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Cilia were present in the last eukaryotic common ancestor (LECA)
and were retained by most organisms spanning all extant eukaryotic
lineages, including organisms in the Unikonta (Amoebozoa, fungi,
choanoﬂagellates, and animals), Archaeplastida, Excavata, Chromalveolata, and Rhizaria. In certain animals, including humans, ciliary
gene regulation is mediated by Regulatory Factor X (RFX) transcription factors (TFs). RFX TFs bind X-box promoter motifs and thereby
positively regulate >50 ciliary genes. Though RFX-mediated ciliary
gene regulation has been studied in several bilaterian animals, little
is known about the evolutionary conservation of ciliary gene regulation. Here, we explore the evolutionary relationships between RFX
TFs and cilia. By sampling the genome sequences of >120 eukaryotic
organisms, we show that RFX TFs are exclusively found in unikont
organisms (whether ciliated or not), but are completely absent from
the genome sequences of all nonunikont organisms (again, whether
ciliated or not). Sampling the promoter sequences of 12 highly conserved ciliary genes from 23 diverse unikont and nonunikont organisms further revealed that phylogenetic footprints of X-box promoter
motif sequences are found exclusively in ciliary genes of certain animals. Thus, there is no correlation between cilia/ciliary genes and the
presence or absence of RFX TFs and X-box promoter motifs in nonanimal unikont and in nonunikont organisms. These data suggest
that RFX TFs originated early in the unikont lineage, distinctly after
cilia evolved. The evolutionary model that best explains these observations indicates that the transcriptional rewiring of many ciliary
genes by RFX TFs occurred early in the animal lineage.
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ilia and ﬂagella are homologous cellular structures that protrude from the cell surfaces of many different cell types in most
eukaryotic organisms. Cilia are complex organelles comprised of
more than 300 unique proteins that facilitate a complex array of
both sensory- and motility-based functions (1). The axonemal core
of the cilium is composed of nine doublet microtubules and is
assembled and disassembled by an active process, termed intraﬂagellar transport (IFT) (2). In IFT, specialized motor proteins
move IFT complexes and their cargo in both directions between
the base and tip of the cilium (2–5).
Molecular phylogenetic analyses indicate that the eukaryotic
domain consists of at least ﬁve distinct lineages, so-called supergroups, including the Unikonta, Archaeplastida, Chromalveolata,
Excavata, and Rhizaria (6–9). However, the deep-rooting, monophyly, and deﬁning characteristics of certain supergroups remain
controversial (7, 8, 10). The Unikonta, which includes Amoebozoa, fungi, choanoﬂagellates, and animals, is likely a monophyletic
supergroup (8, 10, 11). Cilia and ciliary genes have been identiﬁed
in organisms spanning all major eukaryotic supergroups, indicating
that the last eukaryotic common ancestor (LECA) was a ciliated
unicellular organism (9, 12). Several theories have been proposed
to explain how IFT and the ﬁrst cilium evolved in protoeukaryotes,
including both viral and autogenous origins (13, 14).
Unikont organisms show pronounced differences with respect
to the evolution of cilia. For example, cilia and ciliary genes have
been secondarily lost in the slime mold Dictyostelium (Amoebozoa) and in derived fungi (14). In certain animals, such as Drosophila melanogaster and Caenorhabditis elegans, ciliary motility-
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speciﬁc functions have been partially or completely lost, and sensoryspeciﬁc functions of cilia and ciliary genes have been exploited for
specialized neuronal functions (4, 5). In mammals, cilia and ciliary
genes have been highly diversiﬁed to facilitate diverse roles in
the development and homeostasis of most cells, tissues, and organs
(4, 5, 15). The underlying mechanisms mediating this diversiﬁcation
remain largely unknown.
During the cell cycle and under certain physiological conditions
(e.g., stress), ciliary genes are under direct transcriptional control
in both unicellular (16) and multicellular (15, 17) unikont and
nonunikont organisms. In multicellular organisms, some ciliary
genes are differentially regulated for cell-speciﬁc expression
patterns (18). Thus, the regulation of ciliary genes comprises
a unique and complex transcriptional network, which possibly
coevolved with multicellularity.
Gene expression in a given regulatory network involves interactions between transcriptional regulators (e.g., transcription factors) and cis regulatory elements (e.g., promoter motifs). Various
genetic and genomic approaches have provided insights into how
transcriptional networks have evolved or are “wired” and “rewired”
to regulate the expression of genes involved in novel cellular and
morphological pathways (19–22). These studies indicate that the
successive variation and modiﬁcation of preexisting genetic components contributes more to the underlying dynamics driving many
evolutionary processes than the de novo acquisition of novel
components (19–22). Though most functional analyses characterizing the evolution of transcriptional networks have been conducted in closely related species, much less is known about the
mechanisms driving the evolution of transcriptional networks
found across more distantly related organisms.
It was ﬁrst demonstrated in the nematode worm C. elegans that
RFX TFs are central regulators of ciliogenesis (23). Subsequently
it has been shown that at least 50 and perhaps up to several hundred ciliary genes are part of the transcriptional network directly
regulated by RFX TFs in C. elegans, D. melanogaster, mice, and
humans (Table S1) (18, 23–29). All RFX TFs contain a highly
conserved 76-residue DNA-binding domain, which directly interacts with a 13–15 DNA base-pair consensus sequence, the X-box
promoter motif (30). Though only a single RFX gene, daf-19, has
been identiﬁed in the C. elegans genome (23, 28), at least seven
RFX TF gene paralogs are encoded in the human genome (29).
The identities of the direct regulators mediating ciliary gene expression in nonanimal organisms are unknown.
Here, we show that RFX TFs were derived early in the unikont
lineage, distinctly after cilia/ciliary genes evolved. Phylogenetic
footprinting of ciliary gene promoters extracted from a broad
range of eukaryotic genome sequences indicates that X-box
promoter motifs are found exclusively in ciliary gene promoters of
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animals. These data suggest that the transcriptional network regulating the formation of the cilium, a basal yet complex eukaryotic
organelle, was genetically reprogrammed by RFX TFs early in the
animal lineage. Understanding the detailed evolutionary dynamics mediating ciliary gene regulation will provide unique insights
into how transcriptional networks, which govern more basal cellular processes, have diversiﬁed.
Results
RFX Transcription Factors (TFs) Originated Early in Only the Unikont
Lineage. Parsing the publicly available eukaryotic genome se-

quences of >120 evolutionarily diverse organisms, including representative members of all eukaryotic phylogenetic supergroups
that contain sequenced organisms, we found that the highly conserved RFX DNA-binding domain is present only in select eukaryotic organisms residing in the unikont lineage (Fig. 1, SI Materials
and Methods, and Dataset S1). RFX homologs were identiﬁed in
all animals, many fungi, and a single amoebozoan organism. For
further comparisons, full-length RFX amino acid sequences were
extracted from the annotated genomes of various unikont organisms, which were subsequently aligned and used to construct
a phylogenetic tree (Fig. S1). These comparisons show a clear
distinction between the three main groups that comprise the unikont lineage, including animals, fungi, and Amoebozoa. In addition to the DNA-binding domain, RFX TFs contain several other
domains, including an A or activation domain, a dimerization do-

main, and domains B and C, both of unknown functions (Table S1)
(29, 31). The activation domain is conserved almost exclusively
in vertebrates, although some basal animals also contain a short
four-residue sequence (VQYV) found in this domain. Both the
dimerization domain and domain C were found in most RFXcontaining organisms, except for in a few fungi and the basal amoebozoan Acanthamoeba castellani. Domain B was found in all
organisms that contain RFX TFs. In contrast, we were unable to
locate any of the different RFX TF domains in the genome of any
of over 60 nonunikont organisms sampled, including members of
Archaeplastida, Chromalveolata, Excavata, and Rhizaria (Fig. 1
and Dataset S1).
Ciliary genes have been extensively studied in several of the
nonunikont model organisms sampled for this study, including
Chlamydomonas reinhardtii (Archaeplastida) (1–4), Tetrahymena
thermophila (Chromalveolata) (4, 32), and Trypanosoma brucei
(Excavata) (4, 33). The collective data from these and other organisms has deﬁnitively shown that the structure and function of
cilia and orthologous ciliary genes are highly conserved (Fig. S2).
Moreover, ciliary genes are typically found in a single copy in the
genomes of most ciliated organisms, and as such allow for the direct comparison of ciliary gene orthologs (1, 3–5). Because RFX
TFs regulate the expression of >50 ciliary genes in animals, yet are
completely absent from the genomes of all ciliated nonunikont
organisms, the evolutionary relationships between RFX TFs and
ciliary gene regulation were further examined.
RFX TFs Are Also Found in Unikonts Without Cilia. Cilia have been lost
secondarily from several groups of organisms, most notably in
derived fungi (unikonts) and ﬂowering plants (nonunikonts) (14).
Interestingly, RFX TFs are found in many nonciliated unikont
organisms, including many fungi and a single amoebozoan organism. When present, these RFX TFs have been shown to bind
X-box promoter motifs that are nearly identical to those found in
the promoters of ciliary genes in animals. This has been demonstrated, for example, for the sole RFX ortholog found in the nonciliated yeast Saccharomyces cerevisiae, Crt1, which regulates
a large battery of nonciliary genes (Table S1) (34, 35). A multiplesequence alignment from representative unikont species illustrates
the high degree of conservation observed in the DNA-binding
domains of various RFX TFs from ciliated and nonciliated
organisms, especially in the residues that make DNA contact or
that comprise the hydrophobic core (Fig. 2). These observations
could be supported by two possible explanations. They could indicate that RFX TFs diverged to serve some other cellular function
when cilia were lost. Alternatively, RFX TFs may have not originally functioned in the regulation of ciliogenesis, but rather RFX
regulation of cilia is a derived character state of this transcription
factor family.

Fig. 1. Schematic diagram depicting the evolutionary conservation of cilia,
RFX TFs, and the control of ciliary genes by RFX TFs. Representative organisms
from all major eukaryotic phylogenetic supergroups are included. Dashed
lines depict supergroups with an uncertain rooting. For each organism, the
presence (+) or absence (−) of cilia, RFX TFs, and of ciliary genes that contain Xbox DNA footprints or proven X-box promoter motifs, the binding site for RFX
TFs, are indicated. The evolutionary loss of cilia is speciﬁed only for unikont
organisms. All nonunikont organisms listed contain cilia.
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RFX TFs Are Not Essential for Ciliogenesis in Some Unikonts. The
highly conserved RFX DNA-binding domain is absent from the
genome sequences of some basal ciliated unikonts, indicating that
RFX TFs are not essential for ciliary gene regulation in these
groups. For example, the ciliated chytrid fungus Batrachochytrium
dendrobatidis and the mycetozoan Amoebozoa Physarum polycephalum both contain ciliated cells but are missing the RFX
DNA-binding domain. A more in-depth analysis revealed that all
structural and functional domains of RFX are absent in the
genomes of both of these organisms. Thus, some basal unikont
organisms contain cilia in the absence of RFX TFs, whereas others
contain RFX TFs but do not form cilia. These observations suggest
that RFX TFs do not regulate ciliogenesis in more basal unikont
organisms (Fig. 1 and Dataset S1). Further, these data collectively
imply that RFX TFs secondarily acquired control over ciliary
genes distinctly after cilia evolved (Fig. 1).
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Regulation of Ciliogenesis by RFX TFs Was Derived in Animals: Phylogenetic X-Box DNA Footprint Analyses. To conﬁrm that the RFX

regulation of ciliary genes is limited to only certain RFX-containing organisms within the unikonts, and to determine when the
control of ciliary genes by RFX TFs was derived, an X-box DNA
footprint/X-box promoter motif search was conducted in several
ciliary gene promoters extracted from the genome sequences of
23 diverse unikont and nonunikont organisms (Fig. 3). For each
organism sampled, BLASTP and T-BLASTN analyses were used
to identify orthologs from up to 12 experimentally veriﬁed and
highly conserved ciliary genes (1, 3–5, 23–27, 36). Because of
variations in the availability of genome sequence data and because some structural and functional modiﬁcations to cilia have
occurred during the evolution of certain organisms, not all of the
23 organisms investigated contained gene orthologs for every
sampled gene. We extracted 2-kb promoter sequences from the 5′
upstream region at or near the translational start site for every
sampled gene. Of the 12 ciliary genes selected for these analyses,
eight of the genes contained X-box promoter motifs that are directly regulated by the DAF-19 RFX TF in C. elegans, which has
been extensively characterized (18, 23, 24, 28, 36). These eight
ciliary gene promoters are therefore expected to contain X-box
DNA footprints in other organisms that likely also use RFX TFs
for the regulation of ciliary genes. The remaining four ciliary
genes either do not contain an X-box promoter motif in C. elegans
(KAP3 and IFT74) or are absent from the C. elegans genome
(SPAG6 and CCDC147). As such, these four genes comprise
ciliary genes with unknown X-box regulation. The annotated gene
ortholog of each of the sampled ciliary gene promoters is listed
for humans and other ciliated model organisms (Fig. 3A). As
controls, four similarly sampled promoters of nonciliary and
nontarget genes of RFX TFs (Actin, EF1α, HSP90, and Ubiquitin) were extracted and analyzed in the same way. These last
four genes are therefore not expected to contain X-box DNA
footprints in any of the sampled organisms. To ﬁnd X-box DNA
footprints in the extracted gene-promoter sequences, a proﬁle
hidden Markov model (HMM) search was conducted (37) using
a training set consisting of 17 known X-box motifs from ciliary
gene promoters in humans, ﬂies, and worms (Table S2). For
additional comparison, the DNA sequence of each extracted gene
promoter was subsequently scrambled and resampled identically,
including all “expected,” “unknown,” and “not expected” promoter sequences. Promoter sequences were scrambled using two
independent randomizations that separately preserved the mono
and dinucleotide frequency rates of each sequence. To identify as
many X-box DNA footprints as possible, different threshold
values were examined. We found that a threshold value of greater
Piasecki et al.

than −1 was sufﬁcient to identify all X-box DNA footprints that
were conserved across species (cf. mouse and human BBS5;
Dataset S2). Pilot experiments indicated that 1-kb promoter
regions contained X-box DNA footprints that were conserved
across species. Also, fewer random X-box hits can be expected
when sampling shorter sequence stretches. Therefore, we trimmed all promoter regions to 1 kb for further analyses.
Many X-box DNA footprints were identiﬁed in the “expected”
and “unknown” ciliary gene promoters of RFX-containing organisms, whereas very few, if any, X-box DNA footprints were
identiﬁed in the corresponding gene promoters of non-RFXcontaining organisms (Fig. 3B and Dataset S2). Because X-box
promoter motifs are 13–15 nucleotides long and degenerate, a few
X-box DNA footprints are always found at random in the sampled
promoter sequences. As a control for false positives, the average
background hit rate was determined for all sampled promoters
after sequence scrambling. We found that of the 349 promoter
regions sampled in these analyses, the sequence-scrambled falsepositive hit rate was 6.6% for mononucleotide-preserved and 6.3%
for dinucleotide-preserved sequences (Fig. 3B). The percentage of
organisms in which X-box DNA footprints were identiﬁed from all
“expected” and from all but one “unknown” ciliary gene promoters
was well above the average false-positive rate of all sequencescrambled promoters in all sampled RFX-containing organisms. In
contrast, the percentage of organisms with X-box DNA footprints
in the promoters of all sampled non-RFX-containing organisms
was within the average false-positive rate of all sequence-scrambled promoters. Further, X-box DNA footprints were identiﬁed in
only very few of the “not expected” group of gene promoters for
both the RFX- and non-RFX-containing organisms. Of note, we
observed some variation in the X-box hit rate even in ciliary genes
from RFX-containing organisms. For example, many X-box DNA
footprints were found in the BBS1, IFT172, and SPAG6 ciliary
gene promoters. By comparison, signiﬁcantly fewer X-box DNA
footprints were found in the IFT81, KAP3, and IFT74 ciliary gene
promoters. The successful identiﬁcation of X-box DNA footprints
nearly exclusively in the ciliary gene promoters of RFX-containing
organisms within the unikonts suggests that not only are RFX TFs
and ciliary genes with bona ﬁde X-box promoter motifs present,
but also that RFX TFs likely directly regulate ciliary gene expression in these organisms.
To provide a more in-depth analysis of the X-box DNA footprints identiﬁed at the organism-speciﬁc level, the percentage of
“expected” and “unknown” ciliary gene promoters that contain Xbox DNA footprints was determined for each RFX-containing
unikont organism we studied (Fig. 3C). These data reveal that
some organisms contain many ciliary genes with X-box DNA
PNAS | July 20, 2010 | vol. 107 | no. 29 | 12971
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Fig. 2. Multiple-sequence alignment of the 76-residue DNA-binding domain (DBD) of RFX TFs from select unikont organisms. For each organism the presence
(+) or absence (−) of cilia and of ciliary genes that contain X-box DNA footprints or proven X-box promoter motifs, the binding site for RFX TFs, are indicated.
Structural data were derived from a multiwavelength anomalous dispersion model of human RFX1 (30).

Fig. 3. Identiﬁcation of X-box DNA footprints or proven X-box motifs in 1-kb promoter regions of evolutionarily conserved ciliary genes from select unikont
and nonunikont organisms. (A) The annotated gene ortholog of every sampled ciliary gene is listed from humans and other ciliated model organisms. Dashes
represent genes that are believed to have been lost from the genome of the respective organism. (B) Percent of sampled organisms that contain X-box DNA
footprints or proven X-box motifs in ciliary and nonciliary gene promoters from organisms that contain and do not contain RFX TFs. “Expected” ciliary genes
contain an experimentally proven X-box promoter motif in C. elegans. “Unknown” ciliary genes either do not contain an X-box promoter motif (KAP3 and
IFT74) or are absent from the genome (SPAG6 and CCDC147) in C. elegans. “Not expected” genes are nonciliary and nontarget genes of RFX TFs. The falsepositive rate (dashed line) was calculated by averaging the cumulative number of random X-box hits identiﬁed in a complete set of all sampled promoters
after sequence scrambling. (C) Percent of all “expected” and “unknown” ciliary gene promoters that contain X-box DNA footprints or proven X-box promoter
motifs in representative unikont organisms. No RFX TF ortholog was identiﬁed in B. dendrobatidis (negative control).

footprints, whereas others contain few or none of these footprints
in the set of ciliary gene promoters we sampled. The chytrid fungus
B. dendrobatidis represents a negative control because its genome
encodes ciliary genes but not RFX TFs (Fig. 1). Many X-box DNA
footprints were identiﬁed in Trichoplax adhaerens, Helobdella robusta, C. elegans, Daphnia pulex, D. melanogaster, Mus musculus, and
Homo sapiens. In contrast, very few X-box DNA footprints were
12972 | www.pnas.org/cgi/doi/10.1073/pnas.0914241107

found in the ciliary gene promoters of certain other animals, including Strongylocentrotus purpuratus, Capitella sp. I, Nematostella
vectensis, and the closely related choanoﬂagellate Monosiga brevicollis. However, it remains unclear whether these very few X-box
DNA footprints identiﬁed were spurious hits or not. Surprisingly, the
basal chordate Ciona intestinalis does not appear to contain any Xbox DNA footprints in the set of ciliary gene promoters we sampled.
Piasecki et al.

Statistical Comparisons of Endogenous and Sequence-Scrambled
Promoters Conﬁrm an Enrichment of X-Box DNA Footprints in Animals.

To account for any organism-speciﬁc nucleotide bias in the sampled promoter sequences of each of the 23 unikont and nonunikont
organisms, the average number of “expected” and “unknown” ciliary gene promoters that contain X-box DNA footprints was
compared with a corresponding average number, when these same,
“expected” and “unknown” promoter sequences had been scrambled. A comparison-of-means t test was used to determine how
statistically different the number of occurrences of identiﬁed X-box
footprints were, when comparing the endogenous and both monoand dinucleotide preserved sequence-scrambled promoters of every organism (Table S3). Many, but not all, organisms that contain
RFX TFs display statistically higher occurrences of X-box hits in
endogenous promoter sequences than they do in scrambled promoter sequences. However, none of the non-RFX-containing
organisms, including a single unikont and all nonunikont organisms, display any detectable and statistically signiﬁcant difference in
the number of X-box hits when comparing the endogenous and
scrambled promoter sequences. These data conﬁrm the enrichment of X-box DNA footprints exclusively in a variety of animals,
including most chordates and all sampled vertebrates (Fig. 3).
Further, they indicate that the candidate X-box DNA motifs
identiﬁed in this study likely play a physiologically relevant role in
the RFX-mediated regulation of ciliary gene expression exclusively
in animals.
Discussion
RFX TFs are key regulators of ciliogenesis in worms, ﬂies, mice, and
humans (18, 23–29). In mammals, RFX3 governs the expression of
at least six ciliary genes in the brain (26). The ciliary gene ALMS1,
which when defective causes Alström syndrome in humans, is regulated by RFX1 (39). Though many direct downstream targets of
RFX TFs have been revealed, very little is known about the upstream regulators of RFX TFs themselves. However, several recent
studies indicate that RFX TFs may reside at the nexus between
upstream patterning and speciﬁcation pathways and downstream
ciliary gene expression (i.e., cell differentiation), including during
notochord development (e.g., mouse Noto) and during islet cell fate
speciﬁcation in pancreatic cells (e.g., mouse Ngn3) (40–42). Thus,
RFX TFs play a crucial role in the transcriptional network regulating ciliary gene expression in animals (Fig. 1 and Table S1).
Cilia, which are found in organisms spanning all eukaryotic
supergroups, were present in the last eukaryotic common ancestor
(LECA) that likely evolved >800 million years ago (8). In contrast,
RFX TFs that are associated with the regulation of ciliary gene
expression (18, 23–29, 36), are found only in animals, suggesting
that they originated distinctly after unikonts diverged from other
ciliated organisms. Thus, though RFX TFs are key upstream regulators of ciliary gene expression in animals, they are dispensable
for ciliogenesis in nonanimal organisms. In light of current evolutionary models, which predict that many transcriptional networks
have evolved through modiﬁcations of preexisting genetic components (19–22), these observations raise the following questions.
(i) How did RFX TFs evolve? (ii) When and how did RFX TFs coopt, and which RFX TFs co-opted control of ciliary gene expression? (iii) Are there organism-speciﬁc differences with respect to
the co-option of ciliary genes by RFX TFs?
The binding of DNA through a particular winged-helix domain
is a deﬁning characteristic of all RFX TFs (30). Certain RFX TFs
Piasecki et al.

do not regulate ciliary gene expression, and several non-RFX
proteins with structurally very similar winged-helix domains are
highly conserved in all eukaryotic organisms. For example, the
yeasts Schizosaccharomyces pombe and S. cerevisiae are both nonciliated unikont organisms that contain RFX TF gene orthologs
(SAK1 and CRT1, respectively), which function in cell-cycle regulation and progression (34, 43). Human RFX5, which has diverged signiﬁcantly from other animal RFX TFs, regulates the
expression of MHC class II genes (Table S1) (44). Non-RFX
proteins encoding structurally very similar winged-helix domains
are components of the origin of replication complex that facilitates
DNA replication in all eukaryotic organisms (45). Interestingly,
these DNA-binding proteins and their respective winged-helix
domains are highly evolutionarily conserved, including in certain
Archaea (46). Thus, it seems possible that the archaean and
eukaryotic winged-helix-domain-containing proteins share a common ancestor. Perhaps the duplication of a gene encoding a basal
eukaryotic winged-helix protein involved in DNA replication occurred early in the unikont lineage, which subsequently allowed for
one member to diverge into an RFX TF exclusively in this lineage.
RFX TFs likely co-opted control over ciliary gene expression
early in the animal lineage. T. adhaerens, currently the most basal
animal with a fully sequenced genome, contained a statistically
signiﬁcant number of occurrences of identiﬁed X-box DNA footprints in the ciliary gene promoters sampled in this study. In comparison, a very low, albeit potentially relevant, number of X-box
DNA footprints were identiﬁed in two M. brevicollis (Choanozoa)
ciliary gene promoters. Choanoﬂagellates are the closest known
extant unicellular relatives of animals and, as such, represent an
important phylogenetic position for understanding how multicellularity evolved in animals (47). Though our data are most
consistent with RFX TF co-option of ciliary genes beginning in
early animals, at present we cannot exclude the possibility that the
co-option of certain, likely fewer, ciliary genes occurred before the
divergence of animals and choanoﬂagellates.
RFX TFs appear to have differentially co-opted control over
many ciliary genes in various different animal groups. For example,
cross-species comparisons revealed that several X-box DNA footprints identiﬁed in T. adhaerens are conserved in the corresponding
human ciliary gene promoters (Fig. S3). Importantly, cross-species
comparisons of all human X-box DNA footprints showed corresponding conservation in mouse ciliary gene promoters. Recently,
the ciliary genes Ift172 and Spag6, which were sampled in this study,
were shown to be targets of the RFX regulatory pathway in mice
(27, 48). In comparison, no X-box DNA footprints were found in the
ciliary gene promoters sampled from the chordate C. intestinalis.
Our observation of this potentially signiﬁcant variation in the regulation of Ciona ciliary genes is consistent with other highthroughput studies showing that most Ciona genes are differentially
regulated when compared with the corresponding genes of vertebrates (49). Further, these data may collectively indicate that there is
a degree of plasticity found in the transcriptional regulation of ciliary genes by RFX TFs across different animal groups.
Modiﬁcations to transcriptional regulation are a key evolutionary force driving eukaryotic cellular diversiﬁcation, particularly as it pertains to the derivation of multicellularity (19, 20, 22).
However, most large-scale transcriptional network remodeling
events appear evolutionarily neutral (50). Tuch et al. (21) proposed that transcriptional rewiring occurs through a series of
evolutionarily neutral steps, resulting in the concurrent rewiring of
many genes involved in a common pathway. This model was largely
based on observations made from the large-scale transcriptional
remodeling of genes controlled by the transcriptional regulator
Mcm1 in various diverse fungi (51). Our observations that ciliary
gene promoters have secondarily and differentially acquired RFX
TF regulation exclusively in certain groups of animals suggest that
the initial steps in the transcriptional rewiring of many ciliary genes
may also have been neutral. Subsequent selective pressure may
PNAS | July 20, 2010 | vol. 107 | no. 29 | 12973

EVOLUTION

The marine placozoan T. adhaerens resides at a distinctly basal
position within the animal lineage (38). Identiﬁcation of both
RFX TFs and X-box DNA footprints in the ciliary genes of this
organism suggests that the last common ancestor of the placozoans,
cnidarians, and bilaterians contained a similar ciliary gene regulatory mechanism (Fig. 1). Thus, the RFX-mediated regulation of
ciliary genes was likely derived early in the animal lineage.

then have favored RFX regulation of select ciliary genes in certain
animals, including mammals. Understanding the more ancestral
functions of RFX TFs, including functions that may still persist in
all RFX-containing organisms, as well as why and how the transcriptional rewiring of so many ciliary genes occurred, will be the
subject of intense future studies.

identiﬁcations, phylogenetic comparisons, and X-box DNA footprint identiﬁcations can be found in SI Materials and Methods.

Protein sequence identiﬁcations were conducted by parsing publicly available
genome sequences using T-BLASTN and BLASTP analyses. For phylogenetic
comparisons, informative characters from full-length aligned amino acid
sequences were identiﬁed and used to construct a maximum-likelihood
phylogenetic tree. X-box DNA footprints were identiﬁed using HMMER 2.3.2
(http://hmmer.janelia.org/). Detailed information regarding protein sequence
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SI Materials and Methods
Protein Sequence Identiﬁcations. Using T-BLASTN (http://blast.

v6.234b multiple-sequence alignment for amino acid or nucleotide sequences program with an L-INS-I strategy (1, 2). To
identify conserved domains, aligned sequences were viewed in
BioEdit (http://www.mbio.ncsu.edu/BioEdit/bioedit.html). For
generating phylogenetic trees, informative characters were ﬁrst
selected using GBlocks v0.91b (3). A maximum-likelihood phylogenetic tree was then generated using RAxML v7.0.3 with
a PROTMIXWAG model and 100 bootstrap replicates (4) and
viewed using FigTree (http://tree.bio.ed.ac.uk/software/ﬁgtree/).

ncbi.nlm.nih.gov/Blast.cgi) analyses, we searched for similarities
to the 76-aa residues DNA-binding domain of human RFX3 (GI:
57209027) in the publicly available genome sequences of 121
eukaryotic organisms (Dataset S1). Genome sequence data were
available at the Joint Genomes Institute, Department of Energy
(Walnut Creek, CA), the J. Craig Venter Institute (Rockville,
MD), the Wellcome Trust Sanger Institute (Cambridge, England,
UK), the Broad Institute (Cambridge, MA), the Human Genome
Sequencing Center, Baylor College of Medicine (Houston, TX),
and many other public and privately funded universities and
consortia. Database comparisons were performed between March
and December of 2009. Using default search parameters, the
presence or absence of RFX TFs in the respective genomes became readily apparent by their respective E-value scores. All
sampled organisms that yielded E-values lower than E−6 were
scored as “containing RFX,” whereas E-values greater than E−2
were scored as “RFX is absent.” No E-values between E−6 and E−2
were found for any sampled organism. Subsequent T-BLASTN
and PSI-BLAST analyses of all RFX TF domains yielded no signiﬁcant homology to any prokaryotic or nonunikont organism.
Reverse-BLAST comparisons using RFX amino acid sequences
(full-length and DNA-binding domains only) from the fungus S.
cerevisiae and the amoebozoan A. castellani revealed no signiﬁcant
homologies in the genomes of any non-RFX-containing organism.
For full-length comparisons, BLASTP was used to identify
homologs of the complete human RFX3 sequence in the NCBI
database and in select organisms in the JGI database. A single besthit sequence was extracted from all sampled organisms. No NCBI
database submission was found for the single RFX TF homolog in
the A. castellani genome identiﬁed by T-BLASTN analysis (Baylor
College of Medicine). Therefore, the amino acid sequence was
manually assembled. We found that the putative RFX TF homolog in A. castellani was encoded on two overlapping contigs,
793 and 941, in the current assembly of the genome (2008-01-30).
These contigs were merged, and Fgenesh-M v2.6 (http://linux1.
softberry.com/all.htm) was used to predict the coding regions
using a model designed for the fungal genus Phyrenophora. The
predicted A. castellani RFX gene includes a nine-exon coding
region, which was used to assemble the putative amino acid sequence.

X-Box DNA Footprint Identiﬁcations. When possible, the translational start site for each gene was deduced based on the respective
NCBI database submission annotation. For genes without annotation, we only sampled the promoter regions of genes with strong 5′
end conservation, which were deduced from T-BLASTN analyses
of the amino acid sequences encoded by each of the respective
ciliary genes. Only predicted proteins with strong conservation
within the ﬁrst 30 amino acid residues from the beginning of the
query protein were used. X-box promoter motif searches were
conducted using a hidden Markov model (HMM) approach
with HMMER 2.3.2 (http://hmmer.janelia.org/). Mononucleotide
sequence scrambling was conducted using the Sequence Manipulation Suite (SMS) software (http://www.bioinformatics.org/sms/).
Dinucleotide sequence scrambling was conducted using the
uShufﬂe software (5). As an additional negative control, we constructed two independent replicate HMM training sets in which the
15 aligned nucleotide positions of the 17 X-boxes that were used to
construct the original HMM model (Table S2) were randomized,
but in which the respective nucleotide composition at each position
was maintained. The resulting two randomized proﬁle HMM
models were then used to query against all 349 endogenous promoter regions sampled in this study, revealing false-positive rates of
3.7% and 4.5%, respectively (see also Fig. 3B for comparison). For
data presented in Fig. 3, the standard error of percent was calculated for the percentage of sampled organisms that contain X-box
DNA footprints in the promoter of each of the respective genes
(Fig. 3B) and for the percentage of ciliary gene promoters that
contain X-box DNA footprints in the complete sampling of genes
for each of the respective organisms (Fig. 3C). Consensus motif illustrations were constructed using WebLogo V2.8.2 (http://weblogo.
berkeley.edu/).

Phylogenetic Comparisons. All extracted protein sequences were
aligned using MUSCLE v3.5 multiple-sequence comparison by
log expectation or, for phylogenetic tree construction, a MAFFT

Nomenclature. Gene and protein names follow the human nomenclature convention except when referring to a speciﬁc organism.

1. Edgar RC (2004) MUSCLE: Multiple sequence alignment with high accuracy and high
throughput. Nucleic Acids Res 32:1792–1797.
2. Katoh K, Kuma K, Miyata T, Toh H (2005) Improvement in the accuracy of multiple
sequence alignment program MAFFT. Genome Inform 16:22–33.
3. Castresana J (2000) Selection of conserved blocks from multiple alignments for their
use in phylogenetic analysis. Mol Biol Evol 17:540–552.

4. Stamatakis A (2006) RAxML-VI-HPC: Maximum likelihood-based phylogenetic analyses
with thousands of taxa and mixed models. Bioinformatics 22:2688–2690.
5. Jiang M, Anderson J, Gillespie J, Mayne M (2008) uShufﬂe: A useful tool for shufﬂing
biological sequences while preserving the k-let counts. BMC Bioinformatics 9:192.

Piasecki et al. www.pnas.org/cgi/content/short/0914241107

1 of 7

Fig. S1. Maximum-likelihood phylogenetic tree of the full-length amino acid sequences of RFX TFs from select unikont organisms. Informative characters from
a MAFF-LINSI sequence alignment were selected using GBlocks. The phylogenetic tree was generated using RAxML with a PROTMIXWAG algorithm and visualized using FigTree. The values generated from 100 bootstrap replicates are depicted at each node. Names of taxa are listed together with their respective
NCBI/JGI protein identiﬁcation numbers, when available. The basal amoebozoan A. castellani was used to root the tree.
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Fig. S2. Multiple-sequence alignment of ciliary protein B9D2 amino acid sequences from various unikont and nonunikont organisms. A BLOSUM62 matrix was
used for identity and similarity shading using a 70% threshold value. No B9D2 gene homologs were identiﬁed in the genomes of any nonciliated organism,
such as yeast or the plant Arabidopsis, respectively.
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Fig. S3. Alignment of X-box DNA footprints or proven X-box motifs identiﬁed in ciliary gene promoters of select animal species. For every sequence motif, the
distance upstream of the putative translational start site (for annotated genes) or upstream of the most highly conserved 5′ region (identiﬁed by BLAST
analyses) is indicated. The experimentally veriﬁed function of each ciliary gene is depicted in quotation marks above each column. A position-weight consensus
sequence for each X-box promoter motif was generated for each set of orthologous genes.
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Table S2. List of ciliary gene promoters that harbor experimentally proven X-box promoter
motifs used to construct a hidden Markov model (HMM) training set for the identiﬁcation of
novel candidate X-box promoter motifs
Organism
H. sapiens
H. sapiens
H. sapiens
H. sapiens
H. sapiens
H. sapiens
D. melanogaster
D. melanogaster
D. melanogaster
D. melanogaster
D. melanogaster
C. elegans
C. elegans
C. elegans
C. elegans
C. elegans
C. elegans
a

Gene
DNAHC9
DYNC2LI1
DNAHC11
BBS4
FOXJ1
TRAF3IP1
Dosm-6
CG30441
CG3769
CG9227
CG1126
daf-10
xbx-1
osm-6
ifta-1
che-2
ift-81

X-box sequence
GTTGCT
GCTCCC
CGTCCC
GTCGTC
GTCTCC
GTTGCT
GTTGCC
GTTGTC
GTTGCT
GTTACT
GTTGCC
ATCTCC
GTTTCC
GTTACC
GTTGCC
GTTGTC
GTTGCC

A––
AT–
CCG
TG–
AAG
AA–
G––
AAT
AGT
TT–
T––
AT–
AT–
AT–
A––
AT–
CT–

GGACAC
GGCAAC
GGAAAC
GGAAAC
GAGACC
GGCCGC
GGCAAC
AGCAAC
AGCAAC
GACAAC
AGCAAC
AGCAAC
GGTAAC
AGTAAC
GGCAAT
GGTGAC
GGTAAC

Ref(s).
1
1
1
1
1
2, 3a
4
4
4
4
4
5, 6
7
8
2
8
2, 9

X-box was deduced through the C. elegans ortholog dyf-11.
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3.
4.
5.
6.
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Table S3. Average number of ciliary genes that contain X-box DNA footprints or proven X-box promoter motifs in endogenous and
sequence-scrambled 1-kb promoter regions from various unikont and nonunikont organisms
Endogenousa

Unikonts

Phylum

Organism

Avg.

STDV

Chordata

H. sapiens
M. musculus
D. rerio
C. intestinalis
S. purpuratus
D. melanogaster
D. pulex
C. elegans
H. robusta
C. sp. I
N. vectensis
T. adhaerens
M. brevicollis
B. dendrobatidis
V. carteri
C. reinhardtii
M. sp. RC299
T. thermophila
P. sojae
P. tetraurelia
T. brucei
T. vaginalis
N. gruberi

0.67
0.67
0.27
0.00
0.11
0.89
0.64
0.80
0.33
0.18
0.17
0.45
0.17
0.00
0.17
0.08
0.00
0.00
0.08
0.08
0.09
0.00
0.00

0.49
0.49
0.47
0.00
0.33
0.33
0.50
0.42
0.49
0.40
0.39
0.52
0.39
0.00
0.39
0.29
0.00
0.00
0.29
0.29
0.30
0.00
0.00

Echinodermata
Arthropoda
Nematoda
Annelida

Nonunikonts

Cnidaria
Placozoa
Choanozoa
Chytridiomycota
Chlorophyta

Ciliophora
Heterokontophyta
Eulenozoa
Metamonada
Percolozoa

Scrambledb
Avg.
0.08
0.00
0.09
0.08
0.00
0.11
0.09
0.10
0.00
0.00
0.08
0.00
0.17
0.00
0.17
0.00
0.00
0.00
0.08
0.00
0.18
0.08
0.09

/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

0.00
0.00
0.18
0.08
0.11
0.00
0.09
0.00
0.00
0.00
0.00
0.00
0.33
0.00
0.08
0.08
0.00
0.00
0.08
0.17
0.00
0.08
0.09

STDV
0.29
0.00
0.30
0.29
0.00
0.33
0.30
0.32
0.00
0.00
0.29
0.00
0.39
0.00
0.39
0.00
0.00
0.00
0.29
0.00
0.40
0.29
0.30

/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

0.00
0.00
0.40
0.29
0.33
0.00
0.30
0.00
0.00
0.00
0.00
0.00
0.49
0.00
0.29
0.29
0.00
0.00
0.29
0.39
0.00
0.29
0.30

n

P valuec

12
12
11
12
9
9
11
10
12
11
12
11
12
9
12
12
12
11
12
12
11
12
11

***0.002 / <0.001
***<0.001 / <0.001
0.297 / 0.634
0.350 / 0.350
0.332 / 1.000
***<0.001 / <0.001
***0.005 / 0.005
***0.005 / <0.001
**0.029 / 0.029
0.151 / 0.151
0.528 / 0.145
***0.010 / 0.010
1.000 / 0.386
—
1.000 / 0.528
0.350 / 1.000
—
—
1.000 / 1.000
0.350 / 0.538
0.553 / 0.332
0.350 / 0.350
0.332 / 0.332

With RFX

Without RFX

***99% conﬁdence interval, **95% conﬁdence interval. Avg., average; STDV, SD; n, no. of ciliary genes sampled.
a
Promoter regions sampled include B9D2, BBS1, BBS5, WDR10, WDR35, IFT52, IFT81, IFT172, SPAG6, CCDC147, KAP1, and IFT74.
b
All sampled promoter regions were individually scrambled and resampled identically, maintaining mono-/dinucleotide frequencies.
c
Results from a comparison of means t test of endogenous and scrambled mono-/dinucleotide promoter regions.

Dataset S1. BLAST analysis survey of the presence or absence of the RFX DNA binding domain in the genomes of >120 eukaryotic organisms.

Dataset S1

Dataset S2. List of X-box DNA footprints or proven X-box motifs identiﬁed in various unikont gene promoters using a hidden Markov model (HMM) prediction method.

Dataset S2

Piasecki et al. www.pnas.org/cgi/content/short/0914241107
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Group

Phylum/subphylum

Organism

1 Chromalveolata

Supergroup

Alveolate

Apicomplexa

Babesia	
  bovis

Score	
  (Best	
  Hit) URL	
  used	
  for	
  BLAST	
  analysis
No	
  Hits h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=5865

2 Chromalveolata

Alveolate

Apicomplexa

Cryptosporidium	
  hominis

No	
  Hits h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=237895

3 Chromalveolata

Alveolate

Apicomplexa

Cryptosporidium	
  parvum

No	
  Hits h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=5807

4 Chromalveolata

Alveolate

Apicomplexa

Eimeria	
  tenella

No	
  Hits h5p://www.sanger.ac.uk/DataSearch/blast.shtml

5 Chromalveolata

Alveolate

Apicomplexa

Neospora	
  caninum

6 Chromalveolata

Alveolate

Apicomplexa

Plasmodium	
  berghei

No	
  Hits h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=5821

7 Chromalveolata

Alveolate

Apicomplexa

Plasmodium	
  chabaudi

No	
  Hits h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=5825

8 Chromalveolata

Alveolate

Apicomplexa

Plasmodium	
  falciparum

9 Chromalveolata

Alveolate

Apicomplexa

Plasmodium	
  gallinaceum

10 Chromalveolata

Alveolate

Apicomplexa

Plasmodium	
  knowlesi

No	
  Hits h5p://www.sanger.ac.uk/DataSearch/blast.shtml

11 Chromalveolata

Alveolate

Apicomplexa

Plasmodium	
  ovale

No	
  Hits h5p://www.sanger.ac.uk/DataSearch/blast.shtml

12 Chromalveolata

Alveolate

Apicomplexa

Plasmodium	
  reicheowi

No	
  Hits h5p://www.sanger.ac.uk/DataSearch/blast.shtml

13 Chromalveolata

Alveolate

Apicomplexa

Plasmodium	
  vivax

14 Chromalveolata

Alveolate

Apicomplexa

Tetrahymena	
  thermophila

No	
  Hits h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=5911

15 Chromalveolata

Alveolate

Apicomplexa

Theileria	
  annulata

No	
  Hits h5p://www.sanger.ac.uk/DataSearch/blast.shtml

16 Chromalveolata

Alveolate

Apicomplexa

Theileria	
  parva

No	
  Hits h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=5875

17 Chromalveolata

Alveolate

Apicomplexa

Toxoplasma	
  gondii

No	
  Hits h5p://www.sanger.ac.uk/DataSearch/blast.shtml

18 Chromalveolata

Alveolate

Ciliophora

Paramecium	
  tetraurelia

No	
  Hits h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=5888

19 Chromalveolata

Stramenopile

Haptophyta

Emiliania	
  huxleyi

No	
  Hits h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Emihu1&advanced=1

20 Chromalveolata

Stramenopile

Heterokontophyta

Aureococcus	
  anophageﬀerens

No	
  Hits h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Auran1&advanced=1

21 Chromalveolata

Stramenopile

Heterokontophyta

Fragilariopsis	
  cylindrus

No	
  Hits h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Fracy1&advanced=1

22 Chromalveolata

Stramenopile

Heterokontophyta

Phaeodactylum	
  tricornutum

No	
  Hits h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Phatr2&advanced=1

23 Chromalveolata

Stramenopile

Heterokontophyta

Phytophthora	
  ramorum

No	
  Hits h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Phyra1_1&advanced=1

24 Chromalveolata

Stramenopile

Heterokontophyta

Phytophthora	
  sojae

No	
  Hits h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Physo1_1&advanced=1

25 Chromalveolata

Stramenopile

Heterokontophyta

Thalassiosira	
  pseudonana

No	
  Hits h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Thaps3&advanced=1

26 Excavata

Discicristate

Euglenozoa

Crithidia	
  deanei

27 Excavata

Discicristate

Euglenozoa

Leishmania	
  braziliensis

No	
  Hits h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=5660

28 Excavata

Discicristate

Euglenozoa

Leishmania	
  infantum

No	
  Hits h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=5671

29 Excavata

Discicristate

Euglenozoa

Leishmania	
  major

No	
  Hits h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=5664

30 Excavata

Discicristate

Euglenozoa

Leptomonas	
  seymouri

31 Excavata

Discicristate

Euglenozoa

Trypanosoma	
  brucei

No	
  Hits h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=5691

32 Excavata

Discicristate

Euglenozoa

Trypanosoma	
  cogolese

No	
  Hits h5p://www.sanger.ac.uk/DataSearch/blast.shtml

33 Excavata

Discicristate

Euglenozoa

Trypanosoma	
  vivax

No	
  Hits h5p://www.sanger.ac.uk/DataSearch/blast.shtml

34 Excavata

Discicristate

Metamonada

Giardia	
  intesFnalis

No	
  Hits h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=5741

35 Excavata

Discicristate

Metamonada

Trichomonas	
  vaginalis

No	
  Hits h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=5722

36 Excavata

Discicristate

Percolozoa

Naegleria	
  gruberi

No	
  Hits h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Naegr1&advanced=1

37 Archaeplas\da

Green	
  Algae

Chlorophyta

Chlamydomonas	
  reinhardFi

No	
  Hits h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Chlre3&advanced=1

38 Archaeplas\da

Green	
  Algae

Chlorophyta

Chlorella	
  sp.	
  NC64A

No	
  Hits h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=ChlNC64A_1&advanced=1

39 Archaeplas\da

Green	
  Algae

Chlorophyta

Micromonas	
  pusilla

No	
  Hits h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=MicpuC2&advanced=1

40 Archaeplas\da

Green	
  Algae

Chlorophyta

Micromonas	
  sp.	
  RCC299

No	
  Hits h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=MicpuN3&advanced=1

8E-‐01 h5p://www.sanger.ac.uk/DataSearch/blast.shtml

8E-‐01 h5p://www.sanger.ac.uk/DataSearch/blast.shtml
5E-‐01 h5p://www.sanger.ac.uk/DataSearch/blast.shtml

6E-‐01 h5p://www.sanger.ac.uk/DataSearch/blast.shtml

9E-‐01 h5p://www.sanger.ac.uk/DataSearch/blast.shtml

7E-‐01 h5p://www.sanger.ac.uk/DataSearch/blast.shtml

41 Archaeplas\da

Green	
  Algae

Chlorophyta

Ostreococcus	
  lucimarinus

No	
  Hits h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=242159

42 Archaeplas\da

Green	
  Algae

Chlorophyta

Volvox	
  carteri	
  f.	
  Nagariensis

No	
  Hits h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Volca1&advanced=1

43 Archaeplas\da

Red	
  Algae

Cryptophyta

Guillardia	
  theta

No	
  Hits h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=55529

44 Archaeplas\da

Red	
  Algae

Cryptophyta

Hemiselmis	
  andersenii

No	
  Hits h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=464988

45 Archaeplas\da

Streptophyte

Athophyta

Arabidopsis	
  thaliana

No	
  Hits h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=3702

46 Archaeplas\da

Streptophyte

Athophyta

Oryza	
  saFva

No	
  Hits h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=4530

47 Archaeplas\da

Streptophyte

Athophyta

Sorghum	
  bicolor

No	
  Hits h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Sorbi1&advanced=1

48 Archaeplas\da

Streptophyte

Bryophyta

Physcomitrella	
  patens	
  ssp	
  patens

No	
  Hits h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Phypa1_1&advanced=1

49 Archaeplas\da

Streptophyte

Lycopodiophyta

Selaginella	
  moellendorﬃi

No	
  Hits h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Selmo1&advanced=1

50 Archaeplas\da

Streptophyte

Magnoliophyta

Populus	
  trichocarpa

No	
  Hits h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Poptr1_1

51 Rhizaria

Rhizaria

Cercozoa

Bigelowiella	
  natans

No	
  Hits J.	
  Archibald,	
  Personal	
  Communica\on

52 Amoebozoa

Amoebozoa

Acanthopodia

Acanthamoeba	
  castellani	
  Neﬀ

53 Amoebozoa

Amoebozoa

Archamoebae

Entamoeba	
  dispar

54 Amoebozoa

Amoebozoa

Archamoebae

Entamoeba	
  histolyFca

55 Amoebozoa

Amoebozoa

Archamoebae

Entamoeba	
  ivadens

56 Amoebozoa

Amoebozoa

Archamoebae

Entamoeba	
  moshkovskii

57 Amoebozoa

Amoebozoa

Archamoebae

Entamoeba	
  terrapinae

No	
  Hits h5p://www.sanger.ac.uk/DataSearch/blast.shtml

58 Amoebozoa

Amoebozoa

Mycetozoa

Dictyostelium	
  discoideum

No	
  Hits h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=44689

59 Amoebozoa

Amoebozoa

Mycetozoa

Dictyostelium	
  purpureum	
  QSDP1

No	
  HIts h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Dicpu1&advanced=1

60 Opisthokonta

Animalia

Annelida

Capitella	
  sp.	
  I

1E-‐17 h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Capca1&advanced=1

61 Opisthokonta

Animalia

Annelida

Helobdella	
  robusta

5E-‐18 h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Helro1&advanced=1

62 Opisthokonta

Animalia

Arthropoda

Acyrthosiphon	
  pisum

2E-‐23 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=7029

63 Opisthokonta

Animalia

Arthropoda

Anopheles	
  gambiae

1E-‐26 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=7165

64 Opisthokonta

Animalia

Arthropoda

Apis	
  mellifera

4E-‐27 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=7460

65 Opisthokonta

Animalia

Arthropoda

Daphnia	
  pulex

2E-‐19 h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Dappu1&advanced=1

66 Opisthokonta

Animalia

Arthropoda

Drosophila	
  melanogaster

4E-‐22 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=7227

67 Opisthokonta

Animalia

Arthropoda

Nasonia	
  vitripennis

4E-‐21 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=7425

68 Opisthokonta

Animalia

Arthropoda

Tribolium	
  castaneum

2E-‐30 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=7070

69 Opisthokonta

Choanozoa

Choanozoa

Monosiga	
  brevicollis

7E-‐11 h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Monbr1&advanced=1

70 Opisthokonta

Animalia

Chordata

Bos	
  taurus

1E-‐23 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=9913

71 Opisthokonta

Animalia

Chordata

Branchiostoma	
  ﬂoridae

2E-‐20 h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Braﬂ1&advanced=1

72 Opisthokonta

Animalia

Chordata

Ciona	
  intesFnalis

2E-‐16 h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Cioin2&advanced=1

73 Opisthokonta

Animalia

Chordata

Danio	
  rerio

3E-‐29 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=7955

74 Opisthokonta

Animalia

Chordata

Fugu	
  rubripes

1E-‐21 h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Takru4&advanced=1

75 Opisthokonta

Animalia

Chordata

Gallus	
  gallus

4E-‐24 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=9031

76 Opisthokonta

Animalia

Chordata

Homo	
  sapiens

6E-‐29 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=9606

77 Opisthokonta

Animalia

Chordata

Mus	
  musculus

2E-‐29 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=10090

78 Opisthokonta

Animalia

Chordata

RaXus	
  norvegicus

4E-‐28 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=10116

79 Opisthokonta

Animalia

Chordata

Xenopus	
  tropicalis

2E-‐19 h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Xentr4&advanced=1

80 Opisthokonta

Animalia

Cnidaria

Hydra	
  magnipapillata

2E-‐24 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=6085

81 Opisthokonta

Animalia

Cnidaria

Nematostella	
  vectensis

1E-‐19 h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Nemve1&advanced=1

1E-‐12 h5p://www.hgsc.bcm.tmc.edu/bcm/blast/microbialblast.cgi?organism=AcastellaniNeﬀ
No	
  Hits h5p://www.sanger.ac.uk/DataSearch/blast.shtml
3E-‐01 h5p://www.sanger.ac.uk/DataSearch/blast.shtml
No	
  Hits h5p://www.sanger.ac.uk/DataSearch/blast.shtml
2E-‐01 h5p://www.sanger.ac.uk/DataSearch/blast.shtml

82 Opisthokonta

Animalia

Echinodermata

Strongylocentrotus	
  purpuratus

2E-‐23 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=7668

83 Opisthokonta

Animalia

Mollusca

LoZa	
  gigantea

2E-‐25 h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Lotgi1&advanced=1

84 Opisthokonta

Animalia

Nematoda

CaenorhabdiFs	
  elegans

9E-‐19 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=6239

85 Opisthokonta

Animalia

Placozoa

Trichoplax	
  adhaerens

1E-‐09 h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Triad1&advanced=1

86 Opisthokonta

Fungi

Ascomycota

Alternaria	
  brassicicola

1E-‐08 h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Altbr1&advanced=1

87 Opisthokonta

Fungi

Ascomycota

Aspergillus	
  clavatus

1E-‐09 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=5057

88 Opisthokonta

Fungi

Ascomycota

Aspergillus	
  fumigatus

3E-‐09 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=5085

89 Opisthokonta

Fungi

Ascomycota

Aspergillus	
  niger

4E-‐09 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=5061

90 Opisthokonta

Fungi

Ascomycota

Candida	
  glabrata

9E-‐11 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=5478

91 Opisthokonta

Fungi

Ascomycota

Cochliobolus	
  heterostrophus	
  C5

3E-‐12 h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=CocheC5_1&advanced=1

92 Opisthokonta

Fungi

Ascomycota

Cryphonectria	
  parasiFca

9E-‐08 h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Crypa1&advanced=1

93 Opisthokonta

Fungi

Ascomycota

Debaryomcyces	
  hansenii

6E-‐10 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=4959

94 Opisthokonta

Fungi

Ascomycota

Eremothecium	
  gossypii

7E-‐11 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=33169

95 Opisthokonta

Fungi

Ascomycota

Gibberella	
  zeae

2E-‐11 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=5518

96 Opisthokonta

Fungi

Ascomycota

Kluyveromyces	
  lacFs

4E-‐09 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=28985

97 Opisthokonta

Fungi

Ascomycota

Magnaporthe	
  grisea

4E-‐11 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=148305

98 Opisthokonta

Fungi

Ascomycota

Mycosphaerella	
  ﬁjiensis

1E-‐11 h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Mycﬁ1&advanced=1

99 Opisthokonta

Fungi

Ascomycota

Mycosphaerella	
  graminicola

6E-‐12 h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Mycgr1&advanced=1

100 Opisthokonta

Fungi

Ascomycota

Nectria	
  haematococca

8E-‐14 h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Necha2&advanced=1

101 Opisthokonta

Fungi

Ascomycota

Neurospora	
  crassa

2E-‐11 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=5141

102 Opisthokonta

Fungi

Ascomycota

Pichia	
  sFpiFs

2E-‐10 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=4924

103 Opisthokonta

Fungi

Ascomycota

Pyrenophora	
  triFci-‐repenFs

1E-‐08 h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Pyrtr1&advanced=1

104 Opisthokonta

Fungi

Ascomycota

Saccharomyces	
  cerevisiae

2E-‐11 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=4932

105 Opisthokonta

Fungi

Ascomycota

Schizosaccharomyces	
  pombe

2E-‐10 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=4896

106 Opisthokonta

Fungi

Ascomycota

Trichoderma	
  atroviride

6E-‐14 h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Triat1&advanced=1

107 Opisthokonta

Fungi

Ascomycota

Trichoderma	
  virens

6E-‐14 h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Trive1&advanced=1

108 Opisthokonta

Fungi

Ascomycota

Yarrowia	
  lipolyFca

109 Opisthokonta

Fungi

Basidiomycota

Cryptococcus	
  neoformans

No	
  Hits h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=5207

110 Opisthokonta

Fungi

Basidiomycota

Heterobasidion	
  annosum

No	
  Hits h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Hetan1&advanced=1

111 Opisthokonta

Fungi

Basidiomycota

Laccaria	
  bicolor

112 Opisthokonta

Fungi

Basidiomycota

Melampsora	
  laricis-‐populina

113 Opisthokonta

Fungi

Basidiomycota

Phanerochaete	
  chrysosporium

1E-‐10 h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Phchr1&advanced=1

114 Opisthokonta

Fungi

Basidiomycota

Pleurotus	
  ostreatus

4E-‐06 h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=PleosPC15_1&advanced=1

115 Opisthokonta

Fungi

Basidiomycota

PosFa	
  placenta

116 Opisthokonta

Fungi

Basidiomycota

Sporobolomyces	
  roseus

117 Opisthokonta

Fungi

Basidiomycota

UsFlago	
  maydis

118 Opisthokonta

Fungi

Chytridiomycota

Batrachochytrium	
  dendrobaFdis

No	
  Hits h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Batde5&advanced=1

119 Opisthokonta

Fungi

Microsporidia

Encephalitozoon	
  cuniculi

No	
  Hits h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=6035

120 Opisthokonta

Fungi

Zygomycota

Mucor	
  circinelloides

1E-‐12 h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Mucci1&advanced=1

121 Opisthokonta

Fungi

Zygomycota

Phycomyces	
  blakesleeanus

1E-‐16 h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Phybl1&advanced=1

2E-‐11 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=4952

2E-‐10 h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Lacbi1&advanced=1
No	
  Hits h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Mellp1&advanced=1

3E-‐10 h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Pospl1&advanced=1
No	
  Hits h5p://genome.jgi-‐psf.org/cgi-‐bin/runAlignment?db=Sporo1&advanced=1
3E-‐08 h5p://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=5270

Gene1
B9D2
B9D2
B9D2
B9D2
B9D2
B9D2

Organism
C. elegans
M. musculus
H. sapiens
D. pulex
D. melanogaster
T. adhaerens

GGCAAC
AGCAAC
AGCAAC
AGTAAC
GACAAC
GTCAAC

Distance2
-66
-591
-638
-99
-132
-747

GTTGCC
GTTGCC
GTTGCC
ATTGCC
GTTACT
GTTTCC

GTCCCCATTTA--

Length
14
14
14
14
14
13

Score
4.2
2.1
2.1
1.6
0.4
-0.8

BBS1
BBS1
BBS1
BBS1
BBS1
BBS1
BBS1

D. pulex
C. elegans
H. robusta
T. adhaerens
D. rerio
M. musculus
H. sapiens

GTTGCC
GTTCCC
GTTGCT
GTTGCC
GTTGCC
GTTGCC
GTTGCC

AAATATAAATAAAG-

GGCAAC
AGCAAC
AGCAAC
AGAAAC
AGGAAC
GGCGAC
GACGAC

-74
-99
-403
-618
-113
-24
-24

14
14
14
14
14
14
14

6
4
4
3.6
3.6
3
0.7

BBS5
BBS5
BBS5
BBS5
BBS5
BBS5

C. elegans
S. purpuratus
D. melanogaster
H. robusta
M. musculus
H. sapiens

GTCTCC
GTTACC
GTTGCC
GTTGCC
GTTGCC
GTTGCC

ATATT-AAT
TTTT-

GGCAAC
GGAAAC
AGCAAC
AGCAAT
GGCGCC
GGAGCC

-65
-742
-65
-603
-71
-74

14
14
13
15
14
14

4.4
4.3
1.5
0.4
0
-0.9

WDR10
WDR10
WDR10
WDR10
WDR10

H. sapiens
D. melanogaster
H. robusta
C. elegans
M. musculus

GTTGCC
GTTGCC
ATTACC
ATCTCC
GTTGCT

AGG
ATATATAAG

GGTAAC
GGAATC
AGCAAC
AGCAAC
GGTAGC

-119
-89
-154
-77
-98

15
14
14
14
15

4.2
2
1.1
0.3
0.1

WDR35
WDR35
WDR35
WDR35
WDR35
WDR35

C. elegans
H. sapiens
M. musculus
T. adhaerens
D. melanogaster
C. sp. I

GTTGCC
GTTGCC
GTTGCC
GTTGAT
ATCACC
GTTGCT

ATAGA-ATATAT-

GGCAAT
GGCGAC
GGCGAC
GGAAAC
GGAAAC
AGAAGC

-173
-119
-115
-494
-94
-417

14
14
13
14
14
14

3.6
2.6
1.3
0.5
0.2
0

IFT52
IFT52
IFT52
IFT52
IFT52

D. pulex
C. elegans
D. melanogaster
H. robusta
C. reinhardtii

GTTACC
GTTACC
GTTGCC
GTTGCC
GTCATC

ATATG-T-AAG

GGAAAC
AGTAAC
GGCAAC
AGCAAC
GGCAAC

-158
-100
-138
-533
-404

14
14
13
13
15

4.3
2.7
1.5
1.5
0.9

IFT81
IFT81
IFT81

C. elegans
D. pulex
N. vectensis

GTTGCC CT- GGTAAC
GTTGCC AT- GGTTAC
TTTGCC AT- GAAAAC

-72
-113
-177

14
14
14

3.9
1.8
0.1

IFT172
IFT172
IFT172
IFT172
IFT172
IFT172
IFT172

C. elegans
D. melanogaster
M. musculus
H. sapiens
D. pulex
D. rerio
T. adhaerens

GCTACC
GTTGCC
GTTGTC
GTTGTC
GTTGCC
CTTTCC
ATCTCC

ATACCACAC-TTTT-

GGCAAC
AACAAC
GGTAAC
GGTAAC
AGCAAC
GGCGAC
AGCAAC

-86
-123
-60
-62
-208
-128
-599

14
14
14
14
13
14
14

2.3
1.9
1.2
1.2
1
-1
-1

SPAG6
SPAG6
SPAG6
SPAG6

C. sp. I
D. rerio
M. musculus
M. brevicollis

GTTGTC
GTTACC
GTTGCC
GTCCCC

ATT
AACTATG

AGCAAC
GACAAC
GGAGAC
GGCAGC

-144
-110
-109
-592

15
14
14
15

2.7
2.4
1.2
0.8

Candidate X-box

SPAG6
SPAG6
SPAG6

T. adhaerens
H. sapiens
N. vectensis

GTTCCC T-- AGCAAC
GTTGCC CG- GGAGAC
GTTGCT A-- GGACAC

-139
-139
-154

13
14
13

0.1
-0.1
-0.7

CCDC147
CCDC147
CCDC147
CCDC147

D. pulex
H. sapiens
M. musculus
D. melanogaster

GTTTCC
GTTGCC
GTTGCC
GTTTTC

GGCAAC
GGCGAC
GGCGAC
GATAAC

-82
-155
-175
-620

13
13
13
14

1.8
1.3
1.3
0.8

KAP3
KAP3
KAP3

D. pulex
D. melanogaster
M. brevicollis

GTTGCC T-- GGCAAC
GGTGCC GT- GGCACC
GTTGTC AG- CGAAAC

-230
-934
-549

13
14
14

2.9
-1
-1

IFT74

D. pulex

GTCTCC AT- GACAAC

-703

14

2.5

HSP90

D. melanogaster

GTTGCT ACT AGCAAC

-415

15

1.5

1
2

T-A-A-AT-

All genes are listed by the (corresponding) human gene name
The distance upstream of the putative translational start site is indicated

