage the anterior blastomere is always
larger (Fig. 5E), and the second division is asynchronous (though in reverse order compared
to C. elegans, www.rhevolution.org). In addition, laser ablations in Protorhabditis sp (JB122)
show that the gut lineage (identified by the presence of birefringent gut granules) is produced
only from P1 and not from AB (n=3 for each case, Fig. S7). It is noteworthy that PAR-1 becomes
asymmetrically localized in Protorhabditis group species beginning with the two-cell stage,
and the embryos develop with obvious cell polarities. From these observations it seems likely
that separate mechanisms exist for setting up polarity in the one-cell embryo vs. the later P-
lineage. Consistent with this idea, in C. elegans the reestablishment of PAR protein asymmetry
in P2 requires proteins such as OOC-3 and OOC-5, which do not appear to play a role in
establishing polarity at the one-cell stage (Basham and Rose, 1999).

Conclusion
In this study, we analyzed 40 cell biological phenotypes during early embryogenesis and found
that during evolution almost all of them changed multiple times and independently of each
other. Such a mosaic evolutionary pattern argues that the majority of the underlying molecular
mechanisms are quite specific, affecting only some aspect of the cellular behaviors.

The pattern emerging from the comparison of phenotypes in different species complements
the current view of the genetic architecture underlying early embryogenesis in C. elegans.
Large-scale analyses have proposed that groups of genes which give rise to similar phenotypes
upon mutation or RNAi often encode proteins that interact with each other physically,
suggesting that molecular machines or modules drive early embryonic processes (Gunsalus et
al., 2005; Piano et al., 2002; Walhout et al., 2002). Considering the evolutionary patterns, such
a modular architecture could enable parts of the network to change independently of other
modules, affecting only specific phenotypes without affecting the entire network. In addition,
a specific module could be altered through changes in different genes with the same phenotypic
outcome, thus providing a possible explanation for the high level of homoplasy we observed
in our dataset. The idea that cellular functions are mediated by discrete sets of interacting
molecules, or modules, and that such a modular architecture may facilitate evolutionary
change, have been advanced previously (Hartwell et al., 1999). A modular architecture allows
adaptability through changes in linkages between modules.
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The approach presented here offers new possibilities to examine the molecular mechanisms
that give rise to the remarkable array of phenotypic differences in early embryogenesis across
nematodes and highlights how natural diversity can provide new insights into the evolution of
a highly conserved system, such as the PAR module.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Overview of the phenotypic analyses and their results across rhabditid species
Data collection steps are indicated on top. The scheme was repeated until every character in
every species had been scored at least five times. In addition to our movie analyses, we also
reanalyzed published RNAi phenotypes from C. elegans. This resulted in a collection of movies
of 35 species, 40 binary characters as well as RNAi phenotypes with which we could compare
our data (orange box). Data analyses and processing steps then resulted in a database, the data
matrix, character evolution analyses and network hypotheses (blue box).
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Figure 2. Phenotypic differences in early embryogenesis between 34 rhabditid species
Graphical representation of the distribution of the 40 binary rhabditid characters in 34 rhabditid
species and Panagrellus redivivus as representative of the outgroup. Character states are color-
coded as specified in the key. If less than two thirds of the screened embryos showed the same
character state, the character was scored as variable and the cell is marked in yellow. On the
left, a phylogenetic tree shows the relationships of the species (Kiontke et al., 2007). Characters
are described in detail in Fig. S1 and at www.rhevolution.org. PB = polar body, PN =
pronucleus, PC = pseudocleavage, NE = nuclear envelope.
a No polar bodies are seen by DIC in JB122 (characters 3-5). However, DAPI staining shows
extracellular condensed DNA in the middle and future posterior of one-celled embryos (see
Fig 4D).
b No polar bodies are seen by DIC in JU359 (characters 3-5). However, DAPI staining shows
extracellular condensed DNA in the middle of one-celled embryos (see Fig. S8).
c PS1179 shows one (11/12) or two (1/12) PN. (see www.rhevolution.org).
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Figure 3. RNAi experiments in C. elegans mimic phenotypes in other species
DIC images of C. elegans wild-type events (first column: A,D,G,J,M,P) compared to wild-
type phenotypes of other rhabditid species (second column: B,E,H,K,N,Q) and phenotypes
obtained in RNAi experiments in C. elegans (third column: C,F,I,L,O,R, pictures taken from
phenobank.org or RNAi.org). All embryos are oriented with the anterior to the left. Characters
are (character number from Fig. 2 in parentheses): Polar body location posterior (B, C; arrow)
or anterior (A; arrowhead). Centrosomes (arrows) attached to pronucleus (initially not visible
by DIC) (D) or detached from pronucleus (E, F) (inset in E: tubulin immunolabeling of a one-
cell stage Bursilla sp. PS1179 embryo confirms presence of detached microtubule organizing
centers). Pseudocleavage (arrowheads) present (G) or absent (H, I; note that contractility is
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nevertheless present). Centrosome shape (dotted lines) different (J) or similar (K and L) in AB
and P1. Asynchronous (M) or synchronous (N, O) division of the AB and P1 blastomeres
(furrow ingression, representing the start of cytokinesis, is indicated with an arrowhead).
Spindle orientation in AB (white line) perpendicular to (P) or along (Q, R) the AP axis.

Brauchle et al. Page 16

Dev Biol. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Sets of C. elegans genes which, when compromised by RNAi, result in phenotypes seen
in wild-type development of other rhabditid species
For six characters which differ between C. elegans and other rhabditid species, the genes which
result in a similar phenotype in C. elegans upon RNAi knockdown are given (black boxes).
These gene sets represent members of molecular modules that we hypothesize to underlie the
respective phenotype. RNAi knockdown of several genes gives rise to other phenotypes, among
them phenotypes resembling other characters in this table (grey boxes).
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Figure 5. Novel PAR-1 localization in species of the Protorhabditis group
Fluorescent staining of embryos with PAR-1 antibodies (green) and DAPI (blue). (A) PAR-1
localizes exclusively to the posterior half of the cortex in wild type C. elegans one-cell stage
embryos (Kemphues, 2000). (B) PAR-1 localizes all around the cortex in a one-celled C.
elegans par-6(RNAi) embryo (Guo and Kemphues, 1996), which ultimately leads to the ectopic
spindle rotation in AB and the four-cells-in-a-row phenotype. (C,D) PAR-1 localizes all around
the cortex at the one-cell stage in Diploscapter sp. (JU359) and Protorhabditis sp. (JB122)
embryos. (E, F) During the two-cell (E) and four-cell (F) stage in Protorhabditis sp. (JB122),
PAR-1 becomes asymmetrically localized in the germline precursor P1 and P2, just like in C.
elegans (Guo and Kemphues, 1996).
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